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 (Preliminary Dreft)

"H. A. Bethe

- Prefaces The followlng report 1s preliminary only.

While the results are believed to be correct,
it is intended to study in more detall Case B
referred to in Chapter 1. Moreover, it is -
intended to incorporate in the report the
considewations presented in the section, :

"Influence of Scdium Content in Reflector and
Blanket." This section is being added now;
the remainder represents the report as originally
written. Since there was pressure to issue the
report in time for the meeting of the Reactor
Safeguards Commlittee on February 8, the report
iz issued in this preliminary form.

Inflvence of Sodium Content In Reflector and Blanket

| In the msin part of the’report, it is assumed that the
reflector is solid beryllium and the blanket is solid uranium.
Actually, the reflector as presently designed contains about

15 per cent by volume of sodium when averaged over all parts

of the reflector. The hot blanket region contains sabout 20

per cent sodium by volume. The presence of highly compressible

- godiam will materially reduce the sound velocity and the

seoustic impedance ¢f both regions.  This will reduce tiie
maximam pressures which could occur in a nuclear explosian.
The mean compressibllity of & mixture of two substancss

is . ‘
Sl o aw [ 1 87}, a0 / 1 &g (s)
Vs dp Yo Y10 dr Vo Veog ép
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where le / v, and v20 / v, are the’fractional ‘volumes originally

o
(at 0 pressure) occupied by the two components, and 1 dvl ‘
the compressibility of the first component. Using tnelcompressi-
=12

bility of Na near 12 kilobars which is 10 x 10 ~°, one gets

" for the reflector (85% Be, 15% Na)

.1 & = (0.85x 0.56+ 0. 15 x- 10) x 10‘12- 2.0 x 10 -12

Similerly, the hot blanket consists of 30% Na and 70% U by volume,

giving | R e

I ow _ (0.7 x 1. 08-5-033: 1o)x 107122 3,7 x 1071°

Vo dp o ,
The sound velocity is glven by
' 2

dg _ Adv

-

where}v}is the_specific volume.

The acoustic impedance i1s calculated from

(S’c‘)isi - _ Lk
;2 dv T = (1l/vg) (dv/dp -
wherejo is the uncompressed density of the mixture
ﬁo Y10 + S’eo Y20
VO : VO o

with S&o and.f2o»the uncompressed densities of the two components.

This gives for the reflector -
Sor = 0. 85 x 1. 8-@-0.15 x 097 1. 68
(f’c) C. 92 X 106
6

whereas for pure Be, the aooustic impedance is’ 1 80 x 10,
Similarly, for the blanket '

Sop = 07x189+03x097—135

(b)

(c)

(d)

(e)

( b )‘\

(g}




‘while pgre‘uranium has.4.l5 X 106

MHED

. Thus, 1h_both cases the

'gcqusticAimpedance_;s:cut in halfﬂ As & re;ult, the pressures

calculated in the paper should all be divided by 2, which further

reduces the seriousness of the accldent.

N .
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THEORETICAL ESTIMATE OF MAXIMUM POSSIBLE
' - NUCLEAR EXPLOSION ‘ T

1. Qualitative Description of Phenomens

~ The most serious accident will occur if, by misteke or by
sabotage, the control rods sre moved in very fast, so that the
pile becomes prompt critical. It may be possible to move the
controls, and increase k, faster than the neutron level incresses
&s long as the period of the pile is appreciable, let us say
1/100 of a second or more: Then no app?eciéble heating and
expansion of the pile occurs while k increases. However, when

k exceeds prompp,cripical, the pgrioq_(g-foldipg,time) becomes‘

of‘the_order 10'4 sec., and the motion Qf thelcontrols obviously

becomes negligible during one plle period. We can then consider
the position of the controls as fixed, and the value of k is
determined completely by temperature and thermal expansion of
the pile.

Increased power development in the ‘pile will necessarily

lead to heating of the fuel. ‘Because of the very short times

involved, there will be no appreciable heat conduction through

‘the stainless steel and to the sodium. Even if there were,

there would not be enough time for the sodium to carry the heat
avay. _Therefore; in the first stage of tbe rrocess, k 1s
determined simply by the fuel temperature, with the rest of

the P%le_remaininsﬂét_n9rm91H9Per¢t4n8_Femperaﬁg?er, The change

of k under these conditions was deséribed in Chapter 3 of KAPL-237.

-6-
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Taree pousibLe cases can occur:s
a) Temperature coefficient dk/dT negative
b). dk/daT positive, buttotal change of k from operating
temperature T, to infiniﬁeWﬁemperatwre (a k) negative
c) dk/dT and A k positive |

Case a) appears approprlate to SAPL~5 and case ¢) to the

~ fastest loading of the KAPL reactor.

- In case &), the heating of the pile will always remain
moderate. Case b) leads to & heating of the pile from T, to the.

temperature T, at which Lprompt has again become equal to 1°

2
Fu:ther heating will lead tolg aecay‘o._the promp* neuurons, and,
according to a general theorem, the temperature will only rise

by an additionalramount T2 ;kTio
delayed neutrons»can cause further incrgase of‘the power levels:

When this is reached, only

But_before thé delayed neutrons can take part in the reactions,
genefal»thermal expansiqn’will occur and shut down any further ‘
feaction. This situation will not lead %o a nuclear "explosibn".
| The important case 1is, therefore, cle ‘In this c&ase;, the
temperature wlll continue to increase and a final vaiue

Kppompt = 14+ A k will be reached. Then the neutron level, and

- the total enefgy developed, E,.will,continue to increase &as

et where the multiplication rate, £ , is given by

AL=0b v/t ()

‘with‘f the generation time. Calculations by R. Ehrlich navs givaen

T =14x 10 7 sec. ' : (=)




for the fast loading. Estimates of A k by G. Roe have given
about 0.01 for the sams plle, so that lﬂﬁ;==h6 micreseconds,.

We shall use, in the following, this figure and alsosk = 0.02

which is likely to represent an upper limit.

The enemgy'is all developed in the fuel. We shall find
(see Section 3) that heatvconduction is negligible, So that soaium
and structural material remain relatively cool. We shall further
find that the .temperature of the fuel will be between 5000 and
IOQOOOOC; therefore,-the uranium.will}evaporate and may, to some

extent, be ionized. Because of the high temperature, 1t will be

sufficient to consider the fuel as an ideal gas.

Due to its high tempsrature, the fuel will exert a pressure
sm the surrounding sodium and structural materisl: The sodium
will he appreciably compressed, the structural material very

1ittie. This ‘compression will make morse rocm for the fuel, and

thereby reduce the pressure at any given tempersture. However,

at high pressures sodium becomes rapidly less.compreSSible;
therefore, the volume available to the fuel is definitsly iimited.
Tiere is a definite relation between the energy develé%ed s
the pressure, and the latter’is éssentially constant througnout
the_cofe'(Section 3).

The pressure of the core écts‘on\the berylliium refisctar
and causes a compréssion wave to go out ilnto the latter. FEesauss
of the small thickness of the reflébtrcr (6.5 cm) and ths high

4 , 6 )
sound veloeity in Be {about 10° cm/sec), the compressicn wave

~




reaches the uranium blanket in & very short tims (6.§/H sec)g

short eoven compared with the characterlistic time of the r»eaction
{e~folding timez 48/k sec)s The compression wave is then re-
flected, leading to an increasse of pressure and decrease <f
cutward velocity, etece In first approximation; we may neglach
the Bz reflector, and calculate as if the core were immedlately
pushing the blanket. This obvioﬁsly regquires greater pressures
than the pushing of Be, and.thus leads to an overestimate cf
the severity of the accidsnt. In section 5, we correct for this.
It 15 obviously not necessary to take into account reflection at
the interface of blanket =nd shield, because the sound veloclty
in wraniam 1s low (2.2 x 105 em/see) and the blanket thick (25 em)}.
In an cutgning compression wave, the wvelocity 1s proper nEl
to the pfessure. The process must centinue until the core has
expanded snough 3¢ that 'the prompt multiplicaticn of neutrons
stops; we shall calculsate thé pressure necessary to bring thiis
ébouto Subsequently, the neutron generatlon stcps but ths
pressure dsveloped in the fuel will be released by a large furihser
axpansicn of the core. “he coupression wave through r=2fiecuor,
blanket and finally shileld is thus sustained much longer thun ins
nucles» reaction. The entire EnSrgy dévelmped musﬁ be taken
intc aceount when estimating the damage.

2. Mnin Pormuls

We shell first davelop a simple formula, meking very simpiillsd

”

assumptions. ' Afterwsrds, we snaﬁl successively correet thils folriilib.




According to the qualitative plcture of the firat sectlon,
the Be reflector is pushed out without being much compressed,
and the inner part of the uranium blanket 1s alsc pushed out.

At the same time, the core is expanded so that 1its mean density

decreases. In these conditions, k will be proportional to some

inverse power of the core volumefl, let us sayfe "1, where n way
be about 1 (see Chapter ). Thus, in order to decrease Kpnompt
from 14 A k to 1, we must increase the radius R by

AR = R A ' A
3n 8%
Taking R= 27 cm, n=1, k¥ = 0.01, we get A R=0.9 millimeters,

which is rather small. s

As already mentioned (see Fg. 7, below), the velocity u of
tha interface between core and reflector i3 proporftional to the
pressure snd therefore increases exponentially as e s Wlth

given by {1). Therefore, the displacement & R increases also

aa e « t_, and we have

u=R=L LR (

(o1}
~

Inserting (1) and‘(h), the velocity at which the prompt neutron

multiplication stops, 1s

G = A B K (6)

n'T

and inserting our numbers |
4 = 2.2 x 10/ A ¥° (£

0

- Forp k=0.01, this gives 22 meters/sec (50 miles per nour ¥,

3G mile:

s

Ny

for gur extreme valus, & k= 0.02, we get 90 meters/ssc=

-t
:
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200Ut
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ey hour. These welocitles are qulte moderats
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.ordsra cf megnitude smaller than detonation velccities in kiga
explésives, This shows already that the sccident will be muach
milder than an H.E. explosicn, let alone an atomic bomb explesion.

The pressure will be related to thes ocutward velocity by the
condition that we have an outgoing compression wave 1n the
uranium blanket. Since the material velocity (6&)_13 small
compared with the sound velocity in uranium, 1t is legitimate to
use acoustical theory. If, in addition, we consider a plane
rather than a spherical problem (cf. Section 5), we have

| p=fyCyu - | (7)
wherejo y 1s the QenSity of uranium ( =19) and Cy 1ts sound |

velocity (2.2 x 105 em/sec), giving for the acoustic lmpedance

fu g = k.2x 10° (o)
and for ths preasure when multiplicatlon stops
, | ) , . 5 5 _
Py=._L_ f SR A k€ = 0.95 x 3.014 Ak dynes/cm (9)
3 U U & ,
Thus the probsble maximum pressure, forAk=0.01, is 1010

6

dynes/cm2 —vlolkilobars (1nbgr-10 dynes/cmgg about 1 atmosphsre).
Our extreme assumption, 4 k= 0.02, gives L0 kilobars, aboutl a
factor 10 below the pressures in hiéh explosives.

Corrections discussed in Chaptef 5 reduce the expected
pressure to ébout 50 to 60 per cent of this; loee, 20 to 26
kilobers. | | |

The energy per ualt volume of fuel is

A ko
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..contained 1n this gas is

whers ¥ 18 the ratio of the specific heats at constant pressurs
and constant volume. Probably, 1/{¥~1) is about 4.5 (sece

Section 3). The energy in Na and structural material is negligihle

~compared with that in the fuel. Now let V, be the fractlon of

the core volume cccupled Dy fuel at high temperature; it isvabout
1/%., Then El‘Vo'is'the energy per unit core volume, and
. Erop = <+ V, E;p V/(¥-1) - (11)
is the total energy developed, where-/Lis the total volume. With
R =27 cm, we have J1=82 liters - 8.2 x lO4 ems., Taking V= /4,

1/(¥-1)=4,5, we get

18 18

—~y
-4
o

Sarcr®

Etot = 9 x 10 zskg ergs = 2,2 x 10 zxkg k cal

ForA¥kx =0.,01, we thus get 22,000 kilo~calories, equivalent to

50 pounds. of TNT; for Ak=0.02, we have 200 pounds of TNT

equivalent. However, because of the mich smaller pressures
involved, the accident is in reality much milder than an explosion
of these guantities of TNT.

3., Temperature and Pressure in the Ccre

A3 has been stated, we shall assume that the fuel behaves

as an ldeal gas with a glven value of ¥ = cp/cv; Then the znergy

p V/( ¥ -1)
where V is ﬁhe total volume ocdupiéd_by the gas. We may writs
V:ITVO where /L is the core volume and-VO the fraction of the

volume occupied by fuel at the time when the catastropic nuclaar

reaction takes place. We thus want tec calculate V.




d, ‘ . .
The velume composition of the planned core for the fast cors

is approximately

9% fuel
6% void in the pins
364 structural material
hog sodium
Obviously, at the time of the reactlon the fuel will occupy not
only its original.volume but also the volume which originally
was‘voido Moreover, sincé there 1s appreciable pressure, the
other materials will be compressed, and the fuel®will be able to
expand into the volume thus vacsted.

The compression modulus of the structurél mnaterials will be
about 2 x 1012 dynes/cmg. A pressure of 40 kilobars will there-
fore cause a compression of cnly 2% of the initial volume of this
material, or 0.7% of the totsl initial volume. This 1s negligible.

The compressibility of sodium is large but decreases with

inereasing pressure. According to the measurements of Bridgman

(1), 10 kilobars pressure csuses a compression (volums descrsase)
of (3011d) Na by 13%; et 25 kilobars (maximum expected pressurs)
one may estimate by extrabolation that the compression 1s Z6%.

We shall asseme the compression to be 204 of the Na volume
/0

which correspoads to 10% of the total velume; adding this to

the 15% criginelly occupied by fuel and volid glves
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We shall now calculate the fuel température. In the core,
there is a fuel density of about 5;1 = 1.5 g/cm3, This amount
of fuel occuples a volume V0 during the reaction. If A=235 1is
the étomic weight, and Vm thé volume per mole; we have

1) Bridgman, Physilcs Review 27, 68 (1928)

PV, = PAVo/fl - 40 p=14 x 1015 Ak2 ergs ' {14)
Now, if there were no lonization, p Vm would‘be'equal to RT,

with R the gas constant; 1f on the average z - 1 electrons &are

split off each uranium atom, we have
RT = p V,/2 (15)

Inserting R=8 x 107 ergs/degree, we get R

T w5 x 107 AK%/z degrees (16)
which gives 5000/z forAk =0.01, and 20,000/z for Ak =0.02.
At the lower temperature, ionizatioﬁ 1s not likely to be importent,
80 that T-SOOOO; at the higher temperature, one ionization may
éasily have océurred, giving T =10,000°. The temperatures are
thus very high, so.that there 1s surely complete vaporization
of the fuel.

The energy of a& monatomic gas 1s 3/2kT per atom. The cnergy

6f the evaporated uranium contains, in addition, the heat of
vaporization which is about % ev., corfespbnding to k x 47,000°,
This increases the energy,contént at 5000° to about 4.5 k T,
making 1/(¥ - 1)=14.5. If.ther‘é is ionization, an additionsl
6 ev is expended per atom, giving a total of 8 ev., we § zv.

per particle {(ion and electron), and this energy is alsc

=1k
g-\é:m 1??3%“‘”,‘“’“?“
UeGLASSIFIED
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available because in adiabatic cocling the lon and electiron
11 recombine., It i easily calculated that this leads aga*“,
at 1oﬁooo°. 0 L/(x’— 1)=1.5.

We have only considered the internal energy of the uranium
and have not yet taken Into account the work done by_the expan-
lﬂion.of the uraenium.’ This, however,'is exactly compensated by
the work done on the Na and struciuval material by-compression.
Moreover, this work is very small, amounting in the case of Na
per unlt core volume to:

Now, as we have mentloned, the compressibllity of Na decreases
appreciably with pressure. We, therefors, overestimete Ey, 1f

-

we assgme p to'be line&r Iin the compression, thus

E. .
Na < Ve
But[&VN& 13 about 10% of the total volume, or O.4 Vo, end with

Ey = PV /(]// 1)

YT
ko]
>

"3nd 1/(b/~ 1) =4.5, we have

Eygp < 0405 Ey
which is negligible.

The heat flow from fuel to the other materials 1s also
small., The heat first has to penetrate through the structural

material; e.g., the pins.\ In heat conduction, the distance nf

penetraticn in time t is roughly given by

"
K t

(17)

(18)

(185)

(1.9)

23 s
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where k 13 the heat capacity, c, the specific heat and f the

de;sity. Taking the vélues for Fe at ordinary temperatures
(which is questionable), ko= 0.1, cy=0.1, f;ﬁ 8, and taking
t= /L = uo/« sec, we get
x~2x103cm ~ 1ml (108)

Nearly all the heat therefore remains in the fuel, as has been
assuned., |

This oconcluslon is not changed by'taking into account
radietion. Por, although the energy denslty of radlation is-
rether high &t 10,000°, the radiation at this temperature is
largely in the form of quanta with energy h Y of a few ev., and
such quante are eapeclally strongly absérbed by any materlal,
leading to exceedingly high_opacity.

L. The Rarefaction Wave at the Surfaqe'of the Core

So fer, we have considered the core as of uniform density

and pressure. Actually, the surface of the core moves outward -

“this is in fact the desired effect which eventually stops the

nuclear réaction.- thefefore there must be & volume expansion
at least near the surface, and.a pressure gradient. We should,
therefore, obtaih an equétionrqf state for the core materiel.
The heat developed'per'unit volume is constant throughout
the core. (This ls true for uniform pa&ervproduction; if the
pever 19 nonuuniform;'this fact can easlly be taken Into
account ahd dOeSJnot change the result substantially). AL azy

given time, therefore, all parts of the core lie very nesirly




on the same adiabgtic 30 that the;:_Lr pressure and volume are
related by the usual adiabaticve‘aquat‘ion_ of state
- p V)= constant - | (20)

where V 1s the volume occupied by fuel. In those parts of the

cors wnicn have not expanded, V=V, which we have found to be

abcut 0.25. If & volume element of the core has gxpanded by a
factor 14+O0 7V, essentlally all the additional volume will be
oc'cupied by fuel so that now the fuel volume 1s V(;-I- AV and the

pressure 1s

. .r‘ '{ ) | |
P = py(t) G_ﬁp____);:cpo(t) . é - _[AQ (21)
Vo+Av ’ VO

vhere p,(t) 1s the pressure et the gilven time in the undisturbed
{unexpsnded part of the core. This pressure lacreases exponen-
tiaelly with time,

_ 5 o ’
po(t) = P e (22)
Due to the outward meotion of the reflector, a rarefaction

wave starts inwards from the core-reflector interface whose head

moves with sound velocity. This velocity 1s given by

c(t) 3)‘ dn 4 f-1. dp_ ""F——j (23)

The m.eén density‘, ?o’ ‘ofthfs-: projected reactor is about 4, the
volume V. = 1/k, b/z 1.2, ‘sQ".that ,c‘,..':j'l.l ~J pge When the
miclear reaction sﬂ};ops',1 j;his »”is_i"l.l‘ or 2.2 X 105 cm/sec':J cecrres-
ponding to our ‘assump’c»_io}nsi A 1;,=°°,.'Ql and-0.0_2, ‘respectively.

In the iétter 'Qase,‘-thé ‘s‘ound v'elolciﬁiy in the core is equal to

that in solid uranium. _ |
-17 - e e
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The distance by which the rarefaction wave hasftraveled
intc the core, 1s obtained by integration of (23), using (22),

and is

| Cox@®)zz2e GVL (24)
The distance X at the time the reactlon stops 1s independent
of A k an@ 1s.9 cm, with our_coostants._ Thls:is reasonably
small compared with the radius c¢f the reactor. Therefore we
may really”speak of a‘rarefaction wave, rather thaﬁ of & uniform
expansion of the core., Moreover, We mey conslder the rarefaction
wave In good approximation as plane° _ , | _ ‘

With thls assumption, the equation of motlon in the rare-

faction wave becomes ,
fo =L o 0B C(t) 28y  (25)

where u 1s the velocity of & material point which was originally
at radius r. This equation can be solved by a simllarity solu-
tion. For this purpose, we consider "similar points"; l.e.,
points whose distance from the interface r—=a 1s & given fraction
of X(t) Eq. (24). That is, we set |

| a-r X(t)% | (26)
and use { as a nev independent varLEble. Then, e.g., at a

givenf? the material velocityﬁu‘willibe a given fraction of

the interface velocity u thus

e ag(6) F( ) [E

where g (t) behaves as ed:t,'belng proportional to pO(t) (Eq. ”)

U



LE

It is. further convenient to introduce as a dependent varishie

the displacement y(r,t). Then we may also write

y(r,t) = 7, (¢} £(%) | (22)
witere the displacement of the interface 1s |
Vo = U/~ = Y eoct (29)
In terms of y, the velocity Is | _ |
u = (ﬁy/at)r ' | (30)
and the expansion .
| | AV = {93/27), | - (31)
and the equation of motion (25) becomes
2%y = c2t) 2%y ' (32)

ate Jre
with the sound velocity ¢ gilven by (23).

Inserting (§8) gives, fo“ instance
u=,LY ¢ & f(\§) + ¥ ed:t ! (E>§-> (33)
4
r

with the prime denoting differentiation with respect to f‘.
New, from (24), (26), (23),

(3 = 42-—1 N

and therefore

= ES £ | - 5)
u =y, ( d ""}E 1) (35)
Similerly, > o ;
T o ARCIEE S AR (36)
2t
LSRR S | (37)
3T X o Lb

using (24). Inserting (36) and ’27) into {22) shows that both




©

sides of this equation depend in the same way on the'time; namely,

8s ¥o, which proves that the similarity solution actually works.

Eq. (32) now reduces to the following differential equation in §

(1§)+3ff' f=0
This equation has & singular polnt at‘f_.l. It is con-

venient, therefore, to introduce

_ i M=1. ?
then (38) becomes
me.m) &8 301 _7) a8 L4 = 0
’ an® | a7

This equation can be solved by & power series in 7{ whose

first terms are

r=m 52 L 7/2 | "Z /24 0. 0008471 20, 00020%3/2
-

+ 0. oooosﬂLJ/"’ + 0.000017% /24 s
The solution is especially interesting at the interfaceﬂT=l
where we get
£(1) = 1.0412
| £'(1)=2.6515, £'/f= 2.547
Therefore, using (31), (35), (24):

AV (g = L £:(1) :_1.2%
u, &LX (1) T et

Further, using (7) and (23):

@__\Lg 1.27 | : ..bj/po_ = 1l.27 ‘fo c(t)
Vo o oy wit) Vq (v cu

Now we have seen (below Eq. 23) that c(t) is between 1 ¢ and oy,

according to the value of Ak assumed, f; i3 about 4 and ?U =16,

-2~

Ficl

(2R)

(39)

(%0)

(41)

(42)

(¥3)

(s
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g

wirerefore

'
£

u

~

bvﬁv ~13Ak = 0.13 to 0.26
o
Referring back to (21), we see that the pressure at the

Interface is 13 to 26%llower then at the center of the core.
ince the calculation in Eg. (7) and in the next section glves

the interface pressure, the core pressure is 15 to 35% higher, which

-1s only a moderate amount. At the same time, the smallness of

the correction 3/Av/vo justifies the linear approximation in (21),
which made’thé solution of the differehtial equatlion possible;
It aiso jusfifies the approximation that all parts of the core srsz
on the same adiebatic, Eq. (20).

The result (43) 1s easily understandeble: The displacement
of the 1nterféce}is

= u /e (46)

Yo

therefore the average expansion in the rarefaction wave 1s

LV gy = Vo/K =g/l X (57)

If we assume the expanslion AV to be a linear function of
pqsition in the rarefaction wave, we get for the expanzlon at
the interface twice the average expansion (47). Eg. (43) shows
that thls plausible assumption is nearly satisfied.

5. Waves in Béryllium Raflector, and Sphevical Correctlons

- 8o far, we h&Ve consideved aLl the beryllium to meve as a
unit, and havp conmidpred tb9 commrps:;on wave in uranium to be

plane, We shall now correcth tncse points, but we shall stl1ll

o DECLASSIFIED
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revain the &accustic approximation, viz..that the change of
density is small, which is very well Justified.
' In a spherical acoustic wave, the pressure 1s
p_—__IS‘)_c_ [f'(t . r/c)+g' '(t+r/c)J
and the outward velocity

u= _C E‘(t - r/c)+g(t+r/c)_]+;l_ £ (t - r/c) - g'(t+-r/c)_]
r2 | ‘ r _

where { and g-are.arbitary functions cf their arguments, the
prime means differentidtion with respect to the argument, c ig
the sound velocity and § tﬁe density.

In our problem, bcth u and p have everywhere the time de-
rendence ed:t, therefore both f and g musf have this time
dependence, and in each medium

£=ff; gz Lg

In the uranium blanket, we have only outgoing wayes,
therefore only a functloa f'+ Then, 1f the subSCript 2 denotes
quantities at the reflector-blanket interface, and the subscript
U .quantities referring to uranium,

c_.u
Sules _ 1, g

Pa T2 .
s Tp= 33.5 cm,f{= 5 x 10 , the second term

with ¢, = 2.2 X 'J.O5

Y |
1s 0,12. This represents thefcorrectidn from plane to spherics

!_l

wave, and is seen to decréase the’pressure required for a given
velocity. , o |
In the beryllium reflector, we have both the  and the g

function, end thelr ratlo can be obtéined from the ratio

(13)

(1g)

(50)




where ¢ stands for ¢, eand S=r

us/pp, viz.
(t - ra2/c) - g{t+ra/c)
£f{t - rg/c)4-g(t4-r2/c)

(8 °s 4 _ cp

Py LTy

5% _ e (1 _€_B ):—_ik, éay
gU cy LT  Sv

Here (51) has been inserted and the subscript B denotes

beryllium.

’g and f at the core-reflector interface, ry; these can be obtained

from the values at r, by remembering that both f and g behave as

eOCt; therefore
£(t - ry/e) = £{t - ry/c) é£$/c
glt+ry/e) = glt¥ry/c) ;M/c

B 5~ T = 6.5 c¢m 1s the thickness

of the Be reflector. This gives

+ _QOCS C
glt+ry/e) / 1 - x
th - Ta /b ' 1+ K
We wish to obtain the ratio of velocity to pressure at ri; we
have c (v ) ,
§p cp ulry _ B L fit -Ti1/c - g(t+T1/c
p(ry) T LTy £{t - ry/c yelt+ry/c)

_°B ° _ X+tamh £5 Jc
T Lry 1 + K tanh(y /c

The thickness of Bé 1S small end the sound velocity is

large (about 10 cm/sec)g thereforeacs‘/c is rather small:
Fer A k& = 0.02, we had OC 5 x 104 and thereforedls /¢ == 0.325.

The quantitygaﬁ/c is a measure of The error made in the absumptica

that the Be moves &8 & wheole. If this assumption is made,

~D3

e ng
K

=

-
F
€2
E 2

ﬁﬁ‘:;.ﬂ:z
CrD

b LTS

Fei-3
S

CD

(52) can be solved for g/f. Now we need the quantitiss

(52)

(53)

(54)

(55)

¢ o st




b {(55) reduces to
) §pcp ulr,) cg .S58 % /2 1, S8 (56)
e - -+- "__—-—+——. - — + P
; | Py £ ¢y og & \T1 T2 SuT,/
using (52)0 )

The first term on the right gives ocur old result, Eq. (7);
@he second term 1s due to the spherical effect and amounts to
0.47 times the first if we set g%'::1.8’d5=5 P 10A. This is an
" appreclable correction toward lower pressures in the cors.

Evaluation gives the results listed in Table 1.

Table 1
‘ OC, 2.5 X 10“ ' 5 x 10”
X ' - 0.652 - 0.111
LS/e 0.162 0.325
?B °B “(rl)/P(rl) 6,932 0.951
¢=p(ry)/ §; ey u(ry) ¢.461 0.451
F=Peope/ §U cy ufrq) 0.53 0.61

The line denoted by G would be 1 according to Eq. (7). There-
fore, we get a reduction of the interface pressure, by more

than a factor 2, and by very nearly the same factor in either
case. In the last line, F, we have given the ratio of the

core pressure to thaf given by Eq. (1), taking into account

the effect of the rarefaction wave calculated in the last section.
This shows that the core pressure is 50\to 6q§ of that calculated

. from (7), thus reducing the sericusness of the accident.




6. Holes 1in Reflector

It may be that the reflector is not completely in place
but that & control rod is missing, either in the inner or outer
layer of the reflector. In either case, there will be greéter
expansion of the core at the point where the rod 1s missing than
elsevhere. This may reduce k at a faster rate because the density
of core materisl 1s reduced faster. However, it might happen
that the reactivity is incressed by displacing active material
into the Be reflector; this could aggravate the accident. It
will be important to 1nsure by measurements that theAreactivity
1s not increased by such displacement. 'If it is increased, two
ways are open to minimlze the adverse effect; namely,

1) to keep the entire inner layer of control rods in place

as long as there are any rods ef the outer layer in place, and

- to begin removing inner rods only after all outer rods have been

removed, or

2) to élways remove‘several nelghboring rods of the inner
layer simultaneously.

With procedure (1), the velocity of the core-reflector
interface for given'pressufe is Increased at gll places where '
thie outer rods are missing,'gnd,this will greatly reduce the
core pressure. at the timé the nuciear'reaction stqps. In particu-=
lar, when ali outer rods are‘misé;hgg'the core pressure will be

reduced by more than a factor 2 (See Eq. 61).




"With the second procedure, one gets bulges of the core
extruding into the region where the refléector is missing, bﬁt.
these bulges are wlde end not very thick, thereby minimizing
the extra.mbderation due to thehlarger contact surfgce between
core and reflector. However, the seconad procedure has the
possible disadvantage of meking the power distribution unsymmetri-
c8l; therefore the first should be used when feasible.

It 1s very easy to estimate the displacémént'of the interface
at points where only thé inner layer of beryllium is present.
Then 1t is a good approximation to consider that layer as moving
as & whole: If Py 1s the Interface pressure anduigthe thickness
of the Be layer (about 3 5 cm), then the interface displacement

y is given by '
.oy t

v = p( 0 4E?) (57)

~and the interface velocity, ul,zdiyo However, the pressure P

is now reduced: Using the results of Section %, we have for the

difference between the central pressure p, and Dy :

bo-p = P FAY 0B m o oo(t)u  (59)
- Vo '~_ct V“%

and therefore

= % (59)
i} c(t)-;—(p,l/ul)- T ¢O C(t)+§5~@oc

Comparing this with (7) and Table 1 ve get for the ratio of u,
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-to the velocity u, at points where the reflector is complete:

n Syoy ” (60)
% ? c(t)+)ajl-_oC
g ,

wvhere F 13 the factor calculated in Table 1, With §B=1.8,

L
4=3:5,£=5% 10, cft) =c = 2.2 % 107, F=0.61:

u
1 _ 2,2 (61)
g . ' |

Since the interface 1n general moves by about 1 mm, the Inter-

face at the place of missing reflector rods will move about 2 mm.

The danger cf ilncreased moderation is therefore small., For the

1essvserious caseA k=0.01, the ratio ul/uzo is somewhat greater,

However, the approximaticns of Section 4 are no longer well

justified in our case so that the actual ratio ul/uo may be some-

what larger.

To Subsequent Developments

| At the time when neutron multiplication stops, & certain
amount of energy has been developed which has been calculated in
~Section 3. This energy is located, at that time, almost entirely
inside the core. Subsequently, the gassous fuel in the core will
expand end do work on the reflector, blaﬁket, etc. This means
that the compression waves moving through these components will
not stop when the Imciéia,::? 3:’««5-,3072'3':!;011.gn’:-opeu° bat will coﬁtinue
until &ll the énefgy:in the‘fuel*hés”been transformed into work.

Of course, in cooling, the fuel will condense again and the heat




6f_condensation is made available as work; 1t was, therefore,
included in Section 3. .Similarly, electrons and ions will |
recombine and make the ionization energy avallable.

The compression in the compression wave in the blanket 1s

apprecilable (about 4% for A k=0.02) and the pressure will exceed

the yieldAstresso' The strain caused by'the wave conslsts of &
raedial compression end a.tangential expansion; giving rise to &
hoop tensilon. Most of the deformation is undoubtedly plastic;
i.e., irreversible, and & certain amount of work, necessary to
overcome the yield stress, will be transformed into heat. This

3

smount is, per cm”:

w=s (y -aw) ‘ (62)
r .24
where S 1s the yield stress, y the final radial displacement of
a material eiement originally at r, y/r the tangential and 3y/3 r
the radial strain. In an outgoing spherical wave, the behavior
of y is between 1/r and i/'r2 (Eq. 49); therefore
W= @S y/r - (63)
where (3 is between 2 and 3. The 1/r behavior, and hence G=2,

is likely to be a closer approximation ahd wi1ll be used in the
following.

The yield stress S 1s known to be much greater for rapid
deformations than for slow ones: & value S of asbout 10 kilobars
2~z 140,000 psl seens appfbpriaté_for U, and somswhat less for

the coﬁcrete shleld. If y, 1s the displacementtof the core-reflezctor
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interface, T=7, rl/b snd the total energy disslipation by
plastic deformation is

r
Weot = 4’”83 r® ar W= 8Ts y, vy (r3 - ry) {(6%4)
r

b

‘ . 1 . :
where the upper limit-r3 i1s either the outer radius of the shield,

or the point where the wave becomes too weak to do plastic work.

v The different values of 8 in blanket and shield should be tsaken

into account. Now

2 o '
ll-’n’yo ry ~ AL (65)
is the éxpansion of the core volume; thus we get
Vtot "= 2 SAﬁ(r3/r1 - 1) (66)
The energy originally developed is »
A Ce
tot = =2 PodlZp, (L (67)
- 4

_Now the expansion A (L is of the order of magnitude (L., or '

rather greater, the limitation béing given by the pressure wave

: becoming too weak to do further plastic work. Further, if we

take the outer radius of the shield for T3, We have r?/bl about
10. Therefore

Teot 2,20 5/p, BN es

Etot 77
But S/poy even for the la“ger accident contemplated, is about

1/4 if we take for S the yield stress for U, and perhaps 1/8
for concrete. This means tnat the plastic work can almost

certainly d1331pate essentia’ly all the energy developed in the

DG
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nuclear reaction. Clearly, the thick concrete shield 1s very
Important in this respect.

It may be questioned whether r3 should really be taken equal
to the shield radius, or whether at & smeller radius the wave
gets too weak to do plastic work. However, if the latter were
true, this would automatlically mean that the wave getting to the
outside of the shield lnvolves & purely elastlic deformation and
i1s therefore extremely week.

We belleve, thereforeg that only a'very small fractlon of
the energy developed will appear ultimately as kinetlc energy of
fragments of the shield or the reactor° Even if all of it were
trensformed into kinetic energy, then, for & shield weight of

8 . .
200 tons = 2 x 10 8F8M3 4o average velocity would be according

to (12): Vav = 2 Bot/=3x10° x (69)

/i.e., 30 meters per second (70 miles per hour) for k= 0.0l. This

makes the event look like a car accident, rather than an explosion.
k = 0.02 gives, of course, twlce this velocity.
On the other hand, 1f all the energy is transformed into

-heat, the average temperature rise, even for the larger accldent,

1s only 1°C.

0f course, it must be assumed that the concrete shatters,
that all pipes, containers and.working parts break, and that
liguids and gases from the reactor can freely escape afzer the

accldent. There will almost suﬂely be a sodium fire, and
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precautions must be taken to minimize its size. The flssion

product gases willl escaps into the reactor building, but the
plutonium formed in the blanket will remain contained 1n the

stillfsolid uranium blocks. There is very good hope that the
reactor bullding will remain intact, and that the flssion gases
cen remain confined in it for a considerable time, allowing a
regulated slow escape later on. The only plutonium that escapes
into the reactor bullding will be that which has been formed in
the 238 contalned in the fuel itself, but.eveh this 1is likely

to condense almost qdantitatively before it cén escape 1into the
atmosphere. The accident, therefore, whilé destroying the
reactor, is not likely to cause major health hazards to the

surrounding country.

January 31, 1950




