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H. A. Bethhe 

Preface; The following report  i s  preliminary only. 
While the r e s u l t s  a r e  believed t o  be correctg 
it is intended t o  s tudy  i n  more d e t a i l  Case B 
referred t o  i n  Chapter 1, Moreovero f t  i a  
fntenr3ed t o  incorporate i n  the report  the 
consfderstfons prasented i n  the sect ions 

Influence of S ~ d f u m  Content i n  Reflector acd 
Blanket, Tkfs sect ion is beicg added now; \ 

the remainder reppesencs the Peport as or ig ina l ly  
wri t ten,  Sfnce there  vas pressure to i s s u e  the 
report  in. time f o r  the meeting o f  fhe Reactor 
Safeguards Commfttee on February 8, the report  
is fssued fn  t h i s  preliminary f'orrno 

n 
I f  

-_I-- Irifft>,eraes of' Sodium Content i n  Reflector and Blanket. 

In  the main part  of tlle repcr t ,  it i s  assumed t ha t  the 

refl.ectola fs s o l i d  berylllkrn and the blanket 2s s o l i d  uranium. 

A c ~ u u l l g ,  %he reflectord as presently deufgllelt? ccnGairls about 

15 pep cent by volume of sodium when averaged eve? a l l  parts 

of t h e  se f l ec to r ,  The h o t  blanket region contains abmt 3 0  

per cent sodium by volume, The presence of' h i g h l y  compesslble 

s c y d i i n ' c a i l l  materially reduce the sound veloci ty  and the 
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where "10 / vo and v20 'i vo are the f'ractional volumes or ig ina l ly  

.. I 
(at 0 pressure) occupied by the two components, and 1 - dv 1. - ~ .  ~ 

v10 dp the compressibil i ty of t he  f i r s t  componento Us;lng the compressi- 

b i l i t y  o f  N a  near 12  ki lobars  which i s  10  x one gets 

fo r  the r e f l e c t o r  (8% Be, 1% Na) 
_ .  . 

-L -  1 Y , =  dv 
vO dP - 

(0.85 x 0.56t- 0.15 x io) x io112= 2.0 x io -I2 (s) 

Similarly,  the hot  blanket cons is t s  of 30$ Na and 7@ U by volumep 

giving I ^  

U 

The sound veloci ty  i s  given by 

where v i s  the spec i f ic  volume. 

The acoust ic  impedance i s  calculated from 

wherego i s  the uncompressed density of the mfxture 

w i t h  Jlo andf20  the uncompressed densit ies of the two components. 

This gives f o r  the r e f l ec to r  

(f) 
* '  

vo - VO 

Tor = 0.85 x 3.8 + 0,15 x 0.97= 1,68 

6 whereas .for pure Be, the acoustic impedance i s  1,80 x 10 

Similarly,  f o r  the blanket 

, 
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6 while pure urarzium has 4.15 x 10 Thuso in both cases the 

acoustic impedance is cut in half. As a result, the pressures 

calculated in the paper should a l l  be divided by 2, which furthei. 

reduces the seriousness of the accident. 
_ I  
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THEORETICAL ESTIMATE O F  MAXIMUM POSSIBIZ 
N U C W  EXPLOSION 

1. Qual i ta t ive  Description of Phenomena 

The most serious accident w i l l  occur i f ,  by mistake or by 

sabotage, the control rods a re  moved i n  very fast, so  that the 

p i l e  becomes prompt c r i t i c a l .  

controls, and increase k, f a s t e r  than the  neutron l eve l  increases 

a s  long as the period of the p i l e  i s  appreciable, . .  l e t  us say 

. .  

. . _  .- 

It may be possible t o  move the 

1/100 of a second o r  more: Then no appreciable heating and . . .  

expansion of the p i l e  occurs while k increases. However, when 

k exceeds prompt. c r i t i c a l ,  the period (e-folding time) becomes 

of the order lom4 sec., and the motion of  the controls obviously 

becomes negl igible  during one p i l e  period. We can then consider 

the posit ion of the controls as fixed, and the value of k is 

determined completely by temperature and thermal expansion of 

the  p i le ,  

Increased power development i n  the ' p i l e  w i l l  necessarily 

lead t o  heating of the f u e l .  Because of the very short times 

involved, there  w i l l  be no appreciable heat conduction t h r o u g h  

the s t a in l e s s  s t e e l  and t o  the sodium. Even i f  there were, 

there  would not be enough time f o r  the sodium t o  carry the heat 

away. Therefore, i n  the f i rs t  stage of  the process, k is 

determined simply by the f u e l  temperature, with the r e s t  of 

the  p i l e  remaining a t  normal operating temperature. The change 

of k under these oonditlons was described i n  Chapter 3 of mPL-237. 



A 1 
b) 

Temperature coeff ic ient  dkldT negati-ve 

d&/dT posi t ive,  but t o t a l  change of k f ' m m  operatfng 

temperature T, t o  fnf ini*e temperatme (A k) negatfqbw 
1 

e )  

Case a )  ap3ea.m appropriate t o  SAPL-5 and case c ]  t o  the 

dk/dT and Q k posi t ive 

f a s t e s t  loading of the KAPL reactoro 

In caae the heating o f  the p i l e  w i l l  always remain 

moderateo 

temperatwe T a t  which has agair, become equal t o  1: 

Further heating wfll lead t o  a. dsc&ig GS the prornpt riautrons, bjlid, 

acccwding ta a general theoldem, the temperature will only rfse 

Case b) leads t o  a heating of  the p i l e  f'rorn T1 t o  . f , h ~  

2 

1 .  by 83 additional arnomt T2 - Tl0 When th i s  i s  r a c h e d ,  o n l y  

delayed neratrons can csuise f:zrthera increase of  the paver level: 

aut before the delayed neutrons can take par t  in the react ions,  

general thermal. expansion w i l l  occur and s?xt down any fwthe r  

reackion, TMS s i tua t ion  w e l l  not lead t o  a nuclear explosion". n 

The important case is ,  therefore, c j 0  In ' tnls case, the 

temperature w i l l  continue t o  increase and a f i n a l  va lue  

kpPonrpt z 14-b k w i l l  be reached. Then the neutron level9 and 

I '. 
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f n t c  secouct when estimatfng the dsnzzzge. 



and t h  i r m e r  par t  of the uraAiium blanket is also piishad o u t .  

At ~ ? L C  9ame t€me, t h e  core i s  expanded 30 that i t s  mean density 

d+crea.c;es e In t,hene cond i t ions ,  k w i l l  be proportional t o  sone 

imwrse power o f  the core VoliimeZL,, l e t  u s  saydl  -n, where ii ~ r i ~ y  

be about  1 (see Chapter ). T k u s ,  in order, t o  decrease kproml;t 

Tak'lcg R= 27 ciii, n=  1, k = 0.01, we 

from 14- A IC t o  1, w e  must  increase the radius R hy 

(4 ) 

get A R =  0.9 infllimetera, 

b e l o w ) ,  the  veloci ty  u o f  

fir i s  p r o p o r t i o n a l  t o  the 

plaezsure a n d  t;kerefor>e increases exponentially as  e t ,  w i t h &  

given by (I.). Therefore,  zhe displacement fA R inc:reasPs a180 

as e t ., and we !lave 

u = R = & b  R 

Insemling (1) and (4), the v e l o c i t y  a t  which the prompt ne;ztz40n 

mul t ip lLcs t fon  s t o p s ,  I s  



The psessure a f l l  be re la ted  t o  t 9 e  ocrtwa~d veloci ty  by the 

csnfi€tfon t h a t  we have an o u t g o f ~ g  compression wave in the  

uranium blmket .  Since the Rater ia l  veloci ty  (6a) i s  smsll 

compred with the a o u d  velocity In wmiurn9 it is legitimate t o  

use  acaus t fea l  theory. If', in addi t ion ,  w e  consider 8 plane 

ratkez, than a spherical poblern (cf, Section 51, we have 

vel .eef ty  (2.2 x lo5 ciqlsec), givfng . for  the acoust ic  inipedsnce 

and for the ppeasrare when nu l t fp l i ca t ion  s tops 

R (9 1 p,, -- 1 A k?e 0.95 x i314 A k 2 dynes/cm 2 
3n i'u u 

T1;2cp3 t h e  pmbsble  maximan p ~ e s s w e ~  forn les 0.01, i s  10 PO 

dgnas/em 2 - 10 kilobars (1 bar io6 dynes/cm 2 = about I. atmosphere). 
&I" extparne assumption, A k- Oo02, gtves 40 kilobars,  aboc't; a 

f a c t m  18 below the pressires i n  high sxploslves. 

Correcttons discussed fn  Chapter 5 reduce the expected 

ppassure t o  abot-xt 50 t o  60 per cent of this; i o e o O  20 t o  20 

kilobars . 



. .  

I. 

u h . e x  d i s  tt;ho ratio of tbs specific heet,s at constant pressu.m 

m u  constant volumee 

Section 310 

eompst.ad w i t h  that  in t h e  fuel, 

the cope volurie mczlpied 3y fuel at high temperature; it 1s aboiit 

1\40 

' f iobsbly,  l/(r-l] is about  4 ,5  (see 

The enwgy in Na and s t . r u c t u r a l  niaterial i s  negligible 

RTm l e t  Vo be the fraction o f  

T h m  El 'V, is the scergy  per zanit core volume, and 

E t o t  = J-L v, E1/LPVo/(f-l) (11 1 
fs the tots1 enepgy developed, wharefiis $fie t o t a l  volume. With 

R * 27 cm, 

IS'( c-1~ = 4e59 w e  g e t  

have fig82 liters 6 8,2 x iG 4 cm3. Taking V, - 1/4, 
(12) 18 2 18 2 = 9 x 10 A k  ergs 2,2 .x hO A k  k cai 

ForAic = 0 . O l 9  we t h u s  get, 22,003 kf io -cs io r f e s ,  equ iva len t  t o  

50 p o u a d ~  OS TNT; fo? A k s 0.02, FTB hare 200 pounds of  TNT 

equivalent. 

favolved, +,?&e accident is i~ r e a l f t y  m w h  Tllflder than an explosion 

of' .these quantities of TNT. 

3. 

. 
Hcwever, because of' the mhch smaller presswes 

-. 

Temperature and Pressure in the Ccre 

A s  has been stated,  w e  s h a l l  a8sLzme tLat the f u e l  behaves 

ELLS an idea l  gas w i t h  a given value of 

conta ined  i n  this gas is 

c five Then t h a  aner.gy 

P V I (  r-11 

vcsiume crccupfed by f u e l  at the tlme when the catsvtrspfc  ~ ~ u c 9 . a : ~  

reac t ion  takes place. We thus  wsnt t o  ceaZ1c;u2ste V,, 

-12- 
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?he vc:urne coxposition of  t.he planned core f o r  the fast ~ o ~ a  

f u e l  

6$ void  i n  the pins 

3% s t r u c t u r a l  material 

4% sodium 

Obviously, a t  the time of the react ion the f u e l  w i l l  occupy not 

only i t s  m f g i n s l  volume but a130 the volvrrne which orfginallg 

was void, Mopeovero sfnee there  i s  appreciable pressure, the 

olthep materials w i l l  be cornprsssedg and the f u e l ' w i l l  be able  t o  

expslrd into t'he volume thcrs vacated, 

T h e  eompessfon modulus 3.f' the  s t ruc tu ra l  materials w i l l  be 

f o r e  cause 8 coapmssiori  cf cnlg 2$ sf the i n i t i a l  volume of t h i s  

material ,  o~ 0.7$ o f  t9he tafvEl initial volume. This i s  negligible. 

The cornp?essibility of  sodium is large b u t  decreases v i th  

incpeasing pressure. Aecordfng t o  the measurements of Bridgmn 

..' : 
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We skull nox calculate  the f u e l  ternparature. In the COP%> 

these I s  a fue l  density of about f1 r= 1.5 g/crn3. T h i s  m o u n t  

of fue l  GccupLes a volume Vo during the reaction. 

the atonic  weight, and Vm the volune per mole, we have 

If A h 2 3 5  i s  

1) Bridgman, Physics Review 2i'.9 68 (1928) 
2 

p Vm = p A V o / , f l  40 p - 4  x 10 l5 D k ergs 

Now, i f  there were no ionization, p V, would be equal t o  RT, 

with R the gas constant; i f '  on the average z - 1 electrons a re  

s p l i t  off  each uranium atom, we have 

RT - p Vm/z 
Inser t ing R = 8  x 10 7 ergs/degree, we get 

A t  *lie lower temperatme, i o n f z s t f m  i s  not l i ke ly  t o  bi! importmit ,  

so that  T-5000"; et the  hfgher ternperatupe, one ionizat ion may 
0 eas i ly  knave occurred, giving T = l O , O O \ 3  Th'3 temperatures a re  

thus  very high3 90 that  there  i s  surely complete vaporfza t fm 

of  the fuel .  

The energy of a monatomic gas i s  3/2%T per atom. The energy 

o f  the evaporated uranium conteL.ins, i n  addftion, the heat o f  

vaporization which is about 4 ev. 

This increases the energy content a t  5000' t o  about 4.5 k T, 

making ~/("r -  1)-eC.5. 

6 ev i s  expeadsd per Eitom, g iv ing  a t o t a l  8 ev., 1 - 4 2  4 we 

per pa r t i c l e  (ion and and t ~ s  eziergg 1 s  slscs 

corresponding t o  k x 47,030". 

If there  is ionization, an sddt::"oncP 
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We have only  considered the in t e rna l  energy of' the  uranium 

and have not  yet, taken in to  account the work dGLe by the expan- 

s ion of' the Leranium. T h i s ,  however, i s  exactly compensated by 

the work done on the Na and s t ructupal  material  by CornpressiGn. 

Moreovero this work i s  very srriall,9 amounting in the case o f  Na 

ButAV,, L a  about l@ o f  tb.a t o t a l  qiolurne, o r  0.4 V,, and w i t h  
P 

snd l/@ 1) 44.5, we have 

which. is neg1lgibl.e 

?he heat Flow from f u e l  t o  the other materials is ~ 1 8 0  

smaZ1.. The heat f irst  has t o  penetrate through the strvxturcal 

material; e .ge9  the  pfns, In heat cozduction, the  d i 3 t m e e  of' 

pzmrra t io f i  In time t i s  r o u g h l y  giver, by 
x2 

t - k - -  
@IT 7 



‘;r~km~j k iw the heat capacity, cv the specific heat and f the 
demity. Taking the values for Fe at ordinary temperatures 

G U G ~  qu&xit& a m  e;7gac;fa92y s tmng ly  a b s s ~ b e d  by any metexafal, 

leetdI,n&$ $0 exceedingay hi& o p s e i t y .  

4,. --*. ma m k $ b r ) .  -7- Wave 8%- of the C O T 0  

80 f a r ,  w 8  have cons idwsd  t h e  cope 618 of  uniform densi ty  

and pr8sauro. 

t h l a  Liz faot the desired effect which oventuslly Stop3 the 

rJUCls&P PcaCtiCJn - therefore there must be a volume expansion 

at leant near the 8urf‘acel and a prosaure gradient. 

thoPf3fCJX%, obtain an equation of state for( the car6 rnat#erial. 

Actua l ly ,  the surface o f  the C Q ~  move3 outward - 

We should, 

Tim B s ~ t  developed’ per unit volume la oonstant throughout 

t5.e cox’a0 (This 1s t rue  f o r  u n i f o r m  pmer product ion;  if t,hc 

P(>(t/r:r is r~on-uni form~ t k i s  fact can easily be taken into 

a c c o m t  and does not change the r e s u l t  subrtantfally). At; Li=y 



on th 

r e l a t ed  by the  u x a l  

so tkiat t h e i r  pressure and volume arb 

adiabat ic  equation of  s t a t e  

p v ~ S  constant 

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

cor8 wnich have not expanded, V=V0,  which we have found t o  be 

ahcu: O.25. If a volume element of the  core has expanded by a 

factor  1 + O Y ,  essent ia l ly  all the addLtional volume will be 

occupied by f u e l  so  tha t  now the  f u e l  volume is V o 3  A V  and the 

vhere p,(t) i s  the pressure a t  the given time i n  the undisturbed 

(unexpnded part of the c o x .  

t i a l l y  with t i m e ,  

This presswe i x r e a s e s  exponen- 

A t  
P O W  = p e 

Due t o  tkie outvard n o t i o n  o f  the reflector, a rarefact ion 

wave s tar l ts  inwards f r o m  the core-reflector interface whose head 

move% w i t h  sound velocfDy. This v e l o c i t y  is given 'by 

, of the projected reactor  i s  about 4 ,  the 
Po 

ClrIie  sari density, 

wlullie ?< 3- 

nuclear react ion stops, th i s  i s  1.1 o r  2.2 x l o 5  c d s e c ,  cmres-.  

ponding t o  our  assumptions A k=O. 01 and 0.02, respectively.  

Lrl tke h t % m  case, t'ne s o u d  veloci ty  in the core i s  equal. t i 2  

f= 1.2, so  that c S l . 1  & When $he 

(22 



Yne distance by which the ra refac t ion  wave has traveled 

b - h c  kke core, is obtained by integrat ion o f  (23 ) ,  using (22), 

and is 

??-e distance X a t  the time the react ion stops i s  independent 

o f A  k and i s  9 cm, with our  constants, 

small compared with the radius cf the reactor.  

m y  r e a l l y  speak of a rarefact ion wave, r a the r  than of a uniform 

expansion of the coreb 

wave i n  good approximation as plane. 

x ( t )  = 2 c (t)/& (21; 1 

Thls i s  reasonably 

Therefore w e  

Moreover, we may consider the r a r e f a c t i m  

With t h i s  assumption, the equation of  motion i n  the r a re -  

. *  factfon wave becomes 

where u i s  the  veloci ty  of  a material point which was or ig ina l ly  

a t  r a d i u s  r. 

tion. 

points whose distance f'rom the  fnterface r = a  i s  a given f r ac t ion  

of  X ( t )  Eq. (24 ) .  That is, we s e t  

Thfs equation can be solved by a s imi l a r i t y  s o l u -  

For t h i s  purpose, w e  consider I1 similar  points"; ioeo, 

a - r x ( t ) y  (26 1 
and use f' a s  a new independent variable,, Then, e o g o r  a t  a 

given?  the material  veloci ty  u w i l l  be a given f r ac t ion  of 

the interface velocl ty  uO3 thus 



It f a  fur ther  convenient  t o  int,roduce 8 s  a dependent var1ia31e 

the diTplacenent y ( r , t ) .  Then we may a l s o  v r f t e  

h-lie~e thre displacement  o f  the  i n t e r f a c e  is 

In terms of y ,  the v e l o c i t y  i s  

u = ( a d a t &  
and t h e  e x p m s i o n  

A ';T = ( a  y / a  r > t  

and the equa t ion  of motion ( 2 5 )  becomes 
2 

&< = c i t >  2 )  
a t 2  2 r2 

w i t h  t h e  sound v e l o c i t y  e given by ( 2 3 ) .  

w l t h  the prime denoting differentiation wlth r e s p e c t  t o  

Now, froin (24); (26), (23), 

(f!-)p = -4- 

Simi l a p l y ,  



sfdes of this equation depend i n  the same way on the time; narrely, 

as yo9 which proves that  the s fmi la r i ty  solut ion ac tua l ly  works. 

Eq. (32) now reduces t o  the following d i f f e r e n t i a l  equation i n  7 : 

(9 1 
TUS equation 

venient, therefore,  t o  introduce 

q=1 - g  
then (38) becomes 

(39 1 

q ( 2 - q )  u 2 - 3 0  -77) dr - 4f = 0 . (40) 
dY2 d 7  

This equation can be solved by a power s e r i e s  i n ?  whose 

first terms are 

The solution l a  espeolePly in te res t ing  a t  the interface/4=1 

vhem we get  

f ( 1 )  I 1.0412 

Therefore, using (31), (35)3 (24): 

- Fwther,  using ( 7 )  and (23): 

Kow we have seen (be low Eq. 23) that  c ( t )  1 s  betveen 

according to the  value o f A k  assumed, 

c and cTJ9 

Po 23 about 4 and pr; =1s3 r; 2 

-20- 
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Referibing back t o  (21),, we see that  the pres'3are st the  

in te r face  i s  13 t o  26$ lower  than a t  the center of the core.  

Since the calculat ion i n  Eq. (7) and i n  the next sect ion g ive3  

the in te r face  pressure, the core  p.ressure i s  15 t o  3576 higher, whlsh 

I s  only a moderate amownt. At, the Same time, the  smallness of  . . ...-- 

the correction $&V/V, j u s t i f i e s  the l inear  approximation i n  (21), 

whfch made th; solut ion of the di f fe rer i t ia l  equation poss ib l e .  

It a1.30 justifies the approxirna.tion that a l l  parts o f  the core  a r ?  

on t,he 3ame adiabatic,,  Eq. ( 2 0 ) .  

T h e  r e s u l t  (43) i s  .easi9.y unae,v-- atandable: The displacement 

o f  ,the in te r face  i s  

Yo suo/& (46 1 
%herafore  the average expamion iri the ra refac t ion  wave is 

(..).V = YJX = U o / & X  (47 1 
If we as8ume the expans iona  V t o  be R l ipear  functlon of 

position i n  the  r a re fac t ion  w ~ w e ~  we g e t  f o r  the exparision at 

the Intepfaca twice the average expansion (47). Eq. (43) shows 

that th?s plausible assumption f a  n e a r l y  satisfied, 

5. W ~ v m  In Peryl'Lfrrin Raf'l.ecto-r., and Sp ' . Ie~ica l  C o r r e c t ; L a  

30 far ,  we have considered ail the beryllium t o  rncve 8 s  a 

u r r l t ,  arsd kave considered the compresaim v w e  In uranium t o  be 

plane. We shall now corree'; these points,  but; v e  snaLl s t i l l  

-21- 



r eya in  the ccoustic approxfmation, viz. tha t  the change of  

derisi ty is small, which i s  v e r y  well  j u s t i f i ed ,  

In a spherical  acoustic ~ a v e ,  the pressure i s  

c @(t  - r / c ) ig ( t+ - r / c )a t ; l  E(t - p/c) - gt(t+-r/c) 3 and the  outward velocity 

U = -  
2 r 

where f and ,g are arb i ta ry  f u n c t i o n s  cf' t he i r  arguments, the 

prirne means d i f f e ren t i a t ion  with respect t o  the argument, c i s  

t k i e  sound veloci ty  and 7 t i e  density. 

In our  ppoblem, hc th  u and p have everywhere the time de- 

pendence 

dependeiice, and i n  each medium 

therefore bo th  1- and ,g m u s t  have t h i s  time 

f ' = d ; f 3  g ' s d s g  

In the upanium blanket,  ve.have ofily outgoing waves, 

thar.efors orily a f'unctloa f'. Then, i f '  the subscript  2 denotes 

quant i t ies  a t  the re,flector-blaLket i,-,t,erface, and the subscript  

U quant i t ies  referring t o  u r a n i u m ,  

TU 'uU2 = I+ cU (51 

4 
p2 dc. r2 

5 wi th  cu = 2,2 x 10 , r2 E: 33.5 cm,& 5 x 10 , the second term 

is 0.13. This represents the correction f rom plane t o  apks i - i ca l  

vave, and I s  seen to decrease the pressure required f o r  a given 

V € ? ' i G C i t y *  

In the  beryllium refl,ectop8 we have both the f and thr5 .g 

funct ion,  and t h e i r  ratio can be cbtained. f rom the ratLo 



-. 

E 

Eere (51) has been inser ted and the subscript  B denotes 

beryllium. (52) can be solved f o r  g/f. Now we need the quan t i t i s s  

g and f a t  the c.ore-reflector interface,  cl; these can be obtained 

f rom the values a t  r2 by remembering that  both f and g behave’as 

where c stands f o r  c and r - rl = 6.5 cm i s  the thickness B 2 
of the  Be re f lec tor .  This g ives  

* 
We wish to obtain the r a t i o  of velocfty t o  pTessure a t  rl; w e  

- - der, CB -+ye%!&% 
The thickness of Be i s  small and the sound veloci ty  i s  

6 large (about 10 

Far A k = 0002> we had &= 5 x 13 

cm/sec), therefore&/c i s  rather small: 
4 and therefore&$ /‘c --3,325. 

The qumtityL$/c is a measul?e of  the e r r o r  made i n  the aasurnptfe:-L 

that  the Be moves as 8 %;rholee If t h i s  assunpsion is made, 
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(55) reduces t o  

us ing  (5210 

The f i r s t  term on the r igh t  gives cur old r e s u l t ,  Eq. (7); 

the  second term i s  due t o  the spherical  e f fec t  and amounts t o  

0047 times the f i rs t  i f  we s e t  

appreciable correct ion toward lower pressures i n  the  core. 

4 pB = 1.8 A5 x 10 . Thi3 is an 
9 

Ehmluatfon gives the r e s u l t s  l i s t e d  i n  Table 1. 

- Table 1 

& 
K 

4 2.5 x io 

0, 53 

4 5 x 10 

- 0.111 
0.325 

0,951 

0.451 

0.61 

The l fne denoted by G would be 1 according t o  Eq. (7) .  There- 

fore, we get a reduction of the interface pressure, by more 

than a fac tor  2, and by very nearly the same fac tor  i n  e i the r  

caseo In the last l ine ,  F, we have given the r a t i o  of the 

Core pressure t o  that given by Eq, ( 7 ) >  taking i n t o  account 

the e f fec t  of the rarefact ion wave calculated i n  the l a s t  section. 

This shows that the core ppeasure is 50 t o  6% of  that  calculated 

from (719 t h u s  reducing the seriousness of the accident,  
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6e Soles i n  Reflector 

It may be that the r e f l ec to r  i s  not completely i n  place 

b u t  tha t  a control  rod  i s  missing, e i the r  i n  the inner o r  outer 

layer of the re f lec tor .  

expansion of the core a t  the point where the r o d  is missing than 

elsewhere, 

o f  core materift1 i s  reduced f a s t e r .  However, i t  mlght happen 

tha t  the r e a c t i v i t y  i s  increased by displacing ac t ive  mater ia l  

i n to  the Be re f lec tor ;  thL3 could aggravate the accident. It 

w i l l  be important t o  insura by measurements that the r e a c t i v i t y  

In  e i ther  case, there  will be greater 

This may roeduce k a t  a f a s t e r  r a t e  because the density 

i s  not increased by such displacement. 

ways a r e  open t o  nlnirnize the adverse e f f ec t ;  namely, 

t o  keep the  e n t i r e  fnrier layer of  control  rods  i n  place 

If it  i s  increased, two 

1) 

as long 8 s  there  a re  any r o d s  ef the o u t e r  layer i n  placeo and 

t o  begin removing inner rods only a f t e r  a l l  outer rods  have been 

removed, o r  

- 

0 2 )  t o  always remove several  neighboring rods  of  the inner 

layer simultaneously, 

With procedure (l), the  veloci ty  of the core-ref lector  

in te r face  f o r  given pressure f a  increased a t  places where 

the o u t e r  rods m e  missing, and th i s  w i l l  great ly  reduce the 

cox’e pressure a t  the time the nuclear react ion s tops ,  In  particu- 

lar, when a l l  outer rods  are missing, the core ppessure w i l l  be 

reduced by more than a fac tor  2 .(See Eq. 611, 
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‘With the second procedure, ona gets  bulges of the core 

extruding I n t o  the region vhere the r e f l ec to r  is missing, b u t  

these bulges a re  wide and not very thick,  thereby minimizing 

the extra  moderation due t o  the larger  contact surface between 

core and re f lec tor .  However, the second procedure has the  

possible disadvantage of making the power d i s t r i b u t i o n  unsgmmetrf- 

cal; therefore  the f i r s t  should be used when feas ib le ,  

It i s  very easy t o  estimate the displacement o f  the in te r face  

a t  points where only the inner layer of beryllium i s  present.. 

Then it is a good approximation t o  consider that layer  as moving 

8 s  a whole: If‘ p1 is the interface pressure a n d d t h e  thicioless 

Gf the Be layer (about 3.5 cm), then the in te r face  displacement 

y is given by 

and the  in te r face  velocity,  uI=&.yo 

is cow reduced: 

difference between the cent ra l  pressure p, and pl: 

Hmevmo the pressure p1 

Using the results of Section 4, we have f o r  the 

and therefore 

Comparing this  w i t h  ( 7 )  and Table 1, we gat for the  r a t i o  o f  u1 
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n n 

t o  the veloci ty  uo a t  pofnts where the r e f l ec to r  i s  complete: 

“1 - 202 
_I- 

% , 

Since the interface f ~ ?  general moves by about  1 mm, the  i n t e r -  

face at the  place o f  missing r e f l ec to r  rods will move about 2 mmo 

The danger sf increased nnoderstfon i s  therefore  small, For the 

less serious c a s e a  k r O , O l ,  the r a t i o  ul/uo i s  somewnat greater.  

Emever, the approximatfms of Sectfon 4 are no longer v e l 1  

j u s t i f i e d  La o w  case so that the actual  r a t i o  ul/uo may be soma- 

what larger,  

L 

I 

Subsequent DevelopmerLts 

A t  the time when Lentraon nul t ip l iccs t ion  s tops ,  a ce r t a in  

amount of energy ha3 been developed whfch has been ca lcu la ted  fn 

Seetion 3,, 

fnsfde the coreo 

mis energy is located, a t  t ha t  time, almost en t i r e ly  

Subsequently, the  gassous f u e l  i n  the  core will 

c 

expand end do work on tkre  reflector?, blanket, e tc ,  Thfs meens 

t h a t  the compresaiorr waves moving t%arough these components will 

not s t o p  when the  nucleap react ion s tops,  but will continue 

u n t i l  all tho, energy in the f u e l  heis been transformed I n t o  w o r k  
. -_ 



, 

of condensation f a  made avai lable  as work; it was, therefore,  

ineluded i n  Section 3. 

recombine and make the ionizat ion energy avai lable .  

Similarly,  e lectrons and ions w i l l  

The compression i n  the compressim wave i n  the blanket i s  

appeeiable  (about 4$ f o r  A k=Oe02)  and the pressure w i l l  exceed 

the yield s t r e s s ,  The s t r a i n  caused by the wave consis ts  of A 

radial compression and a tangent ia l  expansion, giving r i s e  t o  a 

hoop tension. Most of  the deformation f s  undoubtedly p las t ic ;  

i o e o 3  i r revers ib le ,  and a certain amount o f  work, necessary to 

overcome the yield s t r e s s ,  w i l l  be transformed i n t o  heat.  This 

amount is, per cm 3 : 

whelpe S i s  the yield s t r e s s ,  y the  final radial  dfsplacement of 

a material  element or ig ina l ly  a t  r s  y/r the tangent ia l  and by/j r 

the radial  s t ra in .  

of y i s  between l/r and l/r2 (Eq. 49); therefore  

In an outgoing spherical  wave, the  behavior 

w e= 0 s y/r (63 1 
whem fs between 2 and 3. The l/r behavior, and hence @=2, 

i s  lfkely t o  be a closer  approximation and w i l l  be used i n  the 

f o 11 ov ing . 
The yield s t r e s s  S i s  known t o  be much greater  f o r  rap id  

deformations than f o r  slow ones; 8 value 3 of  about  10  ki lobars  

140,608 ps i  seems etpprJopPiate% f o r  U, and sowirhat less for 

the  concrete shield.  If yo i s  the displacement of the  care-ref lector  
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interface,  y =  y, r1/p rsnd z.he t o t a l  energy diss ipat ion by  

plastic deformation i s  

J r 1 
where the  upper l i m i t  r3 is either the outer rad ius  o f  the skiel<, 

or  the point where the  wave becomes t o o  weak t o  do p l a s t i c  work. 

The d i f fe ren t  values of  S in blanket and shfeld should be taken 

i n t o  account. Mow 

S.Wyo r l 2 7  A B -  (65 1 
i s  the expansion of  the core volume; thus we get 

The energy orfginally developed f u  

Now the expansfon i s  o f  t.he order  o f  m a g n l t u d e f i ,  o r  , 

ra ther  greater ,  the l imfter t ion being given by the pressure wave 

becoming t o o  weak t o  do further p las t i c  work. 

take the o u t e r  radius of the shield f o r  r 

10. Therefore 

Further, if we 

w e  have r3/rl about  3' * 

BEt S/po, even f o r  the larger etccfdent contemplated, i s  aLmLtr 

1/4 If we take f o r  S t h e  yield stress f o r  U, and perhaps 1/8 

for concrete. T h i s  mans that the plastic work can almost 

certatffily diss ipate  essentially all the  emrgy developed 1 x 1  the 
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nuclear laeactiono Clearly, the  th ick  concrete shield i s  very 

important i n  this respect,  

c It may be questioned whether r3 should r e a l l y  be taken equal 

t o  t h e  shield m d i w ,  o r  whether a t  8 smaller rad ius  the wave 

gets  t o o  weak t o  do p1asi;ic work, Howeverp i f '  the  l a t t e r  were 

t rue,  t h i s  would automatically mean that the wave ge t t ing  t o  the 

outslde of the shield involves a purely e l a s t i c  deformation and 

i s  therefore extremely weako 

We believe,  therefope, that  only a very small f r ac t ion  of 

the  energy developed w i l l  appear u l t i m a t e l y  as kine t ic  energy o f  

fragmeats of the shield o r  the reactoro Even i f  o f  it were 

transformed in to  kinet ic  energy, then, f o r  8 shield weight of 

200 8 2 X 10 @?am30 the average veloci ty  would be according 

'Av - Etot /M=3 x l o 5  k (69 1 t o  (12): 

i.e., 30 meters per second (70 miles per hour) f o r  k =  0,01. 

makes the event look l i ke  a car  accident, ra ther  than an explosion, 

k = 0,02 gives, of  course, twice th i s  veloci ty ,  

This 

On the other hand, if a l l  the energy is  transforned into 

heat ,  the average temperature r i s e ,  even f o r  the larger  accident, 

is only ~ O C ,  

O f  courseg it must be assumed that the concrete sha t te rs ,  

t ha t  a l l  pipes, containers and workfng par t s  break, and that 

lfqufds and gases f rom the reactor  can f'ree3.y escape af ter  the 

accident. There w i l l  almost surely be a sodium f i re ,  and 
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precaut ions must be taken t o  m&tirn.ize i t s  s ize ,  The f'issfon 

product gases will emape izto the reactor  building, but the  

plutoniuua formed fn the blank& w i l l  remain contained in the 

@ t i l l - s o l i d  uranium blmks .  ?'hem f a  very good hope that  the 

reactor  buildfng w i l l  remain i n t ac t ,  and that the fission gases 

can rernaii? eonfined i n  it f o r  a considerable time, allowing a 

regulated slow escape l a t e r  oz. 

into the  reactor  bullding w i l l  be that  which has been formed in 

The onLy plutonium that escapes 

the  238 contained i n  the fuel itself, b u t  ever, t h i s  i s  l i k e l y  

t o  condense almost quant i ta t ively bafore i t  can escape i n t o  the 

atmosphere, The accident, therefore,  while destroying the  

reactor, fs not likely to cause major heal th  hazards t o  the 

surrounding country. 

January 31, 1950 
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