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Abstract 

The Fast-Thermal A r g o n a u t R W r  STARK is  a f lexihie  -zeropower f a c i l i t y  

sui table  fo r  various f a s t  neutron experiments. A f a i r l y  subcri t ical  

uranium metal Zone is driven by a surrounding thermal Argonaut core; 

according t o  four-group calculations, an asymptotic f a s t  reactor 

spectrum is attained i n  the central  region of the assembly, while a 

high degree of inherent reactor s t a b i l i t y  is  guaranteed by the se l f -  

l imiting properties of the light-water moderated Argonaut core, provided 

that  the r a t i o  of f iss ion rates  i n  both regions is properly limited. 

Introduction 

A coupled fast-thermal Argonaut Reactor (STARK) has J c ~ n  constructed 

a t  Karlsruhe by inser t ing a uraniun metal f a s t  core into the central  part  
+ of the original thermal Argonaut . This reactor w i l l  be used as a source 

reactor f o r  tes t ing f a s t  neutron equipment and as  a means for  Special 

investigations on coupled systems, e.g. spectrum measurements, material 

replacement, and kinetic experiments. 

The basic s t ructure of STARK is shown i n  Fig. 1: The central  part  of 

the assembly is a cylindrical region (37 cm dia., 61 cm height) con- 

s i s t ing  of enriched uranim metal and additional A l  0 or graphite t o  
2 3 

simulate a f a s t  reactor core. This t e s t  region is ent i rely enclosed 

i n  a 5 cm thick natural uraniwn casing acting as a semipermeable layer 

which absorbs thermal neutrons incident from the outside. The central 

f a s t  region of the assembly is  surrounded by a thermal driver region 

composed of an internal  graphite annulus, the or iginal  thermal Argonaut 

core; and an external graphite ref lector .  Twelve Cd-plate control uni* 

are  symrnetricaily arranged i n  the graphite ref lector  and one additional 

fuel-poison safety rod i n  the f a s t  core thus giving a t o t a l  control 

react ivi ty  of a t  l eas t  I .8 percent k. 

----------- 
-I- 
The prelirzinary veosion i n  operatian srince August 1964 contains a natural 
uranium f a s t  core. The calcuiations presented i n  t h i s  report were made for  
the Standard loading t o  be i n  operation i n  mid-1965 



The core regions of STARK d i f f e r  with respect  t o  material  composition, 

neutron spectrum, and e f fec t ive  neutron l i fe t ime.  I n  the  cen t ra l  f a s t  

region, the  neutron spectrum is quite s imi lar  t o  t ha t  of a f a s t  reactor  

(cf .  Fig. 6 ) ;  therefore,  most f i s s ion  processes a r e  caused by f a s t  

neutrons having a ra the r  shor t  lifeiirne of the  order of 1 0 - ~  sec. Fiss ion 

processes i n  the  annular Argonaut cme, on the  other hand, a r e  mainly 

due t o  neutrons being thermalized before i n  the light-water moderator 
-4 

thus giving r i s e  t o  a neutron l i fe t ime of about 10 sec  i n  t h a t  region, 

Each of the  two regions is substant ia l ly  subc r i t i c a l  i f  considered a s  

i so la ted  from the other, while the combined system i s  j u s t  c r i t i c a l  

due t o  a strong coupling by f a s t  neutrons leaking out  of the  thermal 

region i n t o  the  f a s t  core and vice versa. 

For reasons of reactor  safety,  the mul t ip l ica t ion fac to r  of the  i so -  

l a t e d  f a s t  core is  kept r e l a t i ve ly  low (keff C 0.8) by a proper choice 

of f u e l  enrichment ( 2 1 0  percent),  so  t ha t  thermal f i s s i on  processes 

a r e  always necessary t o  maintain the  chain reaction.  This leads t o  the  

following consequences: 

1. The overal l  neutron l i f e t ime  of the system i s  governed by the  

slowest p a r t  of the  f i s s i on  chain, namely the  neutron l i f e t ime  

i n  the  thermal region. Hence, t he  general time behavior of the 

reactor  is  very s imi la r  t o  t h a t  of a thermal system. 

2. The reactor  can be shut  down, i n  principle,  by any mechanism 

act ing only upon zhe thermal region. ThereEdre, we can take advantage 

of the  negative temperature and void coef f i c ien t  of the  water- 

moderated core a s  an inherent sa fe ty  mechanism; s imi lar ly ,  the  cad- 

m i u m  p la tes  of the o r ig ina l  Argonaut can be used a s  control  and 

shut-dorn devices, so  t h a t  there  i s  no need f o r  sa fe ty  rods 

ac-Ling d i r ec t l y  on the  f a s t  core. 

Hence, under proper r e s t r i c t i o n s  imposed on the mul t ip l ica t ion 

of the f a s t  region, STARK can be operated a s  sa fe ly  a s  a thermal 

Argonaut with only minor changes of t he  control  system being 

necessary. 



Basic Considerations and Safety 

1.1, ßeheral Properties of Coupled Reactors 

Before evaluating the safety characteristics of STARK quantitatively, 

let us first consider the physics of coupled reactors in some more 

detail. Generally, a coupled System can be treated in the Same way 

as a uniform reactor by applying uaual multigroup calculation methods. 

From the resulting neutron flwc and adjoint distribution, integral 

parameters (e.g. multiplication constant k, neutron lifetime 1 etc.) 

are derived by which a simple description of kinetic reactor behavior 

near critical is given. At larger deviations from critical, however, 

appreciable flux distortions may occur in a coupled system giving 

rise to a variation of these parameters so that a more refined integral 

theory is needed in such cases. 

We are using the fcrmalism developed by Avery (1 ), ( 2 ) ;  vihich is based 

on the steady-state integral fission rates, S and S2, within both 
1 

regions of the coupled system, index 1 and 2 referring to the fast 

and thermal core regions, respectively. 

The fission ratr S. of region i is composed of two parts, 
1 

where Sij represents that part of S which is initiated by neutrons 
i 

born in region j. On this basis, partial multiplication constants 

ki j of the coupled system at critical are defined by 

Hence, kl1 and k2* are the effective multiplication constants of the 

decoupled regions 1 and 2 with the flwc distribution of the critical 

system maintained; k 12 and k2, are coupling coefficients referring to 



neutrons born i n  one region and causing f i s s fon  i n  the  other. 

According t o  eq. (1.2), the parameters k a r e  obtained i n  terms of i j 
the  f lux  @(v,r)  of the  c r i t i c a l  reactor  

where X(v)  = f i s s i on  spectrum, C = f i s s s i o n  Cross section,  and the  
f 

symbol [. . .I indicates  t h a t  the  volume i n t eg ra l  is t o  be taken only 
J + -% 

over region j. gk(v, r )  and J6tk(v,r) a r e  f i c t i t i o u s  p a r t i a l  f lwres 

and adjoint  functions obtained byaSin.de -7 d the  reactor  equations 

with f i s s i o n  neutron sources given by the f lux  d i s t r i bu t i on  of the  

c r i t i c a l r e a c t o r i n  region k and by Zero i n  the other region. Corres- 

pondingly, e f fec t ive  neutron l i f e t imes  1 a re  associated t o  the  S 
i j i j 

which a r e  given by (1 )  

So fa r ,  the  mul t ip l ica t ion parameters k a r e  only defined f o r  a 
i j  

c r i t i c a l  system. Let us now consider deviat inns from c r i t i c a l  by 

assuning the number J. of f i s s i o n  neutrons i n  region i being changed 
1 

by small amounts dvi = Ei I l i  I n  t h i s  iiay, we have 

and new parameters k of the non-cr i t ica l  system a r e  introduced by 
i j 



From eq. (1.3) and (l.5), the  usual s t a t i c  mul t ip l ica t ion f ac to r  k of 

the  combined system is obtained a s  a weighted average of the  p a r t i a l  

r e ac t i v i t y  changes JvI/v i 

with weighting fac to rs  

thus defining a pa r t i t i on  of reac-t ivi ty with respect  t o  both core 

regions . 

Finally,  k ine t i c  equations f o r  the  f i s s i o n  r a t e s  S a r e  estab- 
i j 

l i shed  a s  follows ( I  ) : 

and a re la t ionship  between the  ki j  and the  reciprocal  periodQof the  

exponential behavior of reactor  power is obtained: 

I n  case of small deviations from c r i t i c a l ,  this reduces t o  the  wellknown 

inhour equation 



(f  = (k - 1)/k = r e ac t i v i t y )  i f  the  follovring iden t i f i ca t ions  a r e  made: 

e f fec t ive  neutron l i f e t ime  

k 1 + ( I - k l l )  lI2, l l  = 11 11 
l = a l  + I I a2l2 

where (1.12) 
1 = k 1 + ( I  -kz2) 12, a 2 22 22 

e f fec t ive  delayed neutron f rac t ions  

Obviously, the  e f fec t ive  parameters of the  coupled system a r e  obtained 

a s  average values weighted with the  coeffici.ents ai of the r e ac t i v i t y  

pa r t i t ion .  

1.2. Fundamental Safety Concept of STARK 

The fast-thermal reactor  STARK w i l l  be operated under conditions 

which ensure general sa fe ty  proper t ies  equivalent t o  those of the  

thermal Argonaut. I n  par t icular ,  the  following conditions must be 

f u l f i l l e d :  

1. The time-behavior of the  reactor  must be equivalent t o  t h a t  of 

a thermal system. 

2. A su f f i c i en t  shut-down reac t iv i ty ) , l .S  percent k must be pro- 

vided by the  control  system f o r  compensation of a l l  c redible  

posi t ive  r e ac t i v i t y  increments during reactor  operation and loading. 

3 .  I n  case of any f a i l u r e  of t he  sa fe ty  system, the  reac to r  must 

be se l f - l imi t ing  t o  a l l  credible power excursions; the  rnaximum 

credible accident should not  exceed t h a t  of the thermal Argonaut. 

Let us now impose ce r ta in  l i m i t s  t o  the  parameters of possible core 

configurations such a s  t o  f u l f i l l  these fundamental sa fe ty  conditions. 



1.2.1. Reactivi ty Pa r t i t i on  and Neutron Lifetime 

Control and s a f e ty  of STARK a r e  e s s en t i a l l y  based on shut-down mechanisms 

(Cd-control rods, negative temperature and void coef f i c ien t s )  which a c t  

only upon the  thermal core. The e f f ec t  of these devices on mul t ip l ica t ion 

may be expressed, a s  a f i r s t  approximation, a s  a corresponding f i c t i t i o u s  
f 

change 0v2/v2  of the  number of f i s s i o n  neutrons i n  the  thermal region. 

Hence, the resu l t ing  r eac t i v i t y  changed of t h e  e n t i r e  reactor  i s  giVen 

by eq. (1.7) 
7 

where d ~ ~ / ~  depends only s l i g h t l y  on the  parameters of the  f a s t  core. 

Similarly,  the  e f fec t ive  neutron l i f e t ime  1 is obtained by means of 
-4 

eq. (1.12) i n  terms of the  given thermal neutron l i f e t ime  1 2 2 1 0  sec  

I n  order t o  guarantee minimum values of AJand 1 with given cfv2/v 
and 12, the  fac to r  a2 of the  r eac t i v i t y  pa r t i t ion ,  which is la rge ly  

dependent on t h e  f a s t  core parameters, must not f a l l  below a ce r t a i n  

l imi t ing  value aain 

'2min = 0 ,s  was adopted f o r  the  normal operational  s t a t e  of STARK 
-4 

leading t o  a m i n i m u m  neutron l i f e t ime  1 3 0 . 6  . 10 sec, while ag = 0,59, 
-4 

1 = ,0,78 . 10 sec  and a t o t a l  r e ac t i v i t y  worth of control  rods of 

2.0 percent k were found f o r  the  proposed iirst loading of the  reac to r  

(cf .  Section 3 .  ). 

In addi t ion t o  .eq. (1.14), a  c e r t a i n  degree of r i g i d i t y  of a2 i s  re -  

quired with respect  t o  possible deviat ions from the  normal operational  

s t a t e ,  e.g. i n  the  case of a reactor  excursion. Let us therefore  in -  



vest igate  the  var ia t ion of a2 i f  ce r ta in  amounts of reac t iv i ty ,  say 

E , 6v1 / V and E2 = hv2/ , a r e  added t o  boih core regions . According 

t o  eq. (1.6), the  new parameters k a r e  
i j  

and the  fac to r  a2 changes t o  

Assuming a m a x i m u m  credible r e ac t i v i t y  increment Elal = 0.025 k added 

t o  the f a s t  core, which is  compensated by a corresponding r eac t i v i t y  

decrease a = - 0.025 k given t o  the  thermal region, an6 a resu l t ing  
2 2 

overa l l  var ia t ion of a not  higher than 25 percent, eq. (1.15) leads 
2 

t o  the  condition 0.05/4 0.25, i . e .  a l imi ta t ion  of the f a s t  core 
I 

rnult ipl icat ion fac to r  

is required. I n  this way, the reactor  is  de f i n i t e l y  kept from any 

approach t o  c r i t i c a l  a s  a f a s t  system. 

1.2.2. inherent Safety 

The inherent  safe ty  of STARK is  bas ical ly  due t o  the  f a i r l y  high negative 

temperature and void coeff ic ients  of t he  water-moderated Argonaut core. 

According t o  eq. ( l .7) ,  the  r e ac t i v i t y  change A of t he  coupled system P 
resu l t ing  from a temperature va r ia t ion  Ad and a formation of a r e l a t i v e  

void f r a c t i o n b v f l  i n  the  moderator of the  thermal core is given, a s  a f i r s t  

approximation, by 



where the  temperature coef f i c ien t  ($)2 f-x - 10-' kpc 

d 5  and the  void coeff ic ient  ( -) 31 - 1.8 . I O - ~  I:,/percent -vcici 
dV 2 

of the  i so l a t ed  thermal core a re  obtained by extrnpolat ion from ex- 

periments on the  o r ig ina l  thermal Argonaut reactor  ( 3 ) .  With a thermal 

r e ac t i v i t y  contribution a2 not lower than 0.5, STnR!< behaves l i h e  a 

water-moderated $hermal reac to r  having overal7 t e s ~ e r a t l l r e  u d  void 
G -4 d'? coeff ic ients  a 2 ( ~ z  - 0.5 10 ~ P c  arid 02(%) -10'~ h/percent void. 

The general t r ans ien t  behavior of light-water moderated IvSIR-type 

reac to rs  was extensively studied i n  the  BORAX and SFIXT experiments 

(4), (5). An instantaneous posi t ive  s t ep  r i s e  A of r e ac t i v i J~y  was 5 
given t o  the  c r i t i c a l  reactor,  while the  t ime-vwiation of neutron f l u x  

and fue l  p l a t e  temperature was measured during the  following s e l f -  

l imi t ing  reactor  excursion. This se l f - l imi ta t ion  is  caused by the  

prompt-acting par t  of the temperature coef f i c ien t  axd by a very rapid  

steam formation a t  the  surface of the  f u e l  p la tes  ivhich f i n a l l y  leads t o  an 

expulsion of moderator water out of the thermal core. 

The maximum f u e l  p la te  temperature a t t a ined  i n  stlch an excursion 

was found t o  be primarily a function of the  rec iprocal  periodwof the  

power r i s e  and the i n i t i a l  moderator temperature &$ ; I t  proved t o  be 

almost independent of the  neutron l i f e t ime  1 of the  p s r t i cu l a r  reactor .  
0 

A t  a moderator temperature,d= 20 C, the  melting point  of the  aluminium 

can is  reached a t  O = 250 sec-.'; with higher moderator tem-eratures, 

the  maximum f u e l  temperature decreases appreciab*, s ince  the  s tean  

generation o c c ~ s s  already i n  an ear!.ier s tage  of thc! excursion. A t  

highertJ, theref  ore, excursions with s t i l l  highe? W a r e  stopped 

without melting of t he  can material .  

The r e s u l t s  of these experiments a re  applicable tc, STAFX since  the  

void coef f i c ien t  of STARK is almost equal t o  t h a t  of BORAX I1 and 

the  thermal conductivity of the  Argonaut f u e l  p l a t e s  is  b e t t e r  compared 

with t he  MTR-plates of BORAX I1 (6). The maxinium posi-Live s t ep  

r e a c t i ~ i t y A $ ~ ~ ~  causing a se l f - l imi t ing  excui%sion with.out melting 
-4 

of the  aluminum can material  was determined f o r  STAF'C (1 = 0.78 . 10 sec)  



using eq. (1.11) and the  extrapolat ion method of Luckow a.id Widdoes (7). 
The r e su l t i ngd  7 max 

plot ted  i n  Fig. 2 shows an increase from 

ymax 
= 2.5 percent k a t n / i = 2 0 ° c  u p t o  

G 

A Pax = 5.0 percent k a t d  = 80 C. 

Therefore, we can compensate f o r  t hee f f ec t  of lower thermal r e ac t i v i t y  
0 

contribution by increasing the  moderator temperature up t o  80 C,so 

t h a t  dymax i s  equal t o  tlie 5.0 percent k va l id  f o r  the  thermal 

~ r ~ o n a u t t  

So fa r ,  we have shown tha t  instantaneous r eac t i v i t y  s t eps  a s  high 

as 7 m , x  r e su l t  i n  a se l f - l imi t ing  excursion of START< without melting 

of thermal f ue l  p la tes .  Beyond tha t ,  we must be Sure t h a t  there  a r e  

no consequences of such an excursion which might l ead  t o  a secondary 

excursion o r  any other dangerous s i tua t ion .  

F i r s t  of a l l ,  penetrat ion of Iarge arnounts of water i n t o  the  f a s t  

core may produce a r e ac t i v i t y  increase up t o  several percent k, 

because of the high posi t ive  r e ac t i v i t y  coef f i c ien t  (A = 0.63 

2 

7 
percent k/vol. percent H 0,  Tab. 11). Therefore, moderator water, 

which may be pushed out of the  thermal region during an excursion, 

must be kept from entering the  f a s t  core by means of an e f fec t ive  

water seal ing system (c f .  Section 2.1 ). 

Furthermore, a meltdown of the f a s t  core is t o  bc sxcluded f o r  

excursions withdf<drrnax i n  the  follow5n~, way: The r a t i o  s /s of 
I 2  

the  f i s s i on  power dens i t i e s  r e l e a s e d  during the  excursion within 

the  fue l  materials  of both regions must be l imi ted by a proper choiße 

of reactor  Parameters i n  such a way, t h s t  the  teaprra ture  i n  the  f a s t  

core remains below the  melting point a s  1072 as t h r  melting point 

of the aluminum i n  the  thermal region i s  not  rrached. 

I n  a f a s t  excursion (w,lO sec" ), the  t e r n p e r a t ~ ~ e  r i s e  AT. of f ue l  
1 

material  i n  region i is given by the f i s s i o n  ene?z:y density 

----------- + 
The discuss i  n i n  the  l a s t  paragraph is  based on the  separab i l i ty  of the 

f lux  i n  space arid time. The va l i d i t y  of t h i s  assum.pti~n f o r  cdupled reactdrs  
w i l l  be invest igated i n  a forthcoming repor t .  



1 
si = 

Zr ( $ ( t )  d t  (C  = f i s s i o n  r a t e  per u n i t  power): 

where C .  = spec i f i c  heat,  Pi = f u e l  density.  Hence, the following condi- 
1 

t i o n  must be f u l f i l l e d  by the  f i s s i on  energy dens i t i e s  sl and s2 l i b e r -  

a ted  i n  the  f a s t  and thermal core regions, respectively,  

where the  c r i t i c a l  values W.  a r e  given by the  heat  capacity corrspon- 
1 

ding t o  a temperature r i s e  (6 up t o  the  melting point of the  fuel :  

I n  the  f a s t  core of STARK, t h e f i e l  i s  concentrated i n  p l a t e l e t s  
3 0 rnade of ~(20) metal, f l  = 18.8 g/cm , Cl = 0.035 cal/g C, (4 Tl )max = 

1 I00 'C and we have 

The ac t ive  material  of the  thermal f u e l  p la tes  is  a mixture of 
7 

3 44.5 weight percent U 0 with aluminiun poiuder, f2 = 3.23 g/cm , 3 8 
Cg = 0.179 ca l / go~ ,  (4 T ~ ) ~ ~ ~  = 660 'C -FA. I f  the  heat  t r an s f e r  from 

f u e l  p la tes  t o  the  moderator i n  case of a r e l a t i ve ly  slorr excursion 

is  taken i n t o  account, the  following formula is derived 

where (d T ~ ) ~ ~ ~  = 100 'C -,J, C j  = spec i f i c  heat,  4 densi ty  of H20; 
3 = 

V = Volume of thermal core, V u =  volume of f u e l  p la tes .  
C 

The rnaximum r a t i o  of f i s s i o n  energy dens i t i e s  ( s  /s ) r e l e a s e d  1 2 max 
i n  an excursion was determined f o r  thest imhdloading of STARK on 



the  bas is  of the  s ta t ionary f i s s i o n  r a t e  d is t r ibut ion,  Fig. 8; the  

var ia t ion of the  i n t r i n s i c  f i s s i o n  r a t e  d i s t r i b u t i m  withW 3 a s  

ca lcula ted in Sect ion 3.5, was taken i n t o  accotmt. Fig. 3 shows 

(S~'s2)max 
a s  a funceion of water temperature /Sj cornpared with the  

permissible value w /W given by eq. (1.20) and (1.21 ), ObvLously, 
1 2  

the  sa fe ty  condition eq. (1.19) is f u l f i l l e d  at  moderator temperatures 

higher than 30°c, so  t h a t  a f a s t  core meltdown i s  incredible  a t  oper- 

ationai. temperatures& = 60 t o  80'~. 

2. Description of the  Reactor 

2.1. Core Regions 

The f a s t  core of the assembly (37 cm average dia.,  61 cm height, 

Fig. 4) i s  composed of 37 ve r t i c a l  drawers made of 0.1 cm s t a i n l e s s  
2 

s t e e l  Square tubes, 5.1 X 5.1 cm inner dimensions (Fig. 5) ~vhich 

a r e  f i l l e d  with p l a t e l e t s  consist ing of the  core mater ia ls  under 

question. These drawers a r e  supported by a 10 cm s t a in l e s s  s t e e l  

g r id  p la te  located a t  the  bottom of the  reactor; they a r e  e a s i l y  

accessible f o r  loading and experiments from top  of the  reactor .  

One of the  eccentric drawers i s  used a s  a sa fe ty  rod (c f .  Section 2.4) 

thus keeping the cen t ra l  core posi t ion f r e e  f o r  pa r t i cu la r  experiments. 

3 Usually, 5.08 X 5.08 X 0.31 cm p l a t e l e t s  made of U(20) metal, 

na tu ra l  uranium metal, and moderating mater ia l  (Al 0 o r  graphite)  
2 3 

a r e  used a s  core components. These p l a t e l e t s  a r e  su f f i c i en t l y  t h i n  s o  

as  t o  allow the average ~ ~ ~ ~ - e n r i c h m e n t  a s  well  a s  the neutron spec- 

trum i n  the  core t o  be varied by changing the  volume r a t i o  of t he  core 

components. During the  sbdad experiments, t h e  following f a s t  core 

composition is  envisaged: 

40 vol. percent U(2O), 

40 vol. percent na tu ra l  uranium, 

20 vol. percent A l  0 
2 3' 

The f a s t  core is r ad i a l l y  enclosed i n  a 5 cm-thick octagonal na tu ra l  



uranium casing which is  b u i l t  up of smaller blocks wel l  f i t t e d  t o  

each other  i n  order t o  prevent d i r e c t  penetrat ion of thermal neutrons 

i n t o  the  f a s t  core. Correspondingly, 8-cm-thick na tu ra l  uranium a x i a l  

r e f l e c to r s  a r e  arranged a t  the  upper and lower end of t he  core drawers. 

Additional shie lding OE thermal neutrons is  accomplished by an 

0.8-cm-thick boral  sheet  located below the  bottom g r i d  p la te  and 

by small cadmium p la tes  f ixed a t  the  upper end-plugs of the  drawers. 

The inner  pa r t  of the  reactor  is surrounded by a 5-cm-thick graphite 

annulus which f i t s  i n t o  a cy l indr ica l  aluminum tank, 56.4 cm i n  

diameter. The tank walls lead up t o  the  turnable top  plug of the  

biological  sh ie ld  ( ~ i g .  4)  with a Perbunane s e a l  pressing agains t  

the  plug i n  order t o  prevent moderator ivater, which might be pushed 

out  of the  thermal core during an excursion, t o  en te r  the  f a s t  core. 

I n  addition, Perbunane s ea l s  a r e  f ixed a t  t he  upper end plugs of the 

drawers which a r e  pressing against  each other thus forming a second 

water-tight system a t  the  top surface of the  f a s t  core. 

The annular Argonaut core region is  not  changed i n  i t s  basic 

dimensions and s t ructure .  However, the  number of f u e l  p la tes ,  each 

of khem containing 124 g U 0 20 percent enriched, has t o  be in -  
3 8' 

creased by 25 percent i n  order t o  maintain c r i t i c a l i t y  ( c f .  Section 

3 ) .  For reasons of symmekry, an annular loading is  arranged i n  

the  thermal region with each of the  24 f u e l  element posit ions being 

occupied by e i t he r  11 or 12 fue l  p la tes  a t  the  inner pa r t  and corres- 

ponding graphite dummy p la tes  a t  the  outer  pa r t  of the  annulus. 

The thermal core i s  enclosed i n  a separate annular aluminum tank 

with an annular top l i d  i n  order t o  prevent evaporation of water a t  

elevated moderator temperatures. A l a rge  pa r t  of the l i d  surface  con- 

s i s t s ~ f  a t h i n  aluminum f o i l  which allows expulsion of moderator 

water i n  case of a reactor  excursion. 

2.2. Light Water System 

Sorne changes i n  the  l i g h t  water system of t he  Argonaut a r e  neces- 

sary  a s  a consequence of the  moderator temperature r i  Chosen as  high 

as  80'~. A 40 kW e l c c t r i c  heater  is  i n s t a l l e d  i n  the  storage tank 



to heat the water content of the system to the operational temperature 

within 2 hours. For reduction of heat losses the whole system is 

clad with a heat insulation. 

An additional interlock system is established which prevents the 

reactor from going critical atkmperatures lower than a breset limiting 

value, Hence, a second water return.line with a magnetic valve is 

mounted at half the core height. When the moderator is pumped up 

into the core, the water level rises to the height of this lower 

return line. Only when the core region is heated to the lower 

limiting temperature can the magnetic valve be closed and the water 

rise to full operational level. In this way, the reactivity effect 

of*0.7$ k, caused by variation of the core temperature, is com- 

pensated without using any control plates of the safety system. 

The moderator temperature during operation is kept constant with- 
0 

in < - + I C by a temperature control system; an incidental decrease 

of water temperature below a limiting value actuates the dump valve 

and shuts the reactor down. 

2.3. Air Cooling System 

In order to avoid appreciable heat losses from the thermal core 

and a resulting slow temperature rise in the adjacent colder parts 

of the reactor, the aluminum walls of the annular tank are clad at the 

outside with a I-cm-thick styrofoam heat insulation. There are additional 

0.5-cm-thick air gaps extending to the adjacent surfaces of the in- 

ternal tank and the external graphite reflector. Air is sucked through 
3 

these gaps at a rate of 200 m /h so as to guarantee a well-defined 
temperature distribution in the fast core and the graphite reflector. 

2.4. Control System 

As pointed out in Section 1.2, there is no need for a high-speed 

control system acting directly upon the fast core. Therefore, the 



original Argonaut control units can be used and no changes in the 

neutrnn instrumentation are necessary. However, the total reactivity 

worth of the control system has to be increased by a factor of 2 

to compensate for the reduced reactivity contribution of the ther- 

mal core. 

Twelve Argonaut control units are regularly arranged around the annu- 

lar tank in the external graphite reflector; largercadnium plates 
2 

(21 X 21 cm ) are used in these units so that a total reactivity 

worth of at least 1.5 percent k is guaranteed for the first loading 
(cf. Section 3.4). 

Six of these plates are used as safety units which must be drawn 

out before water is pumped up into the core; 3 plates can be raised 
only when operational temperature and water level are attained. 

Normally, the remaining three plates worth 0.4 percent k are used 

as fine control units. 

For a further increase of shut-dov;;l reactivity, an additinnal 

safety rod is mounted in the fast core at an eccentric position 

with a driving mechanism below the bottom of the tank. The rod 

consists of a normal drawer tuSe filled with core material in its 

lower part and boron carbide in the upger part. Reactivity worth is 0.5 

percent k (cf. Section 3.4). 

2.5.Operational Procedure 

When a new core configuration of STARK is established, a convent- 

ional multiplication experiment is done in order to confirm the pro- 

perties of the critical system previously determined by theory. 

Among the various possible ways of loading a two-region reactor, a 

specified procedure is chosen so as to ensure that the effective 

neutron lifetime and the reactivity worth of control plates never 

drop during the loading process substantially below those of the 

proposed critical configuration. Hence, the following loading scheme 

is adopted: 



F i r s t  of a l l ,  the  f a s t  core region i s  completely loaded with 
11 d m y "  drawers which a r e  f i l l e d  with na tu ra l  u ran im metal. 

Then, Argonaut f u e l  p la tes  a r e  added t o  the  thermal core up t o  

about 80 percent of the  c r i t i c a l  number predicted by calculat ions.  

I n  t h i s  stage, the  reactor  is s t i l l  f a r  below c r i t i c a l .  

Now, the  na tu ra l  uranium dummy drawers a r e  replaced i n  turn  by 

normal drawers having the  proposed fue l  composition, the  r e ac t i v i t y  

worth of each drawer being f a i r l y  below 13 (Section 3.4). After  the 

f a s t  core is completely loaded i n  t h i s  way, t he  reac to r  is made 

c r i t i c a l  by adding stepwise more Argonaut f u e l  p la tes  t o  the  thermal 

core. I f  c r i t i c a l i t y  cannot be reached i n  t h i s  way within + 20 per- - 
Cent of the  calculated number of f u e l  p la tes ,  the  enrichment i n  

the f a s t  core has t o  be changed accordingly. 

A s  a routine procedure with the  f i r s t  loading experiment, control  

p la tes  a r e  ca l ibra ted a s  a standard of r e ac t i v i t y  by conventional 

rod-drop o r  period measurements. After  t h i s ,  the  d i s t r ibu t ion  

of f i s s i on  ra te ,  the temperature and void coeff ic ients  as  well 

as r eac t i v i t y  worths of thermal f u e l  p la tes  and drawers w i l l  be 

measured. 

The reactor  w i l l  be normally operated a t  a t o t a l  f i s s i on  power 

l eve l  about 1 watt; maximurn permissible power is  10 watts. There- 

fore,  no ser ious  d i f f i c u l t i e s  due t o  f i s s i on  product a c t i v i t i e s  

a r e  involved i n  handling the  core materials  during loading and 

unloading the  reactor.  

Four-Group Calculations on the F i r s t  Loading of STARK 

Four-group d i f  fusion therory calcula t ions  have been ca r r i ed  out  (1 0) 

on various possible loadings of STARK i n  order t o  f ind  out  c r i t i c a l  

configurations which a re  consistent  with the fundamental sa fe ty  con- 

d i t ions  s t a t ed  i n  eq. (1.14), (1.16), and (1.19). I n  the fokwing 

section,  r e s u l t s  a r e  given f o r  a speci f ied  configuration having a core 



cbmposition quite similar to t u t  of the skabdloading of STARK 

proposed in Section 2.1. 

3.1. General Assumptions 

The geometrical structure of STARK is idealized as a system of 

5 concentric annular regions neglecting the presence of aluminum 
tank walls and air gaps between the various parts of the actual 

reactor. The material composition of these regions is considered 

to be a homogeneous mixture of their components as listed, as a 

function of radial coordinate r, as follows: 

I .  Fast core (0 C r .C 18.9 cm): .- 
7.57 vol. percent U-235 

65.53 vol. percent U-238 

26.90 voi. percent ~l 0 
2 3 

2. Natural uraniurn Zone (1 8.9 cm L r L- 23.9 cm) : 

0.72 vol. percent U-235 
,99.28 voi. percent U-238 

3. Interna1 graphite annuluc (23.9 cm L r L  30.5 cm): 

I00 vol. percent C 

4. Thermal core (30.5 cm 4 r C 46.0 cm) : 

15.40 vol. percent fuel plates containing U 0 20 percent enriched 
3 8' 

35.96 vol. percent H ~ O  

48.64 vol. percent C 

5. External graphite reflector (46.0 cm C r < 86.0 cm): 

100 vol. percent C. 

Within all these regions, a cosine axial flux distribution was imposed 

corresponding to an e.ffective core height H = 70 cm (4.5 cm reflector 

savings assumed on either siee). 



The ener'gy groups used i n  our ca lcula t ions  a r e  given i n  Tab. I. 

Four-group e f fec t ive  cross  sect ions  were pa r t i y  taken from Avery (8), 

pa r t ly  they were computed from other  cross sect ion da ta  assufning 

s t 
a f i s s i on  spectrum i n  the 1 group, 

nd 
a 1/E-spectrum i n  the  2 and f d  group, 

a hardened Mamellian spectrum ( k ~  - 0.065 ev) i n  the  group. 

3.2,Flux Distr ibution and Fissim Rate 

Four-group neutron fluxes Y. ( r )  and ad jo in t  functions C ( r )  
1 

def ined by 
E 

were obtained from a source i t e ra t ion  Code which calcula tes  simul- 

taneously f ( r )  and the rnult ipl icat ion f ac to r  k of the  system, depending 
1 

essen t ia l ly  On Xi = f i s s i on  spectrum and L 
a i J  'fi  

= ef fec t ive  ab- 

sorption arid f i s s i on  cross sect ion i n  group i. I n  t h i s  way k = 0.997 

was found for. the coupled system given i n  Section 3.1 indicat ing 

t h a t  the  reactor  i s  very close t o  c r i t i c a l .  A s  a check of four-group 

parameters, addi t ional  ca lcula t ions  were made on the  o r ig ina l  Argonaut 
235 loaded w i  t h  4.5 kg U , 20 percent enriched; k = 1.006 was obtained 

i n  very good agreement with experimental data  (3). 

The resu l t ing  f lux  d i s t r i bu t i on  of STARK normalized t o  10 watt 

t o t a l  reactor  power is shown i n  Fig. 6. I n  the  external  region of the  

thermal Zone ( r 2  35 cm), the f l u x  d i s t r i bu t i on  is  very s imi la r  t o  

t ha t  of the  o r ig ina l  Argonaut. I n  the  inner region ( r 5 3 5  cm), the  

neutron spectrum changes continuously i n t o  a f a s t  reactor  spectrum, 

i n  the  Course of which the  thermal f lwr  incident  from the  thermal 

core is at tenuated by orders of magnitude within the  na tu ra l  uranium 

Zone and the surface l ayers  of the  f a s t  core. Finally,  an aimost asymp- 

t o t i c  shape of the  f a s t  spectrum is a t t a ined  within a 20 crn diameter 

' ~ o r  t h i s  calculat iun,  i n  contras t  t o  the  others, a r e f l e c to r  savings 
of 12.0 cm on each s ide  was used. 



central  part  of the f a s t  core. The radial dis t r ibut ion of the adjoint 

~ u I I c ~ ~ M  $;(I?) given i n  Fig. 7, on the other hand, shows anly rninor 

spa t i a l  variations. 

Finally, the radial  dis t r ibut ion of the f iss ion r a t e  density s ( r )  was 

determined from 

the resulting curve plotted i n  Fig. 8 shows a pronounced peak of the 

f i ss ion  r a t e  density a t  the surface of the f a s t  core which is due t o  

thermal neutrons incident from the thermal core. From Fig. 8, the re- 

l a t ive  contributions of the various reactor zones t o  the t o t a l  reac- 

t o r  power a re  found as follows: 

f a s t  core 23.2 percent 

natural uranium Zone 11.8 percent 

thermal core 65.0 percent 

3.3. Integral Reactor Parameters 

3.3.1. Parameters of the Entire System 

Throughout t h i s  section the reactor i s  considered as  a unity and no 

par t i t ion  i s  made in to  f a s t  and thermal regions. 

a )  Neutron lifetime: The average neutron lifetime 1 of the c r i t -  

i c a l  reactor is  written i n  the case of four-group theory and 

cylindrical geometry 



with e f fec t ive  reciprocal  group ve loc i t i e s  l/vi defined as flux- 

weighted averages 

Using the  1 /V. -values l i s t e d  i n  Tab. I, eq. (3 .3 )  leads t o  an 
1 

average neutron l i f e t ime  

1 = 7.89 . I O - ~  sec  f o r  STARK 
-4 

1 = 2.38 . 10 sec f o r  Argonaut. 

The l a t t e r  value is  i n  good agreement with the  experimental 
-4 

r e s u l t  1 = 2.5 . 10 sec  (3) indicat ing t h a t  the  kT-value of 

the  thermal spectrum was properly Chosen. Obviously, the  neu- 

t rdn l i f e t ime  of STARK is smaller than t h a t  of the  Argonaut by 

a fac to r  of three, 

due t o  the decrease a f  thermal f l u x  i n  the f a s t  core and the  

addi t ional  f i s s i o n  processes occurring there.  

b) Effect ive  delayed neutron fractions:  The ef fec t ive  f rac t ions  

ßEffof the  various delayed neutron groups a r e  given a s  averages 
25 28 of ß and ßk , the delayed neutron f r ac t i ons  of the  f i s s ion-  
k 

able isotopes under question. Since a l l  delayed neutrons a r e  

born i n  group 2, Ne have 



Inse r t ing  Keepin's data  (9) i n t o  eq; (3.4), the  following 

e f fec t ive  parameters a r e  obtained: 

group : 

k = l  

2 

Hence, the  t o t a l  delayed neutron f rac t ion  is found t o  be 
Def f -3 

= 7.7 . 10 . 

3.3.2. Parameters of the coupled System 

For a.more refined descr ip t ion of STARK we employ the i n t eg ra l  theory 

of Avery (1). The reactor  is  divided i n t o  two regions: the  f a s t  region 

(index 1 )  consist ing of the  f a s t  core and the  surrounding na tu ra l  

uranium casing, and the thermal region (index 2)  comprising the  r e -  

maining outer  pa r t  of the reactor.  

For determination of the  coupling constants k and neutron l i f e t imes  
i j  

l i j  
defined i n  eq. (1 .3) and (1.4), the p a r t i a l  flwces and adjoint  

functions 9 . ( r )  and fl ( r )  were calculated i n  a s ing le  i t e r a t i o n  
k l  k i  

assuming f i s s i on  neutron sources i n  region k given by the f lux  d i s t r i -  

bution 54 ( r )  of the  c r i t i c a l  reactor,  w h i l e  f i s s i o n  neutron saurces a r e  
1 

put t o  Zero i n  the  other region. 

F'rom eq. (1.3) and (1.4) wri t ten  i n  four-group notation, the following 

parameters wereobtained f o r  STARK (1 0) : 

-6 
lI1 = 7.093.  10 sec  - 

2 
= 6.755 . 1 ~ - '  sec 

-4 
I21 

= 1 .Q12 .  10 sec  
1. 

lu = 1.226 . 10" sec  , 



and coefficients of reactivity partition given by eq. (1.8) were found 
as 

-4 The thermal core neutron lifetime (12* = 1.226 . 10 sec) is Seen to 

be appreciably smaller than that of the thermal Argonaut, due to the 

increased nmber *f fuel plates and greater leakage losses. The effect- 

ive neutron lifetimes in the fast region, lI1 and 1 on the other hand, 
12' 

are greater than that of neutrons causing fast fission since thermal 

fission processes occur in the natural uranium casing. According to 

eq. (1.2) the overall lifetime 1 = 7.89 . 1 0 - ~  sec was found from 

kij and 1.. which is in good agreement with the value obtained in 
1 ~ '  

the previous section. 

3.4. Reactivity Contributions 

The change of reactivity due to insertion of some typical materials into 

the fast core of STARK was calculated by a first order perturbation theo- 

ry. The reactivity changedr in question is additively composed of va- 

rious parts according to the variations of the individual cross sections, 

6 La, 6 rf, d ii+j, and the diffusion ooefficient, d ~ ,  within the region 

tihere the sample is located. Hence, we have 

If a sample of a censtant geometrical cross section f is completely 

inserted at r = r parallel to the axis of the cylindrical reactor, 
0 

we obtain a four-group notation 



By means of these equations the r eac t i v i t y  change was calculated fo r  

the  following cases: 

1 .  Inse r t ion  of a drawer f i l l e d  with na tu ra l  uranium i n  exchange 

f o r  a normal core drawer. 

3 2. Inse r t ion  of a drawer f i l l e d  with boron (density 2.5 g/cm ) 

i n  exchange fo r  a normal core drawer. 

3,. Inse r t ion  of a drawer f i l l e d  vrith 20 percent enriched uranium 

meta1 i n  exchange fo r  a normal core drawer. 

4. Inse r t ion  of a drawer f i l l e d  i i i th H20 i n  exchange f o r  a normal 

core drawer. 

5. Withdrawal of a normal core drawer without leakage e f f ec t  

taken i n t o  account. 

The contributions of the  various par t s  o fA  a r e  l i s t e d  i n  Tab. 11. P 
I n  the  Same way, the r e ac t i v i t y  worth of the  12 cadmium control  p la tes  

of STARK was determined r e l a t i ve  t o  the e f f e c t  of the Same p la tes  on 

the thermal Argonaut; with the locat ion of p la tes  a t  r = 50 cm we ge t  
0 

4 STARK ( f4 ( r0 )  Y4(ro) / F) sTm 
23 F) AfArg .  (% (ro)f  d r O )  1 Arg. 



T ~ u s ,  from the  experimental v a l ~ e  Af 7 3.5 percent k obtained fo r  the 
Arg. 

thermal Argonaut, a minimum reac t i v i  t y  worth ATsTARK = 1.5 percent k is  
-..C 

derived f o r  STARK. 

3.5. General Time-Behavior of STARK 

The time-behavior of neutron f l u x  i n  the  case of an excursion of 

STARK was investigated on the  bas is  of AveryJs i n t eg ra l  theory using 

the  coupling parameters k and lij of the c r i t i c a l  system a s  found i n  
i j  

Section 3.3. The reactor  behaviour is  discussed i n  terms of the  inverse 

s t ab l e  perMd W of the  i n i t i a l  power r i s e  resu l t ing  from a s t e p  var i -  

a t ion  of reac t iv i ty ,  . 

In principle,  there  a r e  many possible ways of changing the  reac t iv i ty  

j o f  a coupled system by a proper change of the  individual  kij; hereof, 

four charac te r i s t i c  cases a r e  considered: 

a )  Addition of r e ac t i v i t y  t o  the  f a s t  region brought about by a 

corresponding var ia t ion of v l ,  '~he  nmber of f i s s i o n  neutrons 

i n  t h a t  region. Hence, we have according t o  eq. (1.6) 

b) Addition of r e ac t i v i t y  t o  the thermal region i n  the  analogous 

way : 

C )  Variat ion of the  coupling parameter k 12: 

d )  Variat ion of the  coupling parameter k 21 : 



For these cases, Li, L i  j, and wer. calculated a s  a function of o DY 

means of eq. (1.7) and (1.10). 

Fig. 9 gives a p lo t  of.4 v e r s u s d  f o r  theue cases i n  comparison with the  I 4 
obtained frorn the usual inhour equation using 1 = 0.78 . 10- sec. 

For small r e a c t i v i t i e s , A < 2  percent k, O i s  a de f i n i t e  function of n$ 
which i s  well represented by thc simple inhour equation. A t  l a rge r  re-  

a c t i v i t i e s ,  however, Oproves t o  be deprndent on the  individual  k 
i j  

which is a consequence of the va r ia t ion  of the flicc. d i s t r i bu t i on  and the  

e f fec t ive  l i f e t ime  1. 

The var ia t ion  of the r a t i o  s1/s2 of t o t a l  f i s s i o n  r a t e s  with s) was 

calculated frorn the forrnula 

which i s  ea s i l y  derived frorn the k ine t i c  eqiiations (1 .9) .  According t o  

Fig. 10, there  is  a s l i g h t  incree-se of s1/s2 with Win  the  caszs a )  and 

C ) ,  while s1/s2 is alrnost constent i n  the other cases. 

This ca lcula t ion shows, t h a t  var ia t ions  ~f the  f lux  o r  f i s s i o n  r a t e  

d i s t r i bu t i on  a r e  only importzn5 f o r  extrem-ly shor t  periods, accord- 

ing t o  the  r a the r  strong coupling between both core regions of STARK. 
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Table I: Definition of Neutron Energy Groups: r- 

Table 11: Reactivity Change Agin Percent k Caused by Replacement 

of Core Material by Other Substanc2s: 

Group 

1 

2 

3 
4 

Energy Intemral 

E >  1.353 Mev 

9.12 kev4 E <  1.353 Mev 

0.4 ev<E< 9.12 kev 
E(0.4 ev 

Reciprocal Group 
veloci t y  vi-1 

4.1 , 10-l0 sec/cm 
-9 2.0 . 10 sec/cm 

2.3 . 10-? sedcrn 

2.52. 1oe6 sec/cm 

3 

Oy(20) 

L 

Material 

4 

H20 

5 

Void 

r 

&Y,  
d ~ f  
*P 
67 in 

a5 
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Fig. 1. 

Fig. 1. Schematic Cross section of STARK. 

a- fast core, b- natural'uranium casing, C- graphite region, 

d- thermal Argonaut core, e- external graphite reflktor, 

r- fine control plates, s- safety plates, t- safety rod of fast core. 



Fig. 2.  

Maximum step reactiuity 4 y  compensated in a self-limiting excursion max 

withbut melting of f u e l  plates; 3 = rnodez-ator temPerature. 



Fig. 3. 

Maximum ratio of fission energy density (s1/s2)- released in fuel 

compared with penniasible value w1/w2: J= moderater temperature. 



FIS 4 .  C're reglons of STARK 
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Fig. 5. cross section of a fast-core &wer 
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Fig. 8. 

I o7 

Radial distribution of fission rates in STARK at 10 Watts total reaotor power 

fission rate per unit volume of fuel, 

---------fission rate per.unit volume of hornogenized core 
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