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PHYSICS ANALYSIS OF THE JUGGERNAUT REACTOR 

by 

D. P . Moon 

I. INTRODUCTION 

The JUGGERNAUT is an in termedia te-power r e s e a r c h r eac to r , 
designed and constructed at Argonne National Laboratory as a supporting 
facility for chemis t ry and physics r e s e a r c h . It is designed to provide 
the rma l -neu t ron fluxes up to 4 x 10^^ n/(cm^)(sec) at an operating power 
of 250 kw. 

The design of the JUGGERNAUT closely r e sembles that of the 
ARGONAUT, which is a ve r sa t i l e , low-power reac tor designed for use 
as a t raining facility and for the conduct of exper iments in r eac to r 
phys ics . Both r e a c t o r s contain a graphite , in ternal thermal column s u r ­
rounded by a water -cooled fuel annulus which is in turn surrounded by 
graphi te . The apparent differences a r e in the diameter of the internal 
the rmal column, which is 46 cm for the JUGGERNAUT but 6l cm for the 
ARGONAUT, and in the fuel-plate a r rangement . In the ARGONAUT, the 
plates a r e placed perpendicular to the radia l direct ion and contained in 
24 a s s e m b l i e s ! graphite f i l lers a r e used between a s sembl i e s . In the 
JUGGERNAUT annulus, the plates a re a r ranged along radia l planes and 
contained in 20 a s s e m b l i e s ; no graphite f i l lers a re n e c e s s a r y . 

Since the design of the JUGGERNAUT is s imi lar to that of the 
ARGONAUT, the physics analysis of the JUGGERNAUT was checked using 
the ARGONAUT as a "cr i t ical a s sembly . " Those m.ethods of evaluating 
the nuclear cha rac t e r i s t i c s of the ARGONAUT which gave good agreement 
with exper imenta l data were considered to be applicable to the analysis 
of the JUGGERNAUT. 

The analyses for both the JUGGERNAUT and the ARGONAUT were 
based on a modified two-group theory . The cr i t ical i ty calculations were 
c a r r i e d out with the IBM-704 and the two-dimensional PDQ code. R e a c ­
tivity effects were calculated by hand by means of per turbat ion techniques, 
with the rea l and adjoint fluxes obtained from PDQ calculat ions. 

The more impor tant design c r i t e r i a for the JUGGERNAUT were : 
( l ) the r eac to r anust be inherent ly self- l imit ing for rapid inser t ion of a 
la rge amount of react ivi ty ('~3%Ak); (2) rapid inser t ion of g rea te r amounts 
of react iv i ty than the r eac to r can handle safely must be impossible without 
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major reac to r a l te ra t ions or c ircumvention of p rocedures and inter locks; 
(3) the therm.al-neutron flux is to be as high as possible consistent with 
other design objectives; (4) adequate exper imenta l space must be provided; 
(5) the r eac to r is to be completed for a low total cost. 

II. CRITICAL ASSEMBLY - THE ARGONAUT 

Exper imenta l Data 

The ARGONAUT has a m o r e ve r sa t i l e fuel-loading pat tern than does 
the JUGGERNAUT. The fuel plates can be a r r anged in at leas t 6 different 
configurations within a 15-cm.-wide annulus. The ARGONAUT annular 
loading has the g rea te s t sim.ilarity to the JUGGERNAUT fuel configuration; 
however, the other ARGONAUT configurations a r e a lso of in te res t in order 
to ensure that the physics analys is has genera l validity. 

A cer ta in anaount of the data contained in the ARGONAUT log books 
has been compiled and is available as the "Argonaut Reactor Data Book."UJ 
Other infornaation is available in var ious r epor t s . \ ^"^ / Some data of 
in te res t for the severa l configurations a r e given in Table 1. 

Table 1 

EXPERIMENT DATA - ARGONAUT REACTOR 

Prope r ty Annular One Slab Two Slab 

Cri t ical M a s s * (U^^S)̂  ]̂ g 3^99 1.87-^1.99 3.5-*3.8 
Worth of Top Reflector, % Ak/k - 0.8 0.3 
Worth of Cadmium at Core-Ref lec tor 

(midplane), % (Ak/kl /cm^ - -0.003 
Tempera tu re Coefficient of Reactivity 

(55°C), % (Ak/k)/°C -0.0155 - -0.020 
Average Void Coefficient of Reactivity 

(20°C), % (Ak/k) / l% void - -0.20 

•The c r i t i ca l m a s s va r i e s with the a r r angemen t of fuel plates for 
any one configuration. In most c a se s , the fuel was more concentrated 
in zones of higher s ta t i s t i ca l weight, thus reducing the cr i t ica l m a s s . 
The 2 values for the one-s lab loading give an indication of the m.ag-
nitude of this effect. A c r i t i ca l m a s s of 1.87 kg was obtained with a 
high concentrat ion of fuel in the cent ra l fuel boxes, whereas a c r i t ica l 
m.ass of 1.99 kg was obtained with the higher concentrat ion in the 
ou te rmost fuel boxes.l^) 
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Two-group Constants 

The method of obtaining two-group constants for the ARGONAUT can 
be briefly descr ibed as follows: Deutsch 's 3-group constantsi^) were r e ­
duced to 2 groups upon considerat ion of leakage effects for the equivalent 
ba re reac tor . In the slab configuration, the definition of the equivalent bare 
reac tor was the s tandard one, although for the annular or more complicated 
configuration the "equivalent bare r eac to r " was defined as a bare homoge­
neous cyl indrical r eac to r , with the same mate r i a l constants as the ARGO­
NAUT core , of jus t c r i t i ca l dimensions and with no internal thermal colum.n. 
It was requi red that the same cr i t ical i ty solution be obtained by 2-group 
theory as by 3-group theory for the equivalent bare reac tor . The reason 
for this s t r e s s on 3-group theory is the fact that a convolution of 2 diffu­
sion kerne ls gives a be t ter representa t ion of the experimental slowing-down 
density in water than does the single diffusion kernel of 2-group theory. 
Four or more groups would be even bet ter , but were not used because of 
the result ing sacrif ice in simplicity. 

The detai ls of this m.ethod and the resul ts for the one-s lab and 
annular configurations a r e given at length elsewhere. l^) Summaries of the 
nuclear constants a r e included here as Tables 2 and 3. 

Table 2 

TWO-GROUP CONSTANTS FOR THE ARGONAUT 
ONE-SLAB CONFIGURATION 

Core 

Tj^ = 20°C 2.J = 0.0212 cm"^ 

Tj^ = 49°C 2a = 0.013545 + 0.025273 W 25 cm'^ 

E^ = 0.18 ev v2f= 0.0518305 Wy25 cm'^ 

38.23 cm^ ,2 1 
L ' = 

Tz = 17.19 cm^ 
0.064073 + 0.11955 W 25 

Di = 1.30 cm 

D, - 0.211 cm 
Tf =: 61.3 cm^ 

B^ = 0.0090 cm"^ 

Graphi te Ver t ica l Reflector, H2O 

Jj :- 1700 cm^ 

Tf = 385 cm^ 

Di = 1.14 cm 

D2 - 0.916 cm 

Sa = 0.000539 c m 

1/ 

^f 

D i 

D2 

2 a 

= 7.510 cm^ 

= 31.8 cm^ 

= 1.20 cm 

= 0.1435 cm 

= 0.0191 cm"'-

These constants a s s u m e a homogenized core and employ the 
1958 World consis tent set of c r o s s sect ions. i°^ 



T a b l e 3 

C o r e 

T W O - G R O U P CONSTANTS F O R THE ARGONAUT 
ANNULAR CONFIGURATION 

Zi = 0 .022364 cm"^ 

2 a = 0 .014701 + 0 .016226 W 25 cm~^ 

vZf = 0 .033223 W 25 cm"^ 

L^ = 2.657 cm^ (W 25 = 4 .0 kg) 

Di = 1,315 c m 

D2 = 0.212 c m 

V e r t i c a l R e f l e c t o r , HgO 

T M 

T N 

Ti 

Tz 

T£ 

BL 

G r a 

= 20°C 

= 40°C 

= 36.38 

= 16.19 

c m 

c m 

=:: 58 .8 cm^ 

= 0.010513 

ph i te 

Tf = 385 cm^ Tf = 3 1 . 8 cm^ 

Di = 1.14 c m Dj = 1.20 c m 

D2 = 0.916 c m D2 = 0.142 c m 

2 i = 0.002961 c m " i 2^ = 0.0374 cm"^ 

2 a = 0.000539 c m ° - 2 ^ = 0.0195 cm~^ 

C o n c r e t e R e f l e c t o r Ou t s ide G r a p h i t e 

Tf = 205 cm^ Tf = 140 cm^ 

D^ = 1.51 c m Di = 1,37 c m 

Dg = 0.707 c m Dg = 0.439 c m 

2i = 0,00737 cm"^ Z^ = 0.00979 cm"^ 

2 a = 0.00736 cm"^ Z^ = 0.00822 c m - 1 

T h e s e c o n s t a n t s a s s u m e a honaogenized c o r e a n d e m p l o y the 
1959 W o r l d c o n s i s t e n t s e t of c r o s s s e c t i o n s . i ' i 

C r i t i c a l i t y Study 

O n e - s l a b Conf igu ra t i on 

The va lue for the c r i t i c a l m a s s of the o n e - s l a b conf igu ra t ion 
w a s o b t a i n e d frona a P D Q c a l c u l a t i o n in w h i c h the c u r v a t u r e of the s l ab 
w a s c l o s e l y r e p r o d u c e d by a s e r i e s of r e c t a n g u l a r s teps .^^^ Some of the 
c o n s t a n t s u s e d in t h i s c a l c u l a t i o n w e r e s l igh t ly d i f f e ren t f r o m the c o r r e c t e d 
v a l u e s g iven in T a b l e 2. T h e s e d i s c r e p a n c i e s a r e l i s t e d in T a b l e 4 . 



Table 4 

CORRECTIONS TO TWO-GROUP CONSTANTS USED 
FOR ONE-SLAB CALCULATION 

Constant Value Used Correc ted Value 

D, 1.29 cm 1.30 cm 
^core 

2 j 
^cor« 

0.0233 cm"^ 0.0212 cm'^ 

D, , .^ 1.11 cm 1.14 cm 
^graphite 

If the co r r ec t ed values a re used, all changes a re in the d i r e c ­
tion of dec reased react iv i ty or i nc reased cr i t ica l m a s s . It is est imatedl") 
that the changes in Dj in the core and reflector would dec rease the r e a c ­
tivity 0.3%, equivalent to 30 gm of U^^^.^^) The change in 2^ for the core 
is equivalent to a change in Tcore f rom 55.4 cm.̂  to 61.3 cm^. The quantity 
[BW 25/c^'^f(core)JD ^^^ been calculated to be 0.0333 kg/cm^ for Tf(core) 

in the range from. 55 to 60 cm^. Hence, the c r i t i ca l m a s s obtained with the 
co r r ec t ed constants would be 0.23 kg g rea t e r than that calculated. The 
calculated c r i t i ca l m a s s was 1.86 kg; hence, the co r rec ted cr i t ica l m.ass 
is 2.09 kg. The accepted exper imenta l c r i t ica l m.ass is 1.93 kg; however, 
this was obtained with a h igher concentrat ion of U^̂ ^ in regions of g rea te r 
im.portance ( i .e . , dumm.y fuel plates were used at the convex face of the 
core) . Hence the calculat ion, which a s sumes uniform distr ibution of the 
fuel, would give a ficti t iously high c r i t i ca l m a s s . Other per turbat ion ef­
fects have also been neglected. Inclusion of all these effects produces 
agreement between the calculation and experiment to within 1% in 
react iv i ty . 

Annular Configuration 

The constants used for the annular calculation are those l is ted 
in Table 3, with Wyzs a s sumed to be 4.0 kg. An excess react ivi ty of 2.0% 
Ak was obtained. Most of this excess react ivi ty can be at tr ibuted to neg­
lect of the negative react iv i ty effects caused by the aluminum conta iners , 
thin l aye r s of H2O at the co re - r e f l ec to r interface, and control plate voids. 
The fuel was dis t r ibuted approximately uniformly in the experiment . 
Agreement between the calculation and exper iment i s obtained to within 
1% in react ivi ty if the per turba t ion effects a re taken into consideration. 
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III. THE JUGGERNAUT REACTOR 

Core Design 

For a power- l imi ted reac to r of the JUGGERNAUT type, the highest 
t he rma l -neu t ron flux within the in ternal t he rma l column would be obtained 
with an in ternal therm.al column (ITC) of 30-cm d iamete r .* The JUGGER­
NAUT, however, uses a column of l a r g e r d iameter (45.7 cm) in o rder to 
provide a g r e a t e r amount of exper imenta l space in high-flux regions. A 
sti l l l a rge r column would possibly be neces sa ry if la t t ice studies had been 
planned for the in ternal region. F o r the 4 6 - c m - d i a m e t e r column, the 
reduction in the t he rma l flux from its value for the optimum diameter 
should be l e s s than 9%. 

The internal t he rma l colunan is surrounded by an annular core with 
an "act ive" width and height of 7.302 cm and 57.15 cm, respect ively . The 
active core is surrounded on all s ides , f i r s t , by a thin Al-HgO region, and 
then by a graphite ref lec tor in the radia l direct ion, and by an HgO reflector 
in the ve r t i ca l di rect ion. 

P la te - type fuel is a r r anged in a rad ia l pa t te rn within the fuel 
annulus (see F igs . 1 and 2). The radia l arrangem.ent provides an a lmost 
uniform fuel density, hence elim.inating the need for graphite f i l lers as 
used in the ARGONAUT. It also provides adequate shutdown cooling by 
radiat ive t rans fe r alone, and provides an ideally sym.metric latt ice for 
the naeasurement of the effective delayed-neutron fraction Oeff) ^Y the 
poison-subst i tut ion method. 

The thickness and spacing of fuel plate were selected to combine 
rigidity of s t ruc tu re with a la rge negative void coefficient, without depar t ­
ing significantly from a condition of minimum cr i t i ca l m a s s . Additional 
r e s t r a i n t s on the design w e r e : (l) the necess i ty of providing adequate 
cooling a rea , and (2) the necess i ty of providing a plate spacing which 
ensures a self- l imit ing response to nuclear excurs ions prompted by 
large react iv i ty inputs. 

A suitable compromise involves 0 .178-cm-thick p la tes , spaced 
0.5205 cm apar t to allow a total of 240 plates to be loaded into the core . 
The m.aximum. possible fuel loading is 4.2 kg of U^̂ ^ (170 p l a t e s / l 6 . 7 gm 
per plate and 70 p la tes /20 gm per plate) , which was calculated to provide 
an excess react ivi ty of 6.5% Ak over the clean cold c r i t i ca l condition 
(3.3 kg). If neces sa ry , more fuel plates can be fitted into the core by r e ­
ducing the plate spacing. This is done through a s imple swaging operation 
of the aluminum buttons which separa te the p la tes . 

•See Appendix A. 
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Fig. 2. Core Arrangement 

If the spacing is reduced to 0.4207 cm, a total of 280 plates containing 
4.9 kg of U^̂ ^ can be loaded. This maximum loading should provide an ex­
cess react iv i ty of 9.5% Ak over the clean, cold, c r i t ica l condition (3.4 kg). 

This method of providing additional excess react ivi ty , although not 
as convenient as providing the maximum loading initially, is preferable for 
2 r ea sons : 

(1) With the init ial configuration, the probabil i ty that a fuel-loading 
e r r o r 'will r esu l t in a rapid nuclear excurs ion is nil , since the control 
sys tem will be able to maintain a subcr i t ical condition even if all the fuel 
should be loaded within the core.^ •' If the cr i t ica l exper iments had indi ­
cated that a g rea te r react iv i ty marg in was n e c e s s a r y than was possible with 
the initial configuration, the plate spacing would have been reduced in some 
or all of the a s sembl i e s to provide only the minimum neces sa ry react ivi ty 
addition. If the maximum fuel-loading configuration had been provided 
initially, an excess react iv i ty g rea te r than the total rod worth by approxi ­
mately 3%Ak would have been poss ib le . 

(2) F r o m the standpoint of measur ing the effective delayed-neutron 
fraction (^eff) o^ ^he r eac to r , anything which des t roys the ideal symnaetry 
of the core should be discouraged. Hence, one would like a minimum 
number of dummy plates in the core during the measu remen t , which means 
that a lower initial fuel loading is preferable . 

The reac tor dimensions assumed for the PDQ calculations a re in ­
dicated in Fig. 3. The reac tor was considered to be symmet r ica l about i ts 
midplane, so the view shows a c ro s s section of one-quar te r of the r eac to r . 
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The reac to r as designed differs slightly from that por t rayed in 
Fig. 3. The lead is a r r anged in a square annulus instead of a cylindrical 
annulus for simplification in construction. The ma te r i a l designated as 

concrete-graphi te in the d iagram 
11 ME OF SYHMETRY 

-23.02 * ^7.302-

28.67B 

GRAPHITE 

\ -
H.WB 

29.3 

CORE 

V 

-13—"-'S.oe 

GRAPHITE Pb GRAPHITE CONCRETE-
GRAPHITE 

60 

i_ 
CONCRETE 

actually consists of a heavy-concrete 
biological shield p ierced by 2 graph­
ite thermal columns. Also, the 
reac tor is not exactly symmet r i ca l 
with respec t to the horizontal ax is . 
The extent of the top reflector is 
somewhat g rea t e r than shown and 
the extent of the bottom reflector 
somewhat l e s s . These differences 
should have an a lmost negligible 
effect on the cr i t ica l m a s s . 

Two-group Constants 

DOTE: ALL DIMENSIONS IN CENTIMETERS 

Fig. 3. Idealized Reactor Structure 

The constants for the JUG­
GERNAUT were obtained in the 
same manner as those for the 
ARGONAUT.^2) Initially, no a t ­
tempt was made to include the 
variat ion of the fission and abso rp ­

tion c ros s sections with radius within the core . The dimensions used for 
the core were the "act ive" length and width. In the ver t ica l direction this 
included only that pa r t of the fuel plate containing U^^ .̂ The aluminum ends 
were included in a separa te ref lector region distinct from the pure H2O 
ref lector . The total width of the plate was considered active, although this 
is not s t r ic t ly t rue . The aluminum containers and the thin shell of H2O 
between them and the core were not included in the initial machine ca l ­
culations. The react ivi ty effect of these shells was f i rs t evaluated by 
per turbat ion methods and la ter by diffusion calculations. 

Epi thermal effects on the fission and absorption c ross sect ions, 
although smal l , were included by using Westcot t ' s^" ' formal ism, in con­
nection with the 1959 World consistent set('7) of c ros s sect ions. The 
effective neutron t empera tu re was found by means of the expression(9) 

N 
T M 

1 + A 
2a(kTM) 

Disadvantage factors were obtained from P3 calculations. 

Several different plate spacings were considered. Sets of constants 
for each plate spacing can be deduced from Table I6 . The final design in­
corpora tes 12 plates per box for which the constants a r e given in Table 5. 



T a b l e 5 

J U G G E R N A U T T W O - G R O U P CONSTANTS 

C o r e 
T M - 20°C 

T N = 40°C 

Wxj25 = 3.0 kg 

fu235 = 0 .002293^ 

fAl = 0.25234 

Dj = 1.269 c m 

Tf = 4 9 . 8 cm^ 

2 a = 0.07827 cm"^ 

vZf =: 0.1262 

% z 

R e f l e c t o r 

Tf (cm^) 
Dj (cm) 
D2 (cm) 
2 ( c m " i ) 

0 = 0.74537 

H2O-AI 

59 .8 
1.33 
0.231 
0.0167 

D2 

H2O 

31.8 
1.20 
0.142 
0.0195 

= 0.1863 

G r a p h i t e 

385 
1.14 
0.916 
0.000367 

c m k „ 

C o n c r e t e -
G r a p h i t e * 

244 
1.36 
0.765 
0.00503 

= 1.612 

= 0.0114 

L e a d 

4740 
1.684 
0.918 
0.00503 

C o n c r e t e 

205 
1.51 
0.707 
0.00736 

• A s s u m e d to be o n e - t h i r d g r a p h i t e , t w o - t h i r d s c o n c r e t e ( a tom d e n s i t y ) . 

Adjoint* and R e a l F l u x e s 

F i g u r e s 4 to 7 show the l i n e s of i n t e r s e c t i o n of s u r f a c e s of c o n s t a n t 
f lux wi th e i t h e r b o t t o m q u a d r a n t of any d i a m e t r a l p l ane cut v e r t i c a l l y 
t h r o u g h the c o r e . The s u r f a c e s of c o n s t a n t flux a r e s y m m e t r i c a l w i th 
r e s p e c t to the c o r e m i d p l a n e . The adjo in t and r e a l f luxes w e r e ob ta ined 
by m e a n s of the PDQ code and the a s s u m p t i o n of a 3 .5 -kg U^^^ loading and a l l 
c o n t r o l r o d s w i t h d r a w n . 

The v a l u e s shown for the ad jo in t f luxes ( s e e F i g s . 6 and 7) a r e 
s u c h tha t 

i c o r e 2a2 0^ 02 dV = 1.455 x l O " 

w h e r e the v a l u e s for 02 ^ r e o b t a i n e d f r o m F i g . 4 , 

R a d i a l and v e r t i c a l t h e r n a a l - f l u x s h a p e s a r e shown in F i g s . 8 and 9. 

• S e e Append ix B. 
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C O H C R E T E - S R A P H I T E 
M l X T U R E 

^ 

150 

Fig. 5. Fas t -neu t ron Flux at 100 kw with All Control Rods Withdrawn 
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Fig. 6. Two-group Thermal Adjoint Flux with All Control Rods Withdrawn 
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Fig. 8. Thermal -neu t ron Flux as a Function of Radial Posit ion 
at Core Midplane 
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Fig. 9. Thermal -neu t ron Flux as a Function of Axial Position 
for Core and Internal Thermal Column 

Per turbat ion Calculations 

Two-group f i r s t - o r d e r per turbat ion theory was used to calculate 
the void and t empera tu re coefficients of reactivity, and other reactivity 
effects. The la t ter effects included equilibriuna xenon poisoning, inser t ion 
of poison and fuel within the core or ref lector , and the effect of plate 
spacing on c r i t i ca l m a s s . 

The effect of the beam holes and other large voids was obtained 
from an empir ica l re la t ionship, involving the adjoint and rea l fluxes, 
which is in good agreement with experimental data from a variety of 
reactors.i"*/ 

The change in react ivi ty (Ap) effected by smal l per turbat ions in the 
nuclear constants over a volume V was calculated by naeans of the following 
sys tem of equations: 

Ap 
Ak 

k* + Ak 

core 

(1) 

(2) 
core 



Ak = -̂  ^- } f 6 ( v * 2 . ) 0 2 0 j ' dV 
/ ^^, <Pt<t>z dV [ i v 

J c o r e 

- j 6 ( 2 a ) 0 2 0 j dV - j S ^ ^ j ^ ^ t - 0 2 ) <Pi 

w h e r e 

dV 

^01 ^01 _j_ ^01 ^01 
d r 5r o z dz 

002 ^02 ^ S02 302 
or or o z oz 

dV 

dV y , (3) 

X = e i g e n v a l u e f r o m P D Q P r o b l e m ~kgff 

01 = f a s t r e a l f lux 

02 = t h e r m a l r e a l flux 

01 = f a s t adjoin t f lux 

02 = t h e r m a l adjoint f lux 

6 ( T / * 2 £ ) = change in the p r o d u c t : ( a v e r a g e n u m b e r of n e u t r o n s r e ­
l e a s e d p e r f i s s i o n ) ( f i s s i o n c r o s s s e c t i o n ) , for the j u s t 
c r i t i c a l r e a c t o r , 

6(2g_) = c h a n g e in t h e r m a l a b s o r p t i o n c r o s s s e c t i o n 

6 ( D J / T ) = c h a n g e in the f a s t r e m o v a l c r o s s s e c t i o n 

6Dj = c h a n g e in f a s t diffusion coef f ic ien t 

6D2 = change in t h e r m a l diffusion coef f ic ien t . 

In o r d e r to evalua.te the i n t e g r a l s in Eq . (3), t he c o r e w a s d iv ided 
into 40 r e g i o n s (5 r a d i a l l y and 8 v e r t i c a l l y ) . In e a c h r e g i o n the r e a l and 
adjoint n e u t r o n f luxes w e r e a s s u m e d c o n s t a n t and equa l to t h e i r a v e r a g e 
v a l u e s . The a v e r a g e v a l u e s a r e p a r t of the output frona the P D Q Code. 

An a n a l y s i s of the a c c u r a c y of 2 - g r o u p p e r t u r b a t i o n t h e o r y for the 
M T R h a s shown it to be a c c u r a t e w i th in one p a r t in 10 for a u n i f o r m change 
in any one c o n s t a n t of 15% or l e s s . ( l l ) The i n a c c u r a c i e s a r i s e f r o m 
c h a n g e s in the r e a l and adjoint f luxes a s the c o n s t a n t s c h a n g e . The f luxes 
in the J U G G E R N A U T should r e m a i n a p p r o x i m a t e l y c o n s t a n t for a l l t he 
p e r t u r b a t i o n s a n a l y z e d e x c e p t fo r the i n s e r t i o n of fuel b o x e s o r HjO in 
the i n t e r n a l t h e r m a l c o l u m n . 
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The importance functions for the core were evaluated with 
2 different sets of constants . In the f i r s t evaluation a s tandard operational 
fuel loading and t empera tu re were assumed. The aluminum containing 
vesse l s were neglected. In the second evaluation, a cold cr i t ica l fuel 
loading with the aluminum containers taken into account, was assumed. 
Tables 6 and 7, respect ive ly , show these 2 sets of importance functions. 
The values given are for regions in the lower one-half of the core ; the 
values are the Sctnne for corresponding regions in the upper half. The 
regions a re identified in Fig . 11. A comparison of the radia l shape of 
the the rma l adjoint flux for the two cases is shown in Fig. 10. The fas t -
adjoint flux shapes are essent ia l ly identical in the 2 cases . The rea l 
t he rma l flux shows a higher peaking in the external reflector for the case 
in which the containing ves se l is neglected than is shown in Fig. 8, for 
which the containing ves se l s have been included. 

Table 6 

Region 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

Totals 
(1/2 core) 

JiV 
1.53 X 103 

1.74 X 103 

1.74 X 103 

1.22 X 103 

1.62 X 103 

1.85 X 103 

1.85 X 103 

1.29 X 103 

1.71 X 103 

1.96 X 103 

1.96 X 103 

1.36 X 103 

1.81 X 103 

2.07 X 103 

2.07 X 103 

1.44 X 103 

1.90 X 103 

2.17 X 103 

2.17 X 103 

1.51 X 103 

34.97 X 103 
cm 3 

CORE IMPORTANCE FUfJCTIONS FOR STANDARD OPERATING REACTOR 

/ ^ 1 ^ 2 d V 

0.6290 X 10? 

0.6277 X 10? 

0.4586 X 10? 

0.2201 X 10? 

0.5546 X 10? 

0.5508 X 10? 

0.3933 X 10? 

0.1851 X 10? 

0.5277 X 10? 

0.5229 X 10? 

0.3707 X 10? 

0.1729 X 10? 

0.5207 X 10? 

0.5167 X 10? 

0.3682 X 10? 

0.1720 X 10? 

0.5407 X 10? 

0.5392 X 10? 

0.3923x10? 

0.1866 X 10? 

8.450 xlO? 

^'O) 

Wu235 

Tm 

X 

J4>W^ 
0.9133 X 10? 

0.9105 X 10? 

0.6621 X 10? 

0.3043 X 10? 

0.8350 X 10? 

0.8289 X 10? 

0.5906 X 10? 

0.2647 X 10? 

0.7952 X 10? 

0.7878 X 10? 

0.5547 X 10? 

0.2468 X 10? 

0.7587 X 10? 

0.7527 X 10? 

0.5348 X 10? 

0.2368 X 10? 

0.7044 X 10? 

0.7018 X 10? 

0.5074 X 10? 

0.2285 X 10? 

12.12 xlO? 

= 1.593 

= 3.5 kg 

= 650C 

= 1.0505 

/^l!^J-^l)dV 

0.7754x10? 

0.7630 X 10? 

0.5244 X 10? 

0.1745 X 10? 

0.9185 X 10? 

0.TO8 X 10? 

0.6271 X 10? 

0.2063 X 10? 

0.9314 X 10? 

0.9191 X 10? 

0.6367 X 10? 

0.2065 X 10? 

0.8158 X 10? 

0.8045 X 10? 

0.5560 X 10? 

0.1775 X 10? 

0.5034 X 10? 

0.4949 X 10? 

0.3364 X 10? 

0.0995 X 10? 

11.38 X 10? 

0.03 X 103 

3.58 X 103 

11.15 X 103 

14.87 X 103 

1.47 X 103 

5.29 X 103 

13.14 X 103 

17.25 X 103 

9.17 X 103 

12.94 X 103 

18.80 X 103 

19.05 X 103 

22.10x103 

25.40 X 103 

26.70 X 103 

20.40 X 103 

38.87 X 103 

41.66 X 103 

37.17 X 103 

21.70 X 103 

3.61 X 105 

/ E a 2 ' ^ 1 ^ 2 d V = 0.6912 XlO? 

J core 

f dV 
J core 

• " 49.8 

-88 .08x103 

-66.21 x l 0 3 

-52.60 x l 0 3 

-34 .60x103 

+ 0.66 X 103 

+ 2.16 X 103 

+ 4.90 X 103 

+ 0.22 X 103 

+ 8.94 X 103 

+10.54 X 103 

+11.29 X 103 

+ 3.11 X 103 

+ 0.58 X 103 

+ 0.87 X 103 

+ 0.68 X 103 

- 3.95 x l 0 3 

- 73.00 x l 0 3 

- 77.32 x l 0 3 

- 70.63 x l 0 3 

-51 .73x103 

- 4.74 X 105 
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Table 7 

CORE IMPORTANCE FUNCTiOMS FOR COLD CLEAN CRITICAL REACTOR 

R^ion 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

Totals 

/ < ^ 1 * 2 W 

0.4364 X 10? 

0.4315 X 107 

0.3067 X 10? 

0.1376 X lO' 

0.3887 X l o ' 

0.3826 X lO' 

0.2668 X 10? 

0.1169 X 10? 

0.3689 X 10? 

0.3625 X lO' 

0.2510 X 10? 

0.1088 X 10? 

0.3565 X 10? 

0.3507 X 107 

0.2438 X 10? 

0.1061 X lO? 

0.3533 X 10? 

0.3491 X ID? 

0.2471 X 10? 

0.1100 X 10? 

5.675 XlO? 

/ * 2 * 2 t l V 

0.6209 X 10? 

0.6135 X 10? 

0.4345 X 10? 

0.1868 X 10? 

0.5814 X 10? 

0.5721 X 10? 

0.3981 X 10? 

0.1660 X 10? 

0.5538 X 10? 

0.5441 X 10? 

0.3761 X 10? 

0.1546 X 10? 

0.5159 X 10? 

0.5073 X 10? 

0.3520 X 10? 

0.M48 X 10? 

0 . 4 « X 10? 

0.4431 X 10? 

0.3121 X 10? 

0.1313x10? 

8.057 XlO? 

^cc • 
VhjZi5 ' 

Tm = 

X 

.600 

J.Okg 

life 
1.0075 

0.4303 X 10? 

0.4212 X 10? 

0.2843 K 10? 

0.0912 X 10? 

0.5354 X 10? 

0.5244 X10? 

0.3564 X 10? 

0.112? X 10? 

0.5464 X 10? 

0.5352 X10? 

0.3639 X 10? 

0.1133 X10? 

0.4697 X 10? 

0.4594 X 10? 

0.3120 X 10? 

0.0952 X10? 

0.2614 X 10? 

0.2553 X10? 

0.1704x10? 

0.0470 X 10? 

6.385 XlO? 

/" 

m dr * dz dz / "V J 

O.IS xI05 

2.53 xl03 

7.32 xl03 

10.46 xl03 

0.8S xl03 

3.41 xl03 

8..M xl03 

12.44 xl03 

6.41 xl03 

8.77 xl03 

12.22 xl03 

13.84 xl03 

15.61 xlO^ 

17,68 xi03 

17.97 xl03 

15.08 xlO^ 

36.50 xI05 

29.71 xic2 

25.09 xl03 

16.00 x # 

2.605 x 105 

Za2*l*2'iV"0-«42xlO? 

'core 

/ * 2 " 
•39.6 

|d^2^*^2 d ̂ 2̂ d^2 1 
I 'SF dr * dz dz ' 

-59.00 xl03 

-58.67 x i o ' 

-43.99 xl03 

-21.13 xl03 

- 1.46 xl03 

- 0.26 x i o ' 

* 2.41 X 103 

- 1.23 xl03 

• 8.48 xl03 

* 8.75 X 103 

' 9.10 xI03 

• 3.42 xl05 

* 7.91 X 103 

• 8.36 X 103 

* 6.75 X 103 

« 1.29 xl03 

-20.25 xl03 

•22.76 xl03 

-24.48 xl03 

-19.30 xl03 

- 2.136 xl05 

dV 

100 

90 

80 

20 30 

RADIAL POSITION 

BO 

Fig. 10. Comparison of Thermal Adjoint Flux Shapes with 
and without AL-HjO Shells Surrounding the Core 



Tenaperature Coefficient 
of Reactivity 

The reactivity effect ar is ing 
from, an increase in modera tor 
t empera tu re is caused not only by 
changes in the proper t ies of the 
H2O modera tor but also by the r e ­
sulting inc rease in the t empera tu re 
of the graphite reflector . Since the 
time constant associated with the 
increase of graphite t empera tu re 
is relatively long, this effect should 
be neglected in the calculation of 
the prompt t empera ture coefficient 
of reactivi ty. The effect of a non­
uniform tempera tu re change on the 
neutron tempera ture in the core is 
not easily analyzed. Hence, the 
t empera tu re coefficient was ca l ­
culated by i-neans of 2 different 

assumpt ions . These we re : ( l) the the rmal -neu t ron tempera ture remains 
constant; and (2) the neutron t empera tu re var ies in di rect proportion to T^-^i-

If any change in the disadvantage factor is neglected, the changes in 
the 2-group constants (for the cold, clean core) caused by a r i se in HjO 
t empera tu re from 20°C to 65"C are given in Table 8. 

Table 8 

INTERNAL 
THERMAL 
COLUMN 

2 

-0 .18 

3 

-0 .17 

n 

-0 .12 

8 

-0 .05 

LINE OF SYMHETRY 

6 

- 0 . 32 

7 

- 0 . 2 8 

8 

- 0 . 2 1 

9 

- O . l l 

10 

-0.3>t 

II 

- 0 .30 

18 

- 0 . 22 

13 

- 0 . 12 

W 

-0 .29 

15 

- 0 . 2 6 

16 

-0 .19 

17 

-0 .09 

18 

-0 .13 

18 

-0 .12 

20 

-0 .08 

21 

- 0 . 02 

HgO - Al REFLECTOR 

GRAPHITE 
REFLECTOR 

Fig. 11, Local Void Coefficients of 
Reactivity [%(Ak/k)/i% Void] 

CHANGES IN TWO-GROUP CONSTANTS FOR 
TEMPERATURE RISE OF 45°C 

(1) Assuming no change in Tjq 

d(l'*Z.f) = 0 

cMl^^a) ^ -0 .000253 cm"^ 

ciDi/rf) = -0 .000404 cm"^ 

CMBJ) = -fO.025 c m 

C(D2) = -1-0.0294 cm 

(2) Assuming TJNJ changes with Tj^ 

- 1 d{v*Zf) = -0.00889 cm 

6(Za) = -0.005768 cm"i 

c (Di / r f ) = -0.000404 cm"^ 

6 (Dj) = -hO.025 cm 

t (D2) = +0.0152 cm 

By means of the core importance functions given in Table 7 the 
effect of these changes was evaluated by use of the equations on page 21 . 
The f i r s t assuniption resu l t s in a total reactivity change of -0.0814% Ak/k, 
or an average t empera tu re coefficient of -0.18 x 10" (Ak/k)/°C. The 
second assuinption re su l t s in a total change of -0.932% Ak/k, or an average 



t empera tu re coefficient of -2.07 x lO"** (Ak/k)/°C. This second value would 
be the average coefficient for a very slow r i s e i'n modera to r t empe ra tu r e . 
For m o r e rapid var ia t ion, the coefficient would be of l e s s e r magnitude but 
would not be as low as that obtained with the assumption 6(Tj^) = 0. The 
average prom.pt tem.perature coefficient was taken as -1.5 x 10 (Ak/k)/°C, 
a rough average between the 2 extrem.es. Evaluation of the coefficients by-
means of the core impor tance functions.from Table 6 gave approximately the 
same resu l t . 

Void Coefficient of Reactivity 

If it be assumed that 10% of the water volurae consis ts of voids 
homogeneously dis t r ibuted and that there is no change in the disadvantage 
factor, the changes l i s ted in Table 9 a re observed. 

Table 9 

CHANGES IN THE TWO-GROUP CONSTANTS FOR 
10% DISTRIBUTED VOIDS 

^ ( ^ • S f ) = 0 6(Di) =+0.111 cm 

6(Ea) = -0.00143 cm"i 6(02) = +0.0207 cm 

6(Di/Tf) = -0.003036 cm"^ 

By use of the core impor tance functions f rom Table 7 a total 
react ivi ty change of -0.0147 Ak/k was obtained, resul t ing in an average 
void coefficient of -0.147% (Ak/k) / l% void. The use of the inaportance 
functions of Table 6 gave essent ia l ly the same resul t . 

F igure 7 shows the change of react ivi ty for each of 20 regions 
subject to the assumption that a 'V'o'id '"•vorume equal to 1% of the total m o d e r ­
ator volume is concentra ted in that region and no voids a re p re sen t e l s e ­
where . Each region has an annular shape. 

Steady-s ta te Xenon Poisoning 

The absorpt ion c r o s s section of xenon at equi l ibr ium can be 
expres sed as 

z , , .r^core 
Xe (yi+yz) ^f 

>^Xe / 
1 + ^ — / * . Xe' 

where 

(YI + Yz) = 0.059 

X x e A x e = 7.35 x lO^^ n/(cm2)(sec) 

http://prom.pt
http://extrem.es
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A r o u g h a n a l y s i s of the r e a c t i v i t y effect of the xenon w a s m a d e 
by e v a l u a t i n g 

6p 

„ X e „ c o r e „Xe 
^ a ^ f ^ a 
c o r e c o r e c o r e 

^ a ^ a ^ f 

w i t h the a v e r a g e v a l u e 1.6 x lO'^ n/{cm.^)(sec) for the c o r e t h e r m a l f lux 
( 4 . 0 - k g load ing ) . T h i s r e s u l t e d in a r e a c t i v i t y w o r t h of -0 ,74% A k / k for 
t h e x e n o n at full p o w e r (250 kw) . 

A p e r t u r b a t i o n c a l c u l a t i o n w a s a l s o m a d e to e v a l u a t e the effect 
of t h e x e n o n . T a b l e 10 l i s t s t h e i n f o r m a t i o n u s e d in t h i s a n a l y s i s . 

T a b l e 10 

XENON POISONING ANALYSIS* 

C o r e 
R e g i o n 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

02 
(X 10" i2 ) 

2.24 
2.10 
1.82 
1.62 
1.88 
1.75 
1.49 
1.30 
1.74 
1.62 
1.36 
1.18 
1.69 
1.57 
1.33 
1.16 
1.75 
1.65 
1.42 
1.26 

'̂ =M 
oXei 

3.29 
3.49 
4 .02 
4 .52 
3.91 
4 .20 
4 .94 
5.64 
4 .24 
4 .55 
5.40 
6.21 
4 .35 
4 .69 
5.54 
6.34 
4 .20 
4 .46 
5.19 
5.85 

(YI + Yz) 2^ 

' ̂ ^h 
(x 10^) 

0,.76l 
0.728 
0.625 
0.593 
0.666 
0.629 
0.551 
0.492 
0.638 
0.589 
0.511 
0.454 
0.611 
0.574 
0.500 
0.446 
0.629 
0.599 
0.529 
0.478 

r (y. + yz) s ^ 
I d V ) — 

^ 1 + ^Xe L 
OXei 

(x 10"^) 

0.695 
0.663 
0.430 
0.180 
0.556 
0.521 
0.325 
0.130 
0.507 
0.464 
0.283 
0.112 
0.464 
0.432 
0.267 
0.106 
0.442 
0.420 
0.268 
0.109 

02 02 

T o t a l 7.374 

*Using i m p o r t a n c e func t ions f r o m T a b l e 6. 



F r o m the equations on page 21 , 

core (YI + Yz) 2f , 
211 i ! l _ L 0202 dV 

core ^Xe ,^ 
1 + /0E 

OXe 
f 2^2 0^02 dV 

J core 

= -0.00674 

The xenon worth calculated f rom per turba t ion theory is -0.67% 
Ak/k, which may be compared with the value of -0.74% Ak/k obtained from 
the s imple analys is . 

P rompt -neu t ron Lifetime 

F r o m per turbat ion theory, neglecting slowing-down t ime, the 
lifetime is given by 

/whole r eac to r 0202 dV 

vSf 0201 dV 

With the use of the fluxes for the operating reac to r , and only 
roughly approximating these in the ref lector region, a lifetime of 
2.0 X 10""* sec was obtained. The l ifet ime was also evaluated by assuming 
a uniform, addition of poison (0.0002 cm."^) throughout the r eac to r and ob­
taining the change in react iv i ty from the PDQ code. 

The lifetime £ can then be expressed as(4) 

4f/6^a_ 
v 

_ 0.012704/0.0002 

2.705 X 10^ 
i . - ^ / . . " • " ^ " ^ ^ - ^ / " • ^ ^ . 2 . 3 5 X 10-^ sec . 

V 2.705 X 10® 

The agreement between the methods is sat isfactory, par t icu la r ly 
since the f i r s t method did not take the complete ref lec tor into account. 

The effect of inser t ing the control plates is to reduce the neu­
t ron l ifet ime. If it is a s sumed that the core is completely surrounded by a 
thermal ly black cylinder, the lifetime is calculated (by per turbat ion methods) 
to be equal 1.3 x 10 ^ sec . With all rods inser ted the lifetime would be ap­
proximately 1.6 X 10 " sec . 
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E f f e c t of H j O a n d A l u m i n u m a t C o r e - G r a p h i t e I n t e r f a c e 

T h e " a c t i v e " c o r e w i d t h w a s t a k e n t o b e t h e w i d t h ( 7 . 3 c m ) of 
t h e f u e l p l a t e s . I t w a s a s s u m e d t h a t a 0 . l 6 - c m c l e a r a n c e e x i s t s b e t w e e n 
e a c h v e r t i c a l c o r e f a c e a n d t h e a l u m i n u m c o n t a i n i n g v e s s e l s . T h e o u t e r 
a l u m i n u m c o n t a i n e r i s 0 . 4 8 c m t h i c k a n d t h e i n n e r i s 0.1 6 c m t h i c k . F o r 
c a l c u l a t i o n a l s i m p l i c i t y , t h e a l u m i n u m a n d t h e t h i n HgO s h e l l w e r e h o m o g ­
e n i z e d . T h e r e s u l t i n g m i x t u r e w a s u s e d to r e p l a c e t h e g r a p h i t e w h i c h w a s 
a s s u m e d p r e s e n t in t h e c a l c u l a t i o n s f o r t h e o p e r a t i o n a l c o r e . T a b l e 11 
g i v e s t h e c o n s t a n t s f o r t h e s e h o m o g e n i z e d s h e l l s a n d t h e i r r e a c t i v i t y ef­
f e c t ( - 2 . 3 % A k ) c a l c u l a t e d b y p e r t u r b a t i o n m e t h o d s . 

Table 11 

CONSTANTS FOR HOMOGENIZED SHELLS 

A I / H J O 

Thicknes s , c m 

Tf, cm^ 

Di, cm. 

Ea. cm"^ 

Dj , cm 

Zj , c m " ' 

Volume,* cm^ 

b'Z^, c m 

62J, cm"^ 

6Di, c m 

6D2, cm 

X she l l 

/ . shel l 

0202 dV 

(02 - * t ) *i dV 

dV 

Outer Shell 

3.0 

0.635 

250 

1.64 

0.0142 

0.512 

0.00650 

4013 

+0.0139 

+0.0035 

+0.53 

-0.404 

0.910 X 

0.296 X 

0.791 X 

10^ 

104 

10^ 

Inner Shell 

1.0 

0.318 

80 

1.44 

0.0160 

0.274 

0.0180 

1525 

+0.0180 

+0.0150 

+0.33 

-0.642 

0.680 X 10^ 

0.405 X lO'' 

0.824 X lO"* 

L o r s h e l l 

6 k / k ' , % 

2 002^ d02 d02 

or dz dz I 
dV -0.325 X 10^ 

-1.58 

-0.143 X 10^ 

-0.66 

-2.24 

*Volume is for shel l length of 66 c m . 



By means of the same constants , the react ivi ty effect of the 
shells was calculated, with the PDQ diffusion code, to equal -2.0% Ak. 
The agreement between the 2 calculations is sat isfactory. 

Core Inhomogeneity 

In all previous calculations the "act ive" core width has been 
assumed to be 7.3025 cm. The t rue active width of the fuel, however, is 
a nominal 6.0325 cm. Another inhomogeneity exis ts due to the radial 
a r rangement of the fuel p la tes . This causes a relat ively g rea te r density 
of fuel and aluminum near the cent ra l column and a lower density at the 
outside edge of the core . The react ivi ty effect of these inhomogeneities 
was calculated by per turbat ion theory with the core divided into 5 equally 
spaced radia l zones . The effect ar is ing from the radia l a r rangement 
was calculated f i rs t ; then the additional effect of moving the U^̂ ^ from 
the core edge toward the core center was included. The changes in the 
2-group constants , with a radia l fuel-concentrat ion gradient , compared 
with a totally homogenized core a re l is ted in Table 12. Zone 1 is at the 
inner core edge, zone 5 at the outer . 

Table 12 

CHANGES IN TWO-GROUP CONSTANTS'^ ASSUMING 
RADIAL FUEL-PLATE ARRANGEMENT 

Zone 

1 
2 
3 
4 
5 

Subzones 

2,3,4,5 
6,7,8,9 
10,11,12,13 
14,15,16,17 
18,19,20,21 

(cm- i ) 

+0.015432 
+0.007267 

0 
-0.006511 
-0.012376 

6 2 a ( c m - i ) 

+0.007288 
+0.003431 

0 
-0.00308 
-0.005852 

6Si (cm- i ) 

-0.000340 
-0.000140 

0 
+0.000124 
+ 0.000316 

6Di (cm) 

+0.056 
+0.026 

0 
-0.022 
-0.041 

6D2 (cm) 

+0.0081 
+0.0037 

0 
-0.0032 
-0.0060 

^For clean, cold critical core. 

Using the importance functions from Table 8, it was found 
that the effect of the radial fuel-plate a r rangement is to give a reactivity 
increase of +0.28% Ak/k over that obtained for the totally homogenized 
core . 

The effect caused by the movement of fuel from the core edges 
to the center was calculated subject to the assumption that this change 
does not affect Zj, Dj, or D2 in any of the zones. Table 13 l i s ts the addi­
tional changes caused by this movement. 



Table 13 

CHANGES IN TWO-GROUP CONSTANTS RESULTING FROM 
U235 MOVEMENT FROM EDGES TOWARD CORE CENTER 

Zonet 

l a 
l a 
2 
3 
4 
5a 
5b 

Volume (cm^) 

2.6646 X 10^ 
3.5628 x 10^ 
6.6103 X 10^ 
6.9933 X 10^ 
7.3762 X 10^ 
4.3385 X 10^ 
3.4206 X 10^ 

6( V* 2f)(cm"^) 

-0.14066 
+0.02756 
+ 0.02790 
+ 0.02636 
+ 0.02499 
+ 0.02525 
-0.11285 

5(2a) (cm-i ) 

-0.068495 
+ 0.013422 
+ 0.013585 
+0.012836 
+0.012169 
+ 0.012298 
-0.054952 

'''Zones 1 and 5 a re divided into subzones la , l b and 5a, 5b, 
respect ive ly . Zones l a and 5b contain no U 

The react ivi ty effect of this per turbat ion is -1.15% Ak/k . Hence, 
the total effect is -1.15 + 0.28 = -0.87% Ak/k. This is only approximate, 
since the neces sa ry conditions that the per turbat ion does not affect the flux 
is not s t r ic t ly t rue in the second case . The above analysis also neglected 
any change in disadvantage factor . 

Disadvantage F a c t o r s 

The disadvantage factor used in evaluating the 2-group constants 
for the 240-plate core was 1.027. The co r r ec t value from P3 calculations 
is 1.0355 (based on a total loading of 4.0 kg instead of 3.0 kg). The effect 
of having the edges of the plates free of U^̂ ^ is to r a i se the disadvantage 
factor to 1.041. The react iv i ty change result ing from an inc rease of d i s ­
advantage factor from 1.027 to 1.041 is -0.42% Ak/k. 

Although the P3 method resu l t s in too low a value of the disad­
vantage factor for thin p la tes , the predict ion of cr i t ica l m a s s should not 
be affected, since the P3 method was used with success in the ARGONAUT 
calculat ions. If a higher value for the disadvantage factor were used, its 
effect could be balanced by a reduction in the neutron age in the core . 
This t rend is favored by recent measu remen t s in light water . 

Summary of Important Reactivity Effects 

In Table 14 a r e l i s ted ce r ta in important react iv i ty effects as 
calculated by per turbat ion theory for JUGGERNAUT. 
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Table 14 

SUMMARY OF CALCULATED PERTURBATION EFFECTS 

Average Void Coefficient of Reactivity 
Average Tempera tu re Coefficient of Reactivity 

(20°C to 65°C) 
Average Prom.pt Tempera tu re Coefficient of 

Reactivity (20X to 65°C) 
Prompt Tempera tu re Coefficient of Reactivity 

(65°C) 
Average P rompt Neutron Lifetime (3.0 kg 

Loading) 
Effect of Equi l ibr ium Xenon at 250 kw 
Effect of 15-cm Beam Hole Ending at Core 

Face 
Effect of 15-cm. Beam Hole Ending Outside 

Lead 
Removal of Central 15-cm Graphite Plug 
Replacing Central 15-cm Graphite Plug 

with HgO 
Inser t ion of One Fuel Box into Air-f i l led 

Central Hole 
Inser t ion of One Fuel Box into H20-filled 

Central Hole 
Worth at Center of Internal Thermal 

Column of: 
U235 

Cadmium 
Dilute Poison 
Void 
H2O 

Flooding Control Thimbles with HjO 
Homogeneous Addition of U^̂ ^ to Core 
Worth of Natural Uranium Fiss ion Plate 

(30 cm sq, 2.5 cm thick) Outside Reflector 
Effect of Individual Control Pla te Void 

Crit ical i ty Study 

-0.15% (Ak/k) / l% void 

-0.20% (Ak /k ) / °C 

-0.015% (Ak/k)/°C 

-0.019% (Ak/k)/°C 

2.3 x 10"^ sec 
-0.67% Ak/k 

-0.36% Ak/k 

-0.10% Ak/k 
-2.4% Ak/k 

-4.4% A k / k 

+3.6% Ak/k max. 

+ 3.2% Ak/k max. 

+ 0.030% (Ak/k)/gm 
-0.009% (Ak/k)/cm2 
-0.0363 (2aV)%Ak/k 
-0.62 X 10"^% (Ak/k)/cm3 
-0.47 X 10"^% (Ak/k)/cm3 
-0.12% (Ak/k)/ thimble 
+0.0078% (Ak/k)/gm 

<+0.15% Ak/k 
-0.036% Ak/k 

After the plate dimensions had been chosen, the effect of var ia t ion 
of plate spacing on the c r i t i ca l m a s s was de termined from per turbat ion 
calculat ions. The fltixes (see Table 6) for the case of 12 plates per box 
were used for all spacings. Table 15 s u m m a r i z e s the core cha rac t e r i s t i c s 
for each of the plate spacings investigated. F igure 12 shows the variat ion 
of kgff as a function of H /U^^^ . 

http://Prom.pt


Table 15 

VARIATION IN CORE PROPERTIES FOR DIFFERENT PLATE SPACINGS 

Average 
Number Plate H/U^^* 

of Pla tes Spacing Atom 
per Box (cm) Ratio 

8 
10 
12 
14 

0.8696 
0.6601 
0.5205 
0.4207 

425 
403 
381 
360 

5(vZ£) 
(cm-M 

-0.00378 
-0.00124 

0 
+0.00093 

6(Sa) 
(cm-i) 

-0.00131 
-0.000331 

0 
4-0.000266 

6. 

(cm^^i) 

+0.002266 
+0.001208 

0 
-0.001197 

6(Di) 
(cm) 

-0.032 
-0.017 

0 
+ 0.016 

6(D2) 
(cm) 6k/k' 

-0.0197 +0.90% 
-0.0103 +0.67% 

0 0 
+ 0.0113 -0.84% 

l.0i» 

1.02 

flSTES PER FUEL ASSEHBLY 

12 10 

370 390 mo 1130 
,,23 6 

Fig. 12. Variation in Reactivity with H:U"^ Ratio 
as Effected by Number of Plates per 
Assembly 

The plate spacing chosen ( l2 plates per box) provided a slightly 
undermoderated core , hence giving a relat ively large negative void coef­
ficient of react ivi ty while not departing significantly (O.l kg) from a con­
dition of minimum cr i t i ca l m a s s . The use of close plate spacing is 
also favored from the standpoint of reac tor safety.(1^) This plate spacing 
l imits the maximum loading to 4.2 kg U^^ .̂ If additional reactivity should 
be needed, the maximum loading can be increased to 4.9 kg by reducing 
the plate spacing (see page 14). 

The cr i t ica l m a s s for a number of different reac to r conditions 
was predicted by taking all per turbat ion effects into account. The basis 
for these predict ions was the calculation for the cold clean reactor with 
a fuel loading of 3.0 kg which showed an excess reactivity of +0.747%. 
This calculation included the effect of the AI-H2O shells surrounding the 
core . 
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The per turbat ion effects for the cold clean core (3.0-kg loading) 
which were taken into account a re l is ted below: 

(1) Excess Reactivity of Homogenized Core 
(2) Effect of Core Inhomogeneities 
(3) Effect of Disadvantage Fac to r Correc t ion 
(4) Effect of Control Plate Voids 
(5) Effect of Overflow Pipe (located in graphite ref lector) 
(6) Effect of Gap (0.15 cm) between Core and Reflector 
(7) Effect of Steel in Beam Tubes 
(8) Effect of Steel L iners inside Concrete Shield 
(9) Effect of Steel Pedes ta l for Lead Thermal Shield 

(10) Correc t ion Because Lead Thermal Shield is Fu r the r 
f rom Core Than Was Assumed 

(11) Correct ion for Geneva-type Fuel P la tes which Result 
in a Lower Cr i t ica l Mass for ARGONAUT than did the 
Older Type Plate 

Total 

%Ak 
+ 0.75 
-0.87 
-0.42 
-0.25 
-0.4 
-0,5 
-0.3 
-1.0 
-0.6 

+ 0.6 

+ 0,8 

-2.2 

In o rde r to provide a react iv i ty increment of 2.2% Ak, 0.3 kg of 
U mus t be added to the core . Hence, the es t imated c r i t i ca l m a s s is 3.3 kg 
U^^ .̂ No detailed e r r o r analysis was per formed for this f igure, but based 
on past exper ience it was believed that it should be c o r r e c t to within 
to .2 kg. The exper imenta l c r i t i ca l m a s s was 3.38 kg. 

Delayed-neutron F rac t ion 

The effective delayed-neutron fract ion for the JUGGERNAUT 
was calculated with 3 energy groups by the PDQ code. The fas t -group 
constants for both a p rompt - and a delayed-neutron spec t rum were ob­
tained from MUFT by use of the consis tent Bĵ  approximation. To obtain 
the c o r r e c t source shape, a PDQ problem utilizing the group constants 
for the prompt spec t rum was run. The converged fluxes were then used 
for the flux guess in a new problem utilizing the group constants for the 
delayed-neutron spec t rum. The ra t io of the eigenvalue X after one outer 
i tera t ion to the converged eigenvalue from the init ial p rob lem is just 
equal to jSeff/jS. The value obtained was 

1.198 P e f f ^ = f : ^ = 1-166 

If |3 = 0.0064, then /3gff = 0.0075. 

F o r a c r i t i ca l ba re r eac to r with the same core p roper t i e s and 
same value of B ^ , the effective delayed-neutron fract ion by age theory is 
0.0087, and by a two-group analysis 0,0080. The effective delayed-neutron 



fraction for the JUGGERNAUT is lower than that predicted by a bare core 
analysis because it has a high-leakage core surrounded by a good the rmal 
ref lector . The preferent ia l leakage of prompt neutrons from the core is 
not as important since a significant fraction of these neutrons r e tu rn to 
the core , and the r e t u r n probabi l i t ies do not differ great ly for the 2 neu­
t ron species . 

The constants obtained from. MUFT resu l t in a 2% gain in 
react ivi ty compared with the constants given in this repor t for the r e f e r ­
ence core . The t he rma l constants were the same in each case . 

Control System Design 

A combined sh im-safe ty sys tem consisting of 7 boron-s tee l plates 
is used for control . At leas t 4 of these rods mus t be completely withdrawn 
during r eac to r operation; hence they act as safety rods . The ver t ica l pos i ­
tions of the other 3 rods a re indicated at the control panel. The 7 sh im-
safety plus one fine control rod are equally spaced around the pe r ime te r 
of the core within the graphite ref lec tor . 

The rods a r e located external to the core to allow a simple core 
design and fuel-loading scheme. In addition, movemient of the control rods 
causes a min imum of flux per turbat ion in the internal the rmal column, 
while at the same t ime not interfer ing significantly with the external 
exper imenta l faci l i t ies . Boron-s tee l (0.282 cm thick) is used as the con­
t ro l m.aterial to el iminate any possibi l i ty that the rods would mel t if an 
accidental Wigner energy r e l ease in the graphite were to occur . 

The design of the control sys t em was based on the following 
requirenaents : 

(a) a total shim worth of approximately 4% Ak; 

(b) a cold shutdown marg in of approximately 3% Ak with water in 
the core ; 

(c) any single rod worth no m o r e than $2 (~1.5% Ak), and 

(d) fou r - rod shutdown at any t ime. 

To operate for 2 yr at 250 kw (0.55 load factor) with no refueling would r e ­
quire an initial excess react ivi ty (compared to cold cr i t ica l r eac to r with 
beam, holes open) of 3.4% Ak and, hence, a shim, sys tem worth of the sam.e 
magnitude. After the s a m a r i u m has reached a equil ibrium concentration, 
a shim sys tem worth of only 1.8% would be neces sa ry to ensure fuel addi­
tion no m o r e than once a yea r . The remainder of the shim sys tem would 
be available to compensate for exper imenta l changes. 
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In o rde r to avoid cer ta in design prob lems , the total t ravel of each 
control rod was l imited to approximately 50 cm..(ll) For this reason, the 
rods extend from the top of the core to 18.4 cm below the core centerplane 
when fully inser ted . Since the top shield plug has a g rea t e r outside diameter 
than does the core , it was neces sa ry to incline the control rods at an angle 
of 5° to the ver t i ca l in o rde r to bring them close to the core . Hence, there 
is no constant separat ion of control rod and core . A mean distance of 4 cm 
was initially assumed in all calculat ions. 

In o rde r to determine the individual worth of each rod as a function 
of its length and width, a s e r i e s of PDQ problems was analyzed. A number 
of p roblems in R-Z geometry were run subject to the assumptions that a 
var iable-width band of cadmium surrounded the reac tor and was centered 
on the core midplane at a distance of 4.0 cm from the core face. F r o m 
these data, the worth of a cyl indrical cadmium shell as a function of shell 
height was obtained (see Fig. 13). The effect of the control plate width was 
determined using X-Y geometry with the reac tor core represen ted as a 
square "annulus" having the same volume and external pe r ime te r as the 
annular core . Four control p la tes , of var iable width, extended the length of 
the core ; one plate was centered on each of the 4 core faces at a distance 
of 4.0 cm from the face. The resu l t s are shown in Fig. 14. 
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F r o m these 2 se ts of problem.s, the worth of 4 rods of a par t icu lar 
width and height cen te red at any plane were established. However, to ob­
tain the t rue worth of a bank of 4 rods , severa l correc t ions had to be made. 
F i r s t of all, the effective average distance of the control plates from, the 
core edge (as calculated f rom per turbat ion theory) is slightly g rea t e r than 
4.0 cm.. This r e su l t s in a 107o dec rease in the worth of the rods as cona-
pared with the resu l t s of the PDQ analys is . Also, in the problem.s utilizing 
X-Y geometry the pla tes were placed in positions on the core pe r ime te r of 
maximum worth. An average rod wor th is 10% less than that obtained from 
these problem.s. Exper iments in the ARGONAUT have indicated that the 
worth of 2 wt% natural boron in s teel plate , 0.282 cm thick, is 0.95 t imes 
the worth of cadm.ium (0.102 cm. thick). In these se r i e s of problems no 
Al-HgO shell around the core was included. F r o m the resu l t s of la ter 
p rob lems it was found that the ra t io of the the rmal -neu t ron importance 
at the rod position with the shell p resen t to that without the shell is equal 
to 0.83. The overa l l effect of these 4 cor rec t ions can be expressed as a 
factor, 0,64, by which the rod worths found from the PDQ analysis were 
multiplied. 

The width of each shim-safe ty rod was selected to be 17.8 cm and 
the length to be 48.2 cm (extending from 18.4 cm below the core m.idplane 
to the top of the core) . F r o m the PDQ calculations the wor th of a bank of 
4 of these rods was de te rmined to be 7.6% Ak. Applying a factor of 0.64 
re su l t s in a 4 - rod wor th of 4.86% Ak. One further cor rec t ion was then 
necessa ry . Since the wor th of each control plate void re la t ive to graphite 
was calculated as -0.036% Ak, the worth of the 4 - rod bank was reduced by 
0.14% Ak to 4.7% Ak. This compares with a measu red value of 4.6 1 0.3% 
Ak.* It was also assumed that the worth of a single rod would be equal to 
one-fourth the wor th of the bank of 4 rods , or 1.2% Ak, The exper imental 
values r angedf rom 0.8% Ak to 1.2% Ak, depending upon the location of the 
remaining rods . F o r a banked position of the remaining rods , the worth 
of an individual rod was 1.05 "t 0,05% Ak. 

The total shutdown effect of the 7 shim.-safety rods was calculated 
by assuming 4 rods to be p re sen t with the same total a r ea as if 7 rods had 
been used. This resu l ted in a calculated worth of 6.4% Ak for the control 
system, in the cold clean core . The actual worth was determined to be 
7.5 •i 0.3% Ak. If shadowing effects had been neglected, t he calculated worth 
of the shim-safe ty sys tem would have been 8.2% Ak. 

The shim, sys tem consis ts of 3 plates located to the east , south, and 
west of the core . The assumption that these sys tems are worth t h r e e -
fourths of the 4 - rod sys tem resul ted in a calculated worth of 3.5% Ak com­
pared with a m e a s u r e d wor th of 3,7 t 0,4% Ak. During normal operation 

•Assuming ^gff = 0.0075. 
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the beam holes a re open except for p re sc r ibed shielding. This does not 
affect the worth of the shim sys tem significantly but does reduce the worth 
of 2 of the safety rods by an amount equal to the negative effect of r e m o v ­
ing graphite plugs from the beam tab les . In this situation, the overal l 
worth of the control system is reduced to 7.0% Ak, and the shutdown effect 
of the 4 safety plates is 3.3%Ak. 

The shim rods a re located in a region with a maximum unperturbed 
thermal -neu t ron flux of 2 x 10-̂ ^ n/(cm.^)(sec) at an operating level of 250 kw. 
The safety rods a re to be withdrawn to a region with a maximum thermal 
neutron flux of 1 x 10^^ n/(cm^)(sec). The actual flux at the surface of the 
rods is a factor of 0.2 t imes the unperturbed flux. The percentage of B^° 
atoms which will be burned within a shim rod in one year is 1.5%, while 
the percentage of total atoms in each such rod which would be t ransmuted 
is only 0.03% per yea r . 

Growth is not initiated until a total atom t ransformat ion of approx­
imately 0.7% is reached. After 10 yr in JUGGERNAUT, the shim rods will 
have reached a total atom t ransmuta t ion of only 0.3%, but a B^° burnup of 
15%. This B^° depletion would lead to a 3-*4% reduction in the total control 
system worth, or -0.2% Ak. 

Experinnental Data 

In Table 16 a re l is ted the exper imental and calculated values of all 
the m o r e i inportant r eac to r p a r a m e t e r s and reactivi ty effects. Rods worths 
were obtained initially by rod-drop method wherein the flux decay is fol­
lowed for per iods up to 75 sec after the drop and then the worth obtained 
from precalcula ted curves of react ivi ty vs flux rat io of different t imes 
after the drop. 

Table 16 

SUMMARY OF REACTOR PARAMETERS 

Neutron Flux, n/tom^Hsec) 
Thermal (max) 
Thermal (core average) 
Fast (max) 
Fast (core average) 

Minimum Critical Mass, kg u235 
Fuel Consumption 

Average Void Coefficient of Reactivity, %Ak/% void 
Average Prompt Temperature Coefficient of Reactivity 

(20OCto54OC),%Ak;°C 
Delayed Temperature Coefficient of Reactivity, %AI</°C 
Reactivity Effect of Equilibrium Xenon at 250 lew, % Ak 
Excess Reactivity Controlled by Stiim Rods, f»Ak 
Combined Worth of Shim Safety Rods (4.0 kg loading), 

%Ak 
Effect of 15-cm Beam Hole Ending at the Core Face, 

%Ak 
Effect of 15-cm Beam Hole Ending Outside Lead, %Ak 
Removal of Central 15-cffl Graphite Plug, % A k 
Replacing Central 15-cm Graphite Plug by H2O, %AI< 
Homogeneous Addition of u235 to the Core, 

ftAk/gra u235 

Experimental 

3.8 x 10^2 
1.51 X 10I2 

-
3.38 

-
-0.13 

-0.020 
+0.006 

-
3.7 ± 0.4 

7.0 ± 0.3 

-0.29 
-0.02 
-1.1 
-4.2 

+0.0078 ± 0.0003 

Calculated 

4 X I0I2 
1.6 X 1052 
7 X IOI2 
5 X I0I2 
3.3 
62 gm/yr at load factor = 0.5 
-0.15 

-0.015 

-
-0.6 
3.5 

6.0 

-0.36 
-0.10 
-2.4 
-4.6 

+0.0078 
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P r e v i o u s w o r k wi th the ARGONAUT h a s confi rnaed tha t such a m e t h o d g i v e s 
r e s u l t s wi th in 3% of tha t ob t a ined by p e r i o d m e a s u r e m e n t s . The to t a l w o r t h 
of the s h i m and sa fe ty s y s t e m s w e r e a l so d e t e r m i n e d : ( l ) by a s u b c r i t i c a l 
m u l t i p l i c a t i o n m e t h o d ; and (2) by obta in ing the w o r t h of the r o d s in t e r m s of 
fuel we igh t and us ing the fuel w o r t h d e t e r m i n e d by a p e r i o d m e t h o d to ob ta in 
the r o d w o r t h s . The e r r o r l i m i t s on the r o d w o r t h s ind ica te the d i f f e r e n c e s 
among the m e t h o d s . Al l v a l u e s of r e a c t i v i t y a r e b a s e d upon a c a l c u l a t e d 
va lue for the d e l a y e d - n e u t r o n f r a c t i o n of 0 .0075. 

R e a c t i v i t y R e q u i r e m e n t s 

In T a b l e 17 is shown the e x c e s s r e a c t i v i t y r e q u i r e m e n t s for 2 y r 
of o p e r a t i o n , at a l oad f a c t o r of 0 .55, as a funct ion of o p e r a t i n g p o w e r . 
A l so inc luded a r e the t o t a l r e q u i r e m e n t s for o p e r a t i o n for p e r i o d s of 
one y e a r and for 3 m o n t h s . 

Table 17 

EXCESS REACTIVITY REQUIREMENTS 
(% Ak) 

Operat ing Power (kw) 250 200 150 100 

Exper imen ta l Appara tus (includes 
beam holes) 

Xenon Poisoning 
Samar ium Poisoning (2 y r at load 

factor of 0.55) 
T e m p e r a t u r e Rise 
U^̂ ^ Burnup (2 y r at load factor 

of 0.55) 

Tota l s ,Opera t ion for 2 Yr 

Total for One Year of Operat ion 
Total for Three Months of Operat ion 

2.1 
0.7 

1.0 
0.5 

1.2 

5.5 

4 .5 
3.7 

2.1 
0.5 

1.0 
0.4 

1.0 

5.0 

4 .1 
3.3 

2.1 
0.4 

0.9 
0.3 

0.7 

4.6 

3.7 
3.1 

2.1 
0.2 

0.8 
0.2 

0.5 

4.0 

3.3 
2.8 

The m a x i m u m fuel loading i s 4.2 kg U^^^ (170 p l a t e s / l 6 . 7 gm p e r 
p l a t e and 70 p l a t e s / 2 0 gm. p e r p l a t e ) w h i c h wi l l p r o v i d e an e x c e s s r e a c t i v i t y 
of 6.0% Ak o v e r the cold , c l e a n c r i t i c a l condi t ion (3.4 kg) . Upon f i r s t going 
to p o w e r , the c o r e w a s l o a d e d wi th a full complem.ent of fuel p l a t e s (240 p l a t e s 
con ta in ing 4040 g m of U^^^). Th i s would have p r o v i d e d an e x c e s s r e a c t i v i t y 
fo r the cold , c l e a n r e a c t o r of 5.0% Ak. The e x c e s s r e a c t i v i t y w a s r e d u c e d 
to 3.3% Ak by r e m o v i n g the c e n t r a l g r a p h i t e plug in the i n t e r n a l the rm.a l 
c o l u m n p lus the g r a p h i t e p lugs for a l l the b e a m t a b l e s . 

F u t u r e r e a c t i v i t y add i t ions can be m a d e by r e p l a c i n g one of the 
a s sem.b l i e s now in the c o r e (conta in ing 202 gm. U^''^) by an a s s e m b l y c o n t a i n ­
ing a s o m e w h a t h e a v i e r loading (240 g m U^^^). Six s u c h a s s e m b l i e s a r e now 
a v a i l a b l e , e a c h of w h i c h w i l l p r o v i d e a r e a c t i v i t y g a i n of 0.3% Ak. H e n c e , 
w i th the fuel a v a i l a b l e , o p e r a t i o n for 5 y r is p o s s i b l e at a load f ac to r of 0 .5. 
O p e r a t i o n a l l i f e t ime could be ex t ended if th is is d e s i r e d . 
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A P P E N D I X A 

O p t i m i z a t i o n of the I n t e r n a l T h e r m a l C o l u m n for the 
H i g h e s t T h e r m a l N e u t r o n F l u x 

T w o - g r o u p t h e o r y h a s b e e n u s e d to ob ta in the r a d i u s of the i n t e r n a l 
t h e r m a l c o l u m n which w i l l g ive the h i g h e s t t h e r m a l - n e u t r o n flux at the 
c e n t e r of the c o l u m n for an i d e a l i z e d c y l i n d r i c a l - s h e l l r e a c t o r . The fuel 
s h e l l i s of i n f i n i t e s i m a l t h i c k n e s s , but i s c o n s i d e r e d to be b l a c k to t h e r m a l 
n e u t r o n s . An inf in i te r e f l e c t o r r e g i o n of the s a m e m a t e r i a l a s t h e i n t e r n a l 
co lu inn s u r r o u n d s t h e s h e l l . 

T h e r e a r e 2 r e a s o n a b l e m e t h o d s of n o r m a l i z i n g the n e u t r o n flux at 
the c e n t e r of t h e i n t e r n a l c o l u m n . N o r m a l i z a t i o n to one f i s s i o n n e u t r o n 
e m i t t e d p e r c e n t i m e t e r of s h e l l he igh t p e r s e c o n d would c o r r e s p o n d to a 
cond i t ion of c o n s t a n t p o w e r for a g iven s h e l l he igh t a s the r a d i u s i s v a r i e d . 
N o r m a l i z a t i o n to one f i s s i o n n e u t r o n e m i t t e d p e r cm^ of s h e l l a r e a p e r 
s e c o n d c o r r e s p o n d s to a c o n s t a n t p o w e r d e n s i t y . The o p t i m u m r a d i u s d e ­
p e n d s s t r o n g l y upon the m e t h o d of n o r m a l i z a t i o n . F o r a r e a c t o r in wh ich 
the p o w e r i s t h e l i m i t i n g c r i t e r i o n , i . e . , JUGGERNAUT, the f i r s t m e t h o d 
i s c o r r e c t . F o r r e a c t o r s of h i g h e r p e r f o r m a n c e in which the p o w e r d e n s i t y 
i s the l i m i t i n g c r i t e r i o n , the s e c o n d m e t h o d i s c o r r e c t . 

The 2 - g r o u p diffusion e q u a t i o n for the i n t e r n a l co lu inn ( r e g i o n l) 
and the r e f l e c t o r ( r e g i o n II) a r e g iven be low a long with c e r t a i n of the 
b o u n d a r y c o n d i t i o n s on t h e flux in e a c h r e g i o n : 

Reg ion I 'A 

-Di V20i + 2i0i = 0 ; 4 ^ 1 - 0 
d i ,^=0 

•Dz V202 + 2a02 = 2 i 0 i ; - ^ = 0 

1̂ 

Ir J r = d r lr = o 

Reg ion II 

-Di V^0i + 2 i0 i = 0 ^'™^0i = 0 

•D2 V^02 + 2^02 = 2 101 ^^'™^02 = 0 

Solving t h e above s e t of e q u a t i o n s , we ob ta in 

0 1 = AIo (Kjr) 

^2 = CIo (Kjr) + SAIo (Kjr) 
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0 1 

'Pz 

= EKo (fCir) 

= FKo (/C2r) + SEKo (^ir) 

w h e r e 

S = ^ _ l - - . . . ^ - ^ 2 _ 2 l , 2 

D2 r4 - / c f Di 

2 a 

Dz 

B o u n d a r y cond i t i ons m u s t now be u s e d to ob ta in the 4 unknowns in 
the above s e t of e q u a t i o n s . 

1) N o r m a l i z a t i o n 

A) T h e , t o t a l n u m b e r of n e u t r o n s f r o m t h e s h e l l i s l / ( c m ) ( s e c ) . 

2TrroDi 
Sr 

3011 
- 2'n-roDi -T-J^ 

r=ro Or r=ro 

B) C u r r e n t d e n s i t y of n e u t r o n s f r o m the s h e l l i s l / ( c m ^ ) ( s e c ) ; 

D , 
d0! 
dr 

bcPl II 

r - r r ^ ' ^ 
= 1 

r = ro 

2) ' ^ i ( ro) - ' *? ( ro) 

T h e r e f o r e , 

AIo ('<;iro) = EKo ('Mro) 

3) B l a c k b o u n d a r y cond i t ion for bo th r e g i o n I and II at t he fuel s h e l l : 

Reg ion I 

- D z ^ / f c = 0.469 
r=ro 

Reg ion II 

II 

-D . % - / * . = 0.469 
r = ro 

The c u r v a t u r e of t h e s h e l l h a s b e e n n e g l e c t e d in the b l a c k b o u n d a r y 
cond i t i on . F o u r c o n d i t i o n s a r e a v a i l a b l e wh ich enab le us to so lve for the 
4 u n k n o w n s ; 2 o t h e r c o n d i t i o n s a r e r e j e c t e d a s not v a l i d o r not n e c e s s a r y : 
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(1) The rma l fluxes equal at the shell . This is not a valid condition 
since the t he rma l fluxes in the 2 regions a re independent due to the black 
boundary separa t ing the regions . 

(2) A cr i t ica l i ty condition is not neces sa ry since the flux shape is 
independent of this condition. Hence, this condition will de termine only the 
n e c e s s a r y mult ipl icat ion p rope r t i e s of the fuel shell in order that cr i t ical i ty 
be obtained. 

Solving for the t he rma l flux in region I at r=o, we obtain 

Dj/Cjli i^i^o) + 0.469 IQ (/Cjro) 
I / Si 1 \ LD2/C2I1 (jcz^o) + 0-469 IQ (/Czro) - 1 

^ 1 2̂  27TroD, /ci 
1̂ '̂̂ "̂̂ ^ + Ko (iciro) ^1 ^̂ 1̂̂ °̂  

The factor 27rro in the denominator exis ts because of normal izat ion 
to one n / c m / s e c from the shell . If normal izat ion to one n / c m / s e c is used 
instead, this factor is rep laced by one. 

In o rde r to solve the above for the TQ at which a maximum thermal 
flux is reached, 02(O) is differentiated with respec t to TQ and the result ing 
express ion is equated to ze ro . The solution is s t raightforward. 

Implici t in the previous solution is the assumption of an infinite 
cylinder. If a finite cylinder is assumed, 2 changes a re evident. F i r s t , 
/ĉ  and Kg change, since the effect of the finiteness of the cylinder can be 
r ep re sen t ed by adding a t e r m D ^ B | to the absorption in both the thernaal 
and fast groups . Hence, 

:? 2 i -, 7 ^ a 7 

K:f=3i+B| ; 4 = ^^^l • 

The magnitude of the normal iza t ion factor is also affected; however, 
this does not change the solution. 

F igure 15 shows 6 vs VQ, where 6 is proport ional to d02(O)/d TQ. The 
TQ for which 6 becomes zero is the optimum radius for maximum t h e r m a l -
neutron flux subject to the given assumpt ions . Since the JUGGERNAUT is 
60 cm in length and is power l imited, the optimum radius of the internal 
t he rma l column would seem to be 1.03 .yT" or 19.5 cm. 

Although this is approximately co r rec t , the finite thickness of the 
fuel shell mus t be taken into account. This was achieved by solving 
severa l 2-group, 3-region calculat ions in which a thin shell of water of 
varying th ickness was inse r ted between the internal graphite column and 
the fuel shell . An optimum column radius was obtained for each thickness 
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of water shel l . Then the optinnum radius for an HjO in ternal t he rma l column 
was compared with exper iment . This revealed that the effect of a 7-cm-th ick 
Al-HjO core could be accounted for by assuming a 1.4-cin-thick shell of H2O 
between the in ternal column and the infinitesimal fuel shell . For this shell 
thickness it was found that the optimum radius of a graphite in ternal column 
is approximately 15 cm. 

+0.01 

- 0 . 0 

10 20 30 %0 50 

OPTIMUM R»OI1 ( r ) , cm 

60 70 

Fig. 15. Optimum Radii of Graphite Internal Thermal Columns 



APPENDIX B 

Computation of Adjoint Fluxes Using PDQ 

By means of the genera l method of B e r t r a m Wolfe (Nucleonics, 
March 1958, p . 121) with appropr ia te modifications due to the pecul ia r i t ies 
of the PDQ code, a method of computing the adjoint fluxes by switching 
input constants has been developed. This method is applicable with 2, 3, or 
4 groups , although (with PDQ02) r e s t r i c t i ons a r e necessa ry which l imit 
the usefulness of this method for ep i thermal sys tems which contain dif­
ferent nuclear m a t e r i a l s in separa te reg ions . PDQ03 does not requ i re 
these r e s t r i c t i o n s . Given below a re the 2-group equations and the nec ­
e s s a r y substi tutions which will give the adjoint flux. The extension to 
3 or 4 groups is only slightly m o r e difficult. 

V.Di 701 - (2.J" + 2 f + B | D I ) 0 I +^^^^l+^ ^i^Pz = 0 

V-D2 V01 - (Zf + B | D2)02 + 2f 0̂  = 0 

V- D2 V0t - (22^ + B2 D2)0l + ~^- 2 f 0^ :. 0 

V'Di 70^ - (2f + 2 [ + B ; Di)0l + ^ - S f 0+ + 2f 0^ = 0 

2 

In R-Z geometry , B„ = 0. 

To obtain the adjoint fluxes 
F o r 

01 

02 

D l 

Dz 

2 ^ 

Subs t i t u t e 

02 

0! 

D2 

D i 

2f 

xi = 1.0 

F o r 

2f 

Bl 

Vl^l 

•^z^t 

Zf 

Subs t i tu t e 

y a y r 

B 2 
z 

0 

^ 2 ^ 2 
„f 

2 i + 2 i 

X2 = X3 = 0 
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