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A B S T R A C T 

Thin report displays the theory of the spat ia l burnup computer •• 

code "UAFCC" which has been constructed as a part of an integrated 

reactor calcalat ion scheme proposed at tho Jteactors Department of the 

ARE Atomic Energy Authorty. The "UAFCC" i s a s ingle energy-one dimen

sional diffusion burnup FORTRAN computer code for v e i l Moderated, m u l t i -

region, cy l indrica l thermal reactors . The e f fec t of r e a c t i v i t y var ia 

t ion with burnup i s introduced in the steady state diffusion equation 

by a f i c t i t i o u s neutron source. The in f in i t e pu l ip l i ca t ion factor, 

the to ta l migration area, and the power density per unit thernttil flux 

are calculated from the point model burnup code "UATIUC" f i t t e d to 

polynomials of sui table degree in the flux-time, and then used as an 

input data to the "UAFCC" codo. The proposed burnup spat ia l model 

has been used to study the different strategenies of the in-core fue l 

management schemes. The conclusions of this study w i l l be presented 

in a future publication. 



I. INTRODUCTION 

A programme to develope »n in tegra ted scheme for r e a c t o r physics 

ca l cu l a t i ons has been proposed a t the Reactors Department of the ARE 

Atomic Energy Authouri ty . An important p a r t in t h i s scheme i s to con~ 

s t r u c t a s p a t i a l buraup computer code to p r e d i c t the space-time v a r i 

a t i o n s in the nuclear fuel parameters as burnup proceeds with the 

objec t of s tudying the d i f f e r e n t in-core fuel managemgnt schemes. 

To cons t ruc t the /spatial dependent burnup niodelj the numerical 

matching, between the po in t burnup model and the s p a t i a l dependent f lux 

d i s t r i b u t i o n i s requi red . The s p a t i a l flux d i s t r i b u t i o n can be o b t a i 

ned i n p r i u u i p a l by solving the t r anspor t i n t e g r a l or i n t e g r o - d i f f e r -

e n t i a l equation using one of the known techniques, ' . in view of 

the complexity of theee techniques -which requi re large computers, 

the ana lys i s w i l l be r e s t r i c t e d to the colut ion of the one-dimen

sional diffusion equation for a m u l t i r e g i o n - c y l i n d r i c a l reac tor which 

can provide useful information for engineering a p p l i c a t i o n s . 

In the next section^ the theory of the space dependent fuel mana

gement computer code *,UAFCCM t r i l l be given, 

2 . TKECEY GP THE UAFCC-CCWPUTER CCDE 

For u mul t ip ly ing medium of steady s t a t e r e a c t o r , the s p a t i a l f lux 

d i s t r i b u t i o n requi res the solut ion of the diffusion e q u a t i o n ^ ' . 

In fuel burn-up problems, however, where the r eac to r i s cons ide

red to be opera t ing a t a non—steady st«tte, the irate of change of 

neutron flux with time muet be considered in equat ion*" ' ' and the 

fcituation becomes more complicated. 
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k convenint method^ ' for treat ing th i s cane iuyloves the use of * 

f*cior " A " which when umliplied by "Kw" givsa * i i c i i t i o u s . 

number of neutrons per f i s s i o n , which nay be adjusted so that, for 

any composition and configuration, the f i s s i o n source can be made just 

to balance the l o s s t s , i . e . introducing '-he e f fec t of compensating 

Automatic control rod to keep the reactor at a c r i t i c a l level v ia 

the parameter •• / \ ". So, " / \ " -will be the inveree of the 

e f f e c t i v e mult ipl icat ion factor of the system. 

Thus, the diffusion equation for the nonstationary system can be -

written us: 

-i) >72 f* t^f - / * * A t a «• (a ) 

where: 

for /\ * 1 5 the system i s c r i t i c a l , 

for /i <̂  1 ; the system i s supercr i t ica l , and 

for /I y 1 : the system i s subcr i t i ca l . 

For an in f in i t e cylinder of ax ia l symmetry reactor system, contain

ing "nM regions, we can write $ for *ny region "i" at an irradiation 

time step H j " ; the following equation: 

( 3 ) 

with i « 1 , 2 , . . . , « 

Considering the nuclear properties included in equation (3) to be 

space-independent within the region under consideration, it ia not dif

ficult to show that the general solution of (3) can be written as: 
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where: *. . and b. . are arbitrary constants, 
i j * j 

X ( * u r ) = t„ < * . . r ) for ^ K „ ^ < 1 

- V ' <V> "»• 3 j * . . tj' > »• 

Z< «. .f) . K, ( X tir) l„ I .K - t J < 1 

= -£,. (i) for ?).K
 M i J - 1 (6), 

. T . ( o t 4 j r ) for ^ j K
 M l j > 1 

J and Y are the zero order beasel functions of the f i r s t and o o 
second kind respec t ive ly and that denoted by the symbols I and K 

are the modified zero-order bessel functions of the f i r s t and second 

kind respet ive ly; 

* u " i / — : (7) 

and the region "i" is of inner radius "r. ", and outer radius 

"r.V i.e. 

r i_i < r 4 r i (9) 
• o 

Considering the modified one-group theory, "L .*• can be replaced 

**y "Mj •" (=L. . + t • • ) ; the to ta l migration area of a neutron from 
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birth until it i« absorbed at »ome lovor energy; and equation (7) can 

be written as: 

oi - „ 
ij / «a <l°) 

If " i J 
Since the flax nnMt vanish at the extrapolated boundary of the 

"n H region, ve have the condition thatt 

n 

Vfbore •¥ w is the extrapolated outer radius, n 
in fact) equation ( l l ) is a transeedental equation in the eigenvalue 

" n* " » whieh is a peasure of the reaotirlty of the lyateai at the irr-
adlation-tisje step H j " . The first eigenvalue will determine the shape 
of the first fundamental node of the flux distribution, jn order to 
ooapute N /L ", it is neotssnry to oaloulate H»n4

M and "b.4N »» '0 
followfi 

Applying the continuity oondition of flux and current at the boundary 
of the tvo regions "l" and "i-1", ve get the following rnourrtnoe rela
tion oonneoting"fa.," and "hj*" with "•/i.i)jH» •** Hofi-.i)jH' 

* i j - ° ^ i • ( i - i ) j + A b ( i - i ) j (la) 

biJ • cC9 • ( ! . ! ) j + Z 4 *(4_i)j (18) 

vherei 

(»4) 
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J . z ( * u ri-i ) z ' ( ^(i-D/i-i^ ( ̂ i/i-^ z t*(i-i)ri-i> 

2 Z( OL ̂ r^) Kottf^) ^iOCifitml) X(*ljVl> 

(15) 

(16) 

(1?) 

* ' ( < * . . r j - 4 - X( 04 . . r ) . 
1 J * d r 1 J * r e r i ( I f) ,an". 

Z ' < * i j P i > - 57 * < * ! / > J r = r . ( l o ) 

I t can be not iced t ha t a t the innermost region of the reactor system 

(region \)t the c o e f f i c i e n t s ' ^ •' and " b . . " are given by; 

a . ~ lv Bii»*:e the i lux i s neusured in u n i t s of i t s value a t the 
CT 

centre of the reactor j w ffi. "; and 
J 

b «« 0f since the flux should be f i n i t e a t the r eac to r c e n t r e . 

S t a r t i n g irith these i n i t i a l values for M a i j " and " b . . " and 

advancing usinj. ' . l ie recurrence r e l a t i o n s ( 12) and ( l 3 ) , the coff i c i e n ' « 

"a .» and "b ." can be e a s i l y determined, 
n j n j 

Tn order to couple the above discussed s p a t i a l dependence irith the 

point burn-up model; to evaluate " /\ . " arid hence the e f fec t ive mut -

l i p l i c a t i o n factor "K' _ ." of the system as i r r a d i a t i o n proceeds; i t 
J
 (A) 

is necessary to apply the point burn-up code "UABUC" a t each space 
region of the core (iri th assumed space average flux and uniform nuclear 



properties for each apace region) an well a.<* at each irradiation time 

step. To simplify the numerical procedure, a gross aBsucpticn wi\\ be 

introduced as follows. 

In Computing the local changes in nuclide compositions during irra

diation; using the burnup kinetic equations; there are two im.!epex*doiit 

variables: namely; the thermal flux-time and the thermal neutron Xiû -« 

However; in power reactorf; the concentration changes »*-e ̂ S8un.ed tt b«. 

strongly dependent upon flux-tine, and approximately independent Upon 

the changes in the neutron flux. Therefore, the fuel composition und 

nuclear proparties at any location in the reactor core are known once 

the cumulative flux-time at that location has been computed. Corres

pondingly, the n-Dvunent of fuel in the reactor can be simulated by 

shifting of "flux-times'*. This property makes it easy to study the 
(K) 

different fuel management- techniques* ' , 

Accordingly, the irradiation-dependent parameters that are needed 

for the space-dependent burnup analysis w i l l be calculated by the point 

burnup computer program "UABTJC" at different flux-time values and then 

f i t t e d to polynomials of suitable degree in flux-time "©"3 using a 

least square routine; and then used as an input data to the "UAFCC" 

code. 

These perameters are: 
* 

- The infinite multiplication factor, "X^ " 
0 . 0 . 

- The to ta l migration area, M~ (cm ) 

- The power density produced per unit thermal flux which by 

definit ion- is given by * ' 
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where: 

N (p) i s the concentration of f i s s i l e isotope xy *t flux-time 

"£•• / 7 ( n u c l i d e e / b . c s i ) , 

O* ^ i* *bp e f f ec t ive microscopic f i s s ions croas-sect ion(barn), 

E i s the energy released per f i s s i on of the f i s s i l e isotope xy 

(llev/f i s s i o n ) , and "ft" expressed in neutrons per barn. 

The constructed "FORTRAN" coosputer program "UAFCC" i s based on the 

idea that at any irradiation-time step " j " and region "i" having a flux-

t ine "ft. .*', the calculations w i l l be advanced in the following ways 

1- The quantit ies " K ^ " , MM2 . ", *nd • " ^ - j " can be calculated 

using the polynomials previously described. 

2 - A guessed value of " /I ." is assumed from which " Oi •' i s 
6 J i J 

calculated using equation (lc), then the coefficients "a. ." and "b ." 

are calculated using the recurrence relationn(12»13). If the proposed 

value of " n ." dots not satisfy equation(ll), an incremental devia

tion in " (\ ." takes place and the process continues until the pola

rity of equation(ll) changes, BO, the value of " /\ ." is specified 
{ 7 8 ) between to limits and the "bi-section" numerical mathodv ' is then 

used to get a refined value for M j \ ." that satisfies equation ( U ) . 
J 

3- The spatial flux distribution ntf. . (r)M; for region "iM at 
* J 

the irradiation-time step "j"; is then obtained from equation (4). 

4- The space average flux in units of the flua at the core centre, 

"(J ." : for each region "i" is obtained from the relation: 
' ij r 

I • - r ^ * U (r)'2 * r dr 

(21) 
rr / i 2 J7 r dr 

ri-l 
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I t can be shown thati 

•• f°r V *> ij > l * 

r'i'"- i - 1 *• 

- b ^ i f r , Yj ( « 4 J r 4 ) - r ^ ^ C * ^ r ^ ) j j (C8>, 

X J r i " p i - l v 

+ b i j C r i K i ( ^ i / i ^ - ri-iKi< <* i j ' i - i )JJ <28>' *nd 

T< " ij + bij O*5 ' 2 2 J ( 2 4 ) 

1 J r i " P i - 1 

5 - The core-centre flux value *7ft } •••wning a conatant average 

power of the reactor, can be calculated from the r e l a t i o n : 

Fj " *"% — (2-5/ 

where: 

P > in the system power level per on i t length of height ( v e t t / c n ) , 

A. i i t the crose-etet ional area of region Mi" (do 2 ) , and 
—lfl k I i i a conversion faetor - 1.60206 x 10 watt, eec . /gev . 
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6. The incremental change in the flux-time " Ae-ii "l in the 

space-tine nesh " i j 1 ' , the incremental burn-up vulue " &fi. .", and 

the regional average paver density "&< 4" c a n b e "topiy calculated front 

Afrjj - h. $Cykt . ffAj- (26) 

P i i • A * / x 
A B 4 4 - 1 J . (28) ' i j 

where 
-19 h i s a conversion factor equals to 0.864 x lo barn. 

sec./cm . day, 

R. i s the f u e l - t o - c e l l volume rat io of region "i", 

Q.. i s the power density (watt/cm8 of f u e l ) , 

A t i s the irradiation-time increment (days) , and 

P i s the density (gm/cn» of f u e l ) . 

7. The calculat ions continue to a nev space - t i i e nesh M i ( j+l ) M , 

and s tar t s with the new value of the f lux-t ine "e-w * i \M given byi 

* i ( j + l ) " * i j + A*ij ( 2 9 ) 

8. When the value of " /I " reaches unity the fuel is rearranged 

according to the scheme under investigation. 

The "UAFCC" code has been used to conduct a comparative study between 

the "in-Cut", "Out-ln" and "Batch" loading schemes for a pressurized 

heavy water reactor using natural uranium fuel. The results of this 

study will be presented in a future publication. 
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