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ABSTRACT

This report displays the theory of the apatial burpup computer -
code "UAFGC" which has been constructed as a part of an integrated
reactor calculation scheme proposed at the Neactoras Departwment of the
ARE Atomic Emergy Authorty,  The "UAFCC" is a single energy-one dinen-
sional diffusion burnup FERTRAN computer code for well woderated, pulti-
region, cylindrical thermal resctors, The effect of reactivity varia-
tion with burnup is introduced in the steady state diffusion equation
by a fietitious neutron source, The infinite puliplication factor,
the total migration ares, and the power density per unit therpal flux
are calculuted from the point model burnup code "UANUC'" fitted to
polynomials of suitable degree in the flux-time, and then used as an
input data to the "UAFCC" code, The proposed burnup spatial model
hes been used to study the different sirutegemes of the in-core fuel
penegement schemes, The conclusions of this study will be presented

in « futare publijication,



I. INTRCDUCTICN

A progrupme to develope un integruted scheme for reactor physics
calcaluations hus been proposed at the Reuctors Depurtment of the ARE
Atopic Energy Authourity, An iwportunt purt in this scheme is to con-~
Btruct u sputial'burnup computer code to predict the spuce~time vari-
u«t.ions in the nuclesr fuel purameters as burnup prcceeds with the

object of studying the different in-core fuel wanugemgnt schemes,

To construct the spatinl dependent burnup model, the numerical
patching between the point burnup model und the sputial dependent flux
distribution is required, The spatiul flux distribution cun be obtai-
ned in priucipal by colving the transport integrul or integro-~differ-
entinl eguution using one of the known techuiques,(1 . In view of
the complexity of theege techniques which require large computers,
the uhulysis vill be restricted t¢ the golution of the ¢ne-diwen--

sionul diffusion equution for u multiregion-cylindricul reucpo; which

can provide ugeful informution For engineering upplicutions,

In the next section, the theory of the space dependent fuel muna-—

gement computer code "UYAFCC" will ke given,

2. TEECRY CF THE UAFCC-~CCARPUTER CCDE

For & pultiplying medium of steudy stute reactor, the sPatiui flux

£\
distribution requires the solution of the diffusion equution‘z’

o

S IR T S (1)

Yn fuel burn-up problems, however, where the reactoer is conside-
red to be operating st s non—steudy state, the rute of change of
: ' 0
neutron Flux with time pust be cgnsidered in equution(“'l und the

situstion becomes more complicated,



(3)

factor " ?\ " which when wuliplied by "Kyp'" gives o ficlitioums : .

A comvenint method for treating this case inyloves the use of a
number of neutrons per fission, which may be adjusted so that, for
uny composition and configuration, the fission sourve can be pade just
to balance the losses, i,e. introducing the effect of compemsating
autowatic control rod to keep the reactor at a critical level via

the parameter }\ ", RQo, " A " will be the inverre of the
effective multiplication factor of the systew,

Thus, tre diffusion equatiom for the nonstationary system cam be -

written an:

R gy-ﬂxwiu f =0 (2)

where:
for ;\ = 1 3 the system is critical,
for R { 1 ; the system is supercritical, and
for 2 ) 1 : the system is subcritical,

For ap infinite cylinder of axial symwetry reactor system, contain-
iag "n" regions, we can write; for any region "i" at am irradiationm

time step "j"; the followiag equatiom:

[‘Dij ‘ é % (r %r"' ) + 5‘;‘.1 - ,’\j © K i Z‘li,j]”(’)'"

(9)

'ith i = 1’2’.05,.

Considerimg the nuclear properties included im equation (8) to be
space-independent within the region under consideratiom, it is mot daf-
ficult to ahow that the gemeral solutiom of (3) cem be written as:

¢i,j (r) = a,

ij ¥ ( a_ijr_)*'b‘ij z( OLiJ.r) (4)



where: "ij and bij are arbitrary comstants,
=1 ! 1
(o, r) = 1, (&) for ;\j K 004 £

= 1 for ,Aj K 0ij 1 (5)y

=J,  ( Agr)fer o K o5 DL

z2( & ijr) = K ( ijr) for ') jK 00ig <1

= 4n (-!-) for ;\jK obij = 1 (6)
=Y(0( ) for (A;jxwi;j>1

J, and Yo are the zero order bessel functions of tvhe first and
second kind respectively and that denoted by the symbols Io and X

are the modified zero-order bessel functions of the first and second
kind respetively;

K. gy - 1

ij (7)
12,
1)
L ? = -;—Bii——— E (8)
0 Zai;j

and the region "i" is of inner radius "ri_l", and outer radius
wrim" i.e.

ro \< r < r (o)

i
Considering the modified one-grdup theory, "L

can be replaced
by 'M2 "

=L + 't' 3 the total migration area of a neutron from



birth until it ie absorbed at some lover energy; and equation (7) can
be written as:

oL = l“d“;ﬂ"‘!

i "y (10)

Sinea the flux must vanish at the extrapolated boundary of the
”nth" region, we have the condition thats

6 ¢ Ty Colyg mdab oz, r ) m0(1)

where "'n" is the extrapolated outer ru#iui,

In fact; equation (11) is & transcedental equation in the eigenvalue
" ;\j " j which is a peasure of the rouotivtiy of the system at the irr-
adiation-time step "§", The first eigenvalue will determine the shape
of the first fundapental mode of the flux distribution, In order to
coppute "ﬂ j Hy 4t 10 necessary to oaloulate "'snd" sad "bn.j"‘ as fo
follows: ' ' '

Applying the continuity comdition of flux and current at the boundary
of the tve regions "i" and "i=1", we get the following recurrence rela-
ey n H " ) "
tion comneoting u“ and "hu with .(1-1).1, ] and "b(«i-l)d .‘

we Ly Lo

by = oLy seayy +L, biaa)y ()
vhere , , | " ' | : _
L 2y g Py 2 X (A (40) )0 (i) X (B¢ () fe)
1 z‘ijr‘-l)'x: (“‘Jri-l) "z: (“11'1-1,_):‘(“!.1".1-1)
o ()




D£ _ Z( DL J:"l) z' ( D((i—l)jri—l)‘??t -(D( iii_l) z (O(_g_rl)rl‘l)

e (o X (X gry ) 2o ry ) (e ey )
(15)

ai X("‘JJ 1) z(D((i 1) )X (D(_;Li 1) 2Oy 51
3~

g3 i) T AKXy

X(OL” i~ 1) Z ( D(lJ i- l) xl(ul,] i I)Z(‘xu i- 1)
(16)
x( OLLJA} 1)‘ ( (i l)J i- 1) X ( 4 1 l)Z(CK (i-l)iri-l)
‘4 (o 5 y) 7 (0 rs . )X (&yirs 1)z(o4i roy)
(17)
’ d
AARSTFURSE 3R ot rer; (18}, an"
d ' |
‘(oL i 1) = g Déijr) 5orer, (1o)

Tt can be noticed that at the innermost region of the reactor systeuw

(region 1), the coefficients"ali" and "blj" are given by:.

ulj = ], sinte the {lux is measured in units of its value at the

centre of the reactor; " ¢§L"; and

blj = (y 8ince the flux should be finite ut the reactor centre,

Starting with these initial values for "°1 " and “blj" and
sdvancing usin7 the recurrence relations(12) and (13), the cofficien’s

"a_ " and "b_." can be easily determined,
nj nj ‘

Tn order to couple the above discussed Spatiﬁl dependence with the
point burn-up model; to evaluate " A . " and hence the effective mut-
liplication factor '"K th" of the sysgem'as irrudint%:g proceeds; it
is necessary to apply the point burn-up code "gABUC" at each space

region of the core (with assumed space average flux and uniform nuclear



properties for each space region) s well a= st each irradiation time
step, To simplify the numerical procedure, & gross assunplicn will he

introduced as follows,

In computing the local chenges in nuclide compositions during irra-
diation; using the burnup kinetic equations; there are two independent
vuriubles: namely; the therpal flux-time and the thermul.neutron Fin,
However; in power reactors; the concentration chungee wre vssumed t¢ be
strongly dependent upon flux~time, and approximately independent upon
the changes in the neutron flux, Therefore, the fuel compoaition und
nuclear propurties at any location in the reusctor core are known once
the cumulative flux-time at that location has been computed, (orres-
ﬁohdingly, the movanent of fuel in the reactor cun be simuiated by
shifting of "flux-times", This property wmakes it easy to study the
different fuel management. techniques 5),

Accordingly, the irradiastion-dependent parapeters that are needed
for the space-dependent burnip &nalysis will be calculated by the point
burnup computer program "UABUC" at different flux-time values and then
fitted to polynomials of suitable degree in flux-tiwe "@§" j using =
least square routine; and them used as an input data to the "“UAwCC"
code,

These perameters are:

+

- The infinite multiplication factor, "X _,

. 2 2
- The total migration area; M~ (cu”)
~ The pover density produced per unit thermal flux which by

~definition- is given by (6)

E(e) (uev/oe) - 3 N @, 4T B (a)

xy xy



where:

N _ (e) is the concentration of fissile isotope 537 at flux-time
v T(nuclides/b.cm),

O ™Y is the effective microscopic fissions cross-section(barn),
f

E is the energy released per fission of the fimaile isotope Xy

xy
(Mev/tission), and "e" expressed in neutrons per barn,

The constructed "FPRTRAN" computer program "UAFCC" is based on the
idea that at any irradiation-tipe step "j" and region "i" having a flux-

tine "eij", the calculations will be wdvanced in the following way:

2

1- The quantities "K;", "M ij"’ and "54.3" can be calculated

using the polynomiuls previously described.

2- A guessed value of " A." is assumwed from which " O(ij" is
calculated using equation (1¢), then the coefficients "aij" and "bij"
ere calculated using the recurrence relations(12,13), 1f the proposed
value of " 7\ " does not satisfy equation(1ll), an incremental devia-
tion in " ﬂ " takes place and the process coniinues until the pola-
rity of eq\utign(u) changes, s0, the value of *“ f/\j“ is specified
between to limits and the "bi-mection" numerical mothod(7’8) is then

used to get a refined value for " ﬂj" that satisfies equation (17),

8- The spatial flux distribution "yﬁij (r)"; for region "i" at

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

4~ The space average flux in units of the flus at the core centre,

nd. ." ;3 for each region "i" is obtuined from the relation:

3 or A by (2T

' r.
SY 2 Tr ar
r. .
i-l

(21)



. .1t ean be: shown that:

A wagy b

R 2 1 |
Pyt wmi I {1,1[ “‘1(“:41)"1 9y (et gl

Py = Tia1

aITWARIR & ("‘:3 J wan ok e )..7} ~ (e2),

',,“ for ;\iK»dolj<l’

- 2 1 —_— ' ‘
Py oe O ' TE. B { 5 Ll gry) v 1y ey )]
: i

¢ by Lo (K gge) - rm( ol ey )Ji (23), end

e..forﬂjxoo”-lx.
rf . z{n(ri)-rz La(r -1)
ﬂ-i—J a ‘1j + bij [0.5. - rf. ~ rz J (24)

i-1

5- The core-centre flux value .¢;L. } sssuning a constant sverage

power of the resctor, can be calculated from the relation:

¢CI. - P

on
- A
kAo F1594 4

(2%}

where

P 1 1ia the systew power level per unit length of height (vatt/es),

A t is the cross-sectional area of region “i" (an), and

i
k 1 4is & conversion factor « 1..60206 x lo-la. watt, sec, /jev,



6. The incremental change in the flux-time " [&eij "y

space-tiwe mwesh "ij", the increnental burn-up velue " z{ﬁi

in the

J"’ and

the regional uverage pawer density 'i&d" can be simply culculated from:

cl -
cL .
91‘1 - k. ¢j ¢ Ri ] ¢1Jl'é ij (21)
.. 0 . ot
where
h is a conversion factor equals to (,B64 x lo'19 barn,
sec./cme. day, '
R, is the fuel-to-cell volume ratio of region "i",
513 is the pover density (wntt/cnn8 of fuel),
Ot is the irradiation-time increment (days), and
J is the density (gm/cn® of fuel),
7, The calculations continue to & new space-tine mesh "i(j+1)",

and starts with the new value of the flux-time ”ei(j+l)" given by:

By(j+1) = &5 * B8y

(29)

8., Vhen the value of " :A J“ reaches unity the fuel is rearranged

according to the schemwe under investigution,

The "UAFCC" code hue been used to conduct & comparative study between

the "In-Cut", "Qut-In" and '"Batch" loading schemes for & pressurized

heavy vater reactor using natural urapium fuel, The results of this

study will be presented in a future publication,



(1)
(2)
(8)

(4)

(5)
(6)
(1)

(8)
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