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ABSTRACT 

The desirability of shaping the power distribution of a 

reactor to maximize the power output is well known. One method 

available for power shaping is fuel zoning. Shain and Green(l) 

have presented a technique for zoning the fissile material to 

yield a desired initial power distribution. However, in reactors 

with significant conversion ratios, it is also necessary to zone 

the fertile material in order to maintain the initial power 

shape throughout large burnup periods. A procedure is presented 

below for determining the fissile and fertile loading distribution 

which will yield any desired burnup independent power distribution . 

The time derivative of the macroscopic fission cross section 

is: 

o;i (r,t) 

dt = 

(A-1) 

~e(r,t) ¢(r,t) cr~(r,t) - ~i(r,t) ¢(r,t) cr~i(r,t) 

Where superscript Fe demotes fer:tile material, Fi den,otes fis-

tJiuuing H!B.Lt:::rial and B denotes bred fuel. Rearranging terms 

and defining a quantity A(r,t) as: 
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A(r,t) a (r!~(r, t )) 

I!'l.(r,t) 
a 

one obtains: 

-~i(r,t) A(r,t) ¢(r,t) 

F" o l.(r,t) 
a 

In this derivation, o!{r,t) and o;i(r,t) are the average micro-

scopic absorption and fission cross.sections of fissioning 

material, e.g., 

F" o l.(r,t) 
a 

L i(r,t) 
fissiouiug a 
materl.a.L 

I L Ni(r,t) 
fissiouiug materl.a.L 

A burnup independent power distribution implies that: 

o~(r,t) 
at 

.)'1 0 ¢(r, t) I ~ (f,t) == - ~&~__,_ / ¢(r,t) 

Employing this equation and Eq. (3) and assuming that A(r,t) is 

ii 

(A-2) 

(A-3) 

(A-4) 

(A-5) 



separable in space and time, i.e., 
.... 

A(r,t) = A(r,o) A(t) (A-6) 

One obtains the following conditions on the neutron flux and macro-

scopic fission cross section tor the power distribution to be 

time invariant. 

¢( r, t) ¢(r,o) / [l ·- S(r) T(t)] (A-7) 

And, 

~i(r,o) [l- s(~) T(t)] (A-8) 

Where: 

S(r) = ¢(r,o) A(r,o) (A-9) 

A( t) dt (A-10) 

If the distribution of fissile material can be made invariant 

wlLh lrurnup l:.hen Lhe fl-ux distx·ibution should also :rerrain in-

variant with burnup since the major changes in the diffusion 

properties of the core are a result of changes in the fissile dis-

tribution. The conditions (A-7) and (A-8) for a burnup independent 

'I' 
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power distribution can therefore .be achieved by making S(r) constant 

with respect to position. 

Using the criteria that the power density in any region r is 

equal to the desired value, and that the value of S(r) in any region 

is equal to the core average value, a computer code, GASP, has been 

evolved to perform an iterative solution for the required fissile 

and fertile loading distributions. This code is based on the one-

dimensional, four-group diffusion theory calculational scheme of 

the FEVER( 2 ) code .. After each iteration the fissile distribution 

is adjusted to yield the desired power distribution, and the 

fertile distribution is adjusted to make the value of S(r) in 

each core region equal to the core average value. 

Figure l shows the results obtained from a search for an 

exponential axial power distribution for a case where both the 

fissile and fertile distribution were adjusted to obtain the 

desired distribution, and a case where only the fissile distri-

bution was adjusted. The example is for a large graphite moderated 

and reflected cylindrical reactor using thorium and U-235 as the 

initial materials. This GASP problem took 3.4 centihours on the 

IBM 7044. After fuel burnup equivalent to 1.1 fissions per initial 

fissile atom, the power distribution with fissile and fertile 

zoning retains the desired shape, while the power distribution 

with only fissile zoning has experienced a large change. 

iv 



I. INTRODUCTION 

One of the moRt difficult problems encountered in the design 

of pm•er reactors is that of isothermalizing the reactor core. 

If isothermalization of the core can be achieved, then every point 

within the core can be operated near the maximum temperature and 

the pover density can be maximized with no change in geometry or 

pumping pmver. One means avail:.;~.ble to approach isothermalization 

is control of the power distribution by core zoning. In the direc-

tion transverse to the coolant flow, a flat power distribution is 

the most desirable. In the direction, parallel to the· coolant 

flm-r, :::m exponential power distribution is the most desirable. 

A procedure for the determination of the fissile loading dis-

tribution required to yield any desired initial pm•er distribution 

has been described by Shain and Green(l). In reactors with a large 

fuel burnup the power distribution can change significantly through-

out fuel burnup. It is,therefore, not only necessary to produce 

the desired initial power distribution, but alao to maintain this 

distribution throughout the fuel burnup history. 'lhis report con-

tains the derivation of the criteria which must' be met to achieve 

a stable power distribution with any desired Shape, and a descrip-

tion of the computer code, GASP, which employs the•e criteria. 

1 
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II. ST-~ILITY CRITERION 

The following derivation is based on a one neutron energy 

group model for the suke of simplicity, but is also applicable to 

multi-group theory. The pm·rer density p(r,t) at any space point. 

r and time t is equal to: 
.. - .-· .... 

p(r,t) (l) 

If the overall pouer of the reactor is constant with burnup, 

then the condition for the pouer distribution to be invc.riant vith 

... burnup is: 

0 (2) 

From Eq. (l) o.nd (2) 

op~rlt~ !:f(r,t) 
OjZI(r,q 

+ 
O!:f(r,t) 

!ZI(r,t) 0 C)t ot ot 
= 

therefore, 

l c'Ef(r,t)) l (d¢~~,t)) (3) 
!:f{r,t) at = - ji!{r,t) 

2 
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The rate of change of the macroscopic fission cross se.ction is 

equal to: 

~ ~(r,t) 
dt = ~e(r,t) ¢(r,t) ~(r,t) - ~1 (r,t) ¢(r,t) a~(r,t) 

3 

Superscript Fe denotes fertile material (i.e., Th-232, U-~34, U-2}8, 

Pu-240), B denotes ured material (i~e., U-233, U-235, Pu-239, Pu-241), 

and Fi denotes the llli.1.terial which is fissioning at time t (U-233, 

U-235, Pu-239, Pu-241). 

The above expression neglects the time delay produced oy the 

decay chain and any parasitic absorption between an absorption of 

a neutron in a fertile rru:.~terial and the appearance of the bred mater-

ial. Neglecting these phenomena is not a serious limitation since 

the appearance of bred fuel soon comes into equilibrium with t.he 

absorpti·on in fertile material and the losses in parasitic absorp-

tions i:.1 the decay chain are usually a small effect. In this deri-

vation microscopic cross sections are ~1e average microscopic cross 

section for an event considering all nuclides which can contribute 

to the event, e.g., 

F' L E1 (r,t) I L N1 (r,t) a ~(r,t} = a a 
fissioning f.i::;::;iOHing 
material material 

(4) 

(5) 
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Rearranging terms in Eq. ( ~-}, one obtains: 

1 
Fi 

L.f (r,t) 
(~~i (r, t)) 

at = -A(r,t} ¢(r,t) 

Where A(r,t) is defined as: 

A(r,t) (L.~~ (r, t)) 
L.F1 (r1 t) 

a 
( a~~r,t) )] 

a (r,t) 
a 

Fi a · (r,t) 
a 

4 

(6) 

Employing Eq. (3) and (6), one obtains the following relationships 

for the time behavior of 9l(r,t) 
F' 

and Ef1 (r,t) which must be satis-

fied to achieve a burnup invariant power distribution. 

¢(r,t) = ¢(r,O) 

9J(r,O) f
:t 

0 

A(r,t) 

¢(r,o> .f A(r,t> dt] 

0 

(8) 

(9) 

As burnup proceeds, the major changes in the diffusion proper-

ties of the core come about because of changes in the macroscopic 

absorption and production cross sections of fissile material. If 
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the spatial distribution of these properties {Eq. 9) can be made 

invariant with burnup, then the flux distributions should be invar-

iant wtth burnup and the conditions of Eq. (8} and (9) met. 

Assuming the quantity A(r,t} is separable in space and time, 

A(r,t) = A(r,O) A(t) (10) 

one obtains the follo,ving for Eq. ( 8) and ( 9} 

¢(r, t) = ¢(r,O) (ll) 
l S(r) T(t) 

~Fi ( t) 
'-'f r, F' [ = ~f~(r,O) l S(r) T{t)J ( 1?) 

where, 

S(r) ¢(r,O) A(r,O) (lJ) 

and, 

T(t) f
t 

A(t) dt (14) 

0 

If now the quantity S(r) in Eq. (ll) and (12) is made independent 

of position, the flux and power distributions will be space invar-

iant with fuel burnup. The criterion for the pm..rer distribution to 

be stable with fuel burnup is therefore: 
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fll(r,O) f(r) (15) 

This criterion can be satisfied by making the value of S(r) in any 

core region equal to the core average value, i.e., 

S(r) = § (16) 

This approach to stabilizing the power distribution was first sue-

gested by R. Shanstrom of General Atomic. 

'·' 
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III. METHOD OF SOLUTION 

With the two criteria: 

a) The initial povrer in any core region r, p (r, 0), must equal the 

desired power in that region p*(r) and, 

b) The quantity S(r) in every region r must equal the core aver

age value of S(r), i.e., §, 

it ic fairly simple to set up an iterative scheme for the solution 

of the fissile and fertile fUel loading distributions which will 

yield any arbitrarily specified power distribution, and maintain 

this power distribution throughout the fuel burnup. 

A computer code, GASP, has been evolved to perform this iter-

ative solution using the basic four-group diffusion theory calculn-

tional scheme of the FEVER(2 ) code~ The desired region-wise poHer 

distribution p*(r) is used as a first guess of the source distri-

bution F(i)r for all space points i in region r. A single sweep 

through the diffusion equations is performed with an assumed dis

tribution of both fertile material, ~e (r), and fissile material, 

~i(r). The resultant neutron flux distribution is then employed 

to obtain the fertile arid fissile material distributions ¥rhich are 

required to satisfy the criteria (a) and (b) above for the desired 

7 
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stable po,ver distribution. 

The fertile atom density distribution for iteration k+l required 

to meet the stability criterion of Eq. (16) is: 

1 + 

The fissile atom density distribution for iteration k+l required 

to meet the criterion for the desired power distribution is obtained 

f'rom: 

Fi 
Nk+l{r) = 

r{i{r) p*(r) 

pk(r) 

The source distribution, Fk+l(i), for iteration k+l at mesh 

point i is obtain from: 

(18) 

( 19) 

for all i in r 

If the input concentration of Th-232 in a region is non-zero, 

then this nuclide is adjusted according to Eq. (17). If Th-232 is 
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zero but U-238 is non-zero, then U-238 is adjusted according to 

Eq. (17). All fuel materials present other than the primary fer

tile material (Th-232 or U-238) are adjusted according to Eq. (18). 

After each iteration the nuclide distributions are renormalized to 

maintain the same total loadings of all materials that were pres-

ent,in the initial guess. The iterative scheme is continued until 

the error in both the power distribution and the stability criterion 

are within specified limits, €p and €s respectively: 

€s 

= 

= 

Max lp*(r) - p(r) I 
p*(r) 

Max Is s(r) I 

(20) 

(21) 

This iterative solution appears to converge very rapidly (~0 

iterations) for thorium-uranium systems where S(r} is a positive 

value. This is true even for the extreme case of' producing a stable 

exponential axial pOifer distribution '\-Tith a 1.6 peak-to-average paver. 

Some difficulties have been encountered in the convergence of the 

iterative solution for cases where S(r) is zero or negative. These 

difficulties will be discussed later in the section on "General 

Considerations." 



IV. GENERAL CONSIDERATIONS 

The procedure developed above assumes that the variation in 

the flux distribution with burnup is primarily dependent upon the 

variation in the fissile distribution. By making the fissile dis

tribution invariant with time, the flux distribution for most cases 

will remain invariant "'i th time. The power distribution 1fTill there

fore remain invariant with burnup. If a burnable poison or other 

high cross section non-fissile material is present in significant 

quanti ties,. it will burn out at a rapid rate and may cause a shift 

in the flux distribution irrespective of the constancy of the fis

sile distribution. Care must therefore be taken in the initial 

zoning of such a high cross section material. If this high cross 

section material is loaded in a manner which maintains the same koo 

distribution as the correctly zoned core without this material, the 

flux distribution will be unaltered both with the initial loading 

of this material, and after it has burned out. The condition that 

the change of flux distri.but.ion Hi th burnup is primarily controlled 

by thP. change in the fissile distribution is then met. 

10 



'\~ 

ll 

Some difficulties have been encountered in obtaining conver-

.gence in the iterative scheme presented above for cases vrhere the 

quantity S is near zero or negative (that is, the macroscopic f:s

sion cross section is constant or increases with burnup) and a sev

ere change from the normal mode povrer distribution is desired. The 

general tendency is to get into oscillations in the fertile mater

ial distribution between iterations. If the quantity § is near 

zero or slightly negative in all regions the macroscopic fission 

cross section distribution is already stabilized and the zoning of 

the fertile material not required. By inspection of' Eq. (11) and 

(12), it can be seen that fertile zoning is not required if the ab

solute value of the product of S(r) and the total burnup time is 

much less than unity. For most practical reactors with a negative 

value of S(r) the above product is much less than unity, and a de

sired stable pm•er distribution can be achieved zoning only the ini

tial fissile inventory. The problem of convergence with negative 

values of S(r) although not severe for most practical reactors, is 

being investigated. It is hoped that some type of deceleration in 

the iteration scheme will solve this problem. 
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V; SAMPLE PROBLEM 

For the purpose of a sample problem, a cylindrical graphite-

moderated and reflected.reactor with a 242.84 em core radius and 

a 472.44 em core length is employed. The initial fissile and fer-

tile materials are U-23:' "l.nd Th-?32. The desired axial power shape 

. t· 1 P( ) 1 r..:.9 -.002117z F" . 1 . 1s an exponen 1a , z = '/ e . 1ve ax1a core zon1ng 

regions were used. An increase in the number of core zoning regions 

will, of course, improve the approximation to the true exponential. 

The initial power distribution.and the distribution after an exposure 

equivalent to 1.1 fissions per initial fissile atom which result 

•• from the zoning predicted by the GASP code are given in Figure 1. 

The initial and final.distributions obtained from a uniform 

thorium distribution and a zoned uranium distribution are also 

presented in this figure. The power distribution using the zoning 

from the GASP code experiences very little change with exposure 

while a considerable shift in the power is experienced when only 

the fissile material is zoned to obtain the desired initial power 

distribution. 

12 
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