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B1 u'Tirblr; Poison Q-'l'-ul -itions for hk.TTT G^s-Coolpd Reactor f̂  stems 

M. E. GUBD1N3 

The use of burnable poison puns to prolong the l i f e of the i n i t i a l fuel 
charge i s a possible fea ture in the design of a Kk.ITT Gas-Cooled Reactor 
for the Br i t i sh NucVar Power Programme. The c r i t i c a l enrichment for unpoiscned 
fresh fuel i s about ?»D^, whi ls t tha t for feed fuel to an equilibrium core i s 
in the region of 5?• A low enrichment f i r s t cherge would need rapid 
replacement with a consequent economic penal ty . The extra control needed i f a 
higher i n i t i a l enrichment i s used, i s conveniently provided by using a poison 
which burns away so as to compensate for loss of r e a c t i v i t y with fuel burn-up* 
I t can be shown that small cy l indr ica l absorbing p ins , which are v i r t u a l l y 
'black* to thermal neutrons, have the desired burn-up c h a r a c t e r i s t i c s . This 
i s i l l u s t r a t e d in Figure 1 , which shows the var ia t ion of k ^ with t i ne for a 
typ ica l Mk.TII core, with and without poison p i n s . 

The most l i ke ly poison to bo used i s gadolinium, since i t presents the 
l e a s t problems under i r r a d i a t i o n . The most important isotopes are Gd-155 and 
Gd-157 with 2200 m/sec cross-sec t ions of 61 ,0OQ and 25^,000 boms l-espeotively. 
I t i s envisaged thc t sir-11 diameter poison pins made of gadolinium 
oxide d i lu ted with aluminium oxide wi l l be placed in v e r t i c a l holes d r i l l e d in 
the graphite block. This paper describes a method of ca lcula t ing the 
r e a c t i v i t y and bum-up h is tory of the core which allows for a f u l l in te rac t ion 
between fuel and poison, and ca te r s for the spec ia l problems of poison tu rn -up . 

2 . Method of Calculation 

The method of ca lcula t ion chosen i s the n u l t i - c e l l option of the '.7II.ISD code 
(1 ,?) combined with a modified burn-up rout ine designed to handle the burnable 
poison. The mul t i - ce l l model describes a core or reac tor in te rns of a number 
of d i f ferent c e l l types, each being weighted in proportion to i t s frequency of 
occurrence in the system. The c e l l s are ef fec t ive ly combined for a s ingle 

-9PV^I'll0" grofrqMlity t ranspor t solution by specifying the matrix of p r o b a b i l i t i e s 
that a neutron leaving each c e l l type w i l l enter a ce l l of the same or any other 
type. Two ce l l - types tire used a t .p resen t for the burnable poison ca l cu la t ions , 
these being a fuel element and a poison p in , each surrounded by "a /rraphite 
annulus. This method has the advantage t ha t i t allows for in te rac t ion between 
fuel and poison, whils t avoiding a lengthy t ranspor t ca lcula t ion in a 
complicated geometry. 

To allow for d i f f e r en t i a l burn up along the poison pin r ad ius , the pin i s 
divided Into five annular reg ions . The specia l problems of poison burn-u1? 
are discussed in Section 3 . Host ca lcula t ions h?ve been car r ied out with 10 
energy groups, seven of which l i e in the W'IMS ' thermal ' energy range, below 
K eV (97*3 of the gadolinium absorptions occur in th is range) . These numbers 
have been shown to be adequate by the comparative ca lcula t ions described in 
Section 3» The number of •'roup;- could possibly br> reduced. The V'TKS c ross -
section l i b r a r y only contains data for the t>ro hijh cross-sect ion gadolinium 
iso topes . The other Gd isotopes , a l l nf which absorb thermal neutrons, only 
become s ign i f iccn t when Gd1 V; and 157 Have burnt a-vay. The r ^^c t iv i t y worth 
of this residue has boon estimated to be about 7>'j of the worth of the fre^li 
p in s . 
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I t i s necessary to jus t i fy the method described on two counts, f i r s t tha t 
the poison i s burnt up correc t ly and secondly tha t the correct r e a c t i v i t y 
worth i s predicted by the mu l t i - ce l l model. This i s done in the following 
two sec t ions . 

3» Poison Pin Burn Up 

Owing to i t s very high thermal c ross -sec t ion , the poison in a poison pin 
i s heavily shielded and effect ively burns up from the outs ide . Whilst the 
flux d i s t r ibu t ion within the pin changes with burn-up, the t o t a l absorption 
r a t e decreases slowly and approximately l i nea r ly with t ime. This i s a very 
d i f ferent s t a te of a f f a i r s from a fuel region, where i t can be assumed t h a t 
the flux remains approximately constant and burn-up i s exponent ia l . The WU.IS 
burn-up scheme had therefore to be modified to handle burnable poison r eg ions . 
The main modification was to ellow the flux d i s t r ibu t ion in the poison to be 
recalculated within the burn-up rou t ine . A glance a t Figure 2, which ou t l ines 
the cycle of operat ions which make up a standard Vt'IMS burn-up ca l cu l a t i on , 
shows why t h i s i s necessary. In the standard ca lcula t ion the spa t i a l f lux 
d i s t r ibu t ion can only be adjusted a t the t ranspor t solution s tage, so t h a t each 
addi t ional adjustment would demand an extra tirac-consuming and cos t ly loop 
through the main cyole. In the modified rout ine an effect ive incident f lux a t 
the poison surface i s calculated and t h i s i s assumed to remain constant between 
t ransport ca lcu la t ions , - apart from spectrum modif icat ions. The poison region 
fluxes are then reca lcu la ted from t h i s incident f lux a t i n t e rva l s during "burn-Hi's. 
A co l l i s ion p robab i l i ty method i s used with c o l l i s i o n p r o b a b i l i t i e s based on 
the current poison number d e n s i t i e s . 

The modified burn-up rout ine was t e s t ed by comparison with r e s u l t s from 
the code DECYGAD (3) in a version developed a t Berkeley Nuclear Laboratories (k)* 
This code can t r e a t the simple problem of a rod burnt up under a constant 
incident f lux. In the BNL ca lcula t ions 99 thermal energy groups and 60 r a d i a l 
mesh points were used. In DECYGAD the flux a t each rad ia l mesh point i s 
calculated from the mean op t i ca l path length to the pin surface. Resul ts 
obtained for t h i s simple problem with the modified V.TMS burn-up routine,, 
using eqiaivalent data, showed good agreement with the r e s u l t s from the more 
detai led model. Assuming t ha t the re-activity worth of a pin i s propor t ional 
to the absorption ra t e in the pin, the "FLl'S-DECYGAD r e a c t i v i t y discrepancy 
was l e s s than ffi of the i n i t i a l worth of the pin (about 20 Miles) throughout 
the pin l i f e . Variat ions in the number of groups and regions showed t ha t f ive 
spa t i a l regions in the pin and seven thermal energy groups were quite adequate, 

4 . The Multi-Cell Calculation 

When using the mul t i - ce l l method, the user faces the problem of determining 
the c e l l - t o - c e l l t ransfer p r o b a b i l i t i e s . For a uniform flux d i s t r ibu t ion round 
the boundary of each c e l l these p robab i l i t i e s can be estimated simply in terms 
of the c e l l surface a reas . The bes t approximation to t h i s s i tua t ion i s obtained 
by associa t ing v/ith each ce l l an amount of graphile proport ional to' the absorpt ions 
in tha t c e l l . There ia then on average zero net current at the c e l l surface . 
Thus for a design in which about 10fi of a l l neutrons are absorbed in the poison 
during i t s l i f e t ime , the poison ce l l incorporates *Q' of the g raph i te . This 
somewhat crude recipe lias been tested by comparing the r e s u l t s v/ith there CvcTn 
a co l l i s ion probnbili ty solution for a more exact geometry using the vmiSD 
'PT.T option. The r e s u l t pre shovn in Table 1 and ref'er to a s t a r t of l i f e 
s i t ua t i on . 



6. Summary 

A method of ca lcula t ing the r e a c t i v i t y and burn-up h is tory of a Mk.TII GCR 
S3rstem containing burnable poisons has been described. The method allows for 
poison-fuel i n t e r a c t i o n . Using the method i t has been shovm tha t burn-up of the 
poison under a constant incident f lux can give e r ro r s of the order of 1-2 n i l e s , 
A ca lcula t ion using the method described w i l l take about 5Qfo longer than a 
straightforward fuel burn-up calculat ion in the same number of groups. The 
mul t i - ce l l approach has a po ten t i a l for handling grea te r geometrical 
complexity. 

I t i s intended to compere the method against experiment as soon a s su i tab le 
experimental r e s u l t s become ava i l ab l e . 

General Reactor Physics Division, 
Room 133, 
Building A.32. 
A.E.E, Y/infrith. 

9th February, 1 971 
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START 

V 
v (a) Resonanoe i n t eg ra l evaluation and spectrum calcula te 
' in l i b r a r y group s t ruc tu re giving few-group da t a . l i b r a r y group giving few-group 

(b) Transport ca lcula t ion in few-groups and f u l l s p a t i a l 
d e t a i l , giving eigenvalue and spa t i a l disadvantage f a c t o r s . 

4̂  
. (o) Speptnun and eigenvalue calcula t ion in few groups using 

!"*"* s p a t i a l l y averaged da ta . 

(d) Burn-up calcula t ion in each burnable mater ia l 
using flux from (c) expanded using s p a t i a l 
disadvantage fac tors from ( b ) . 

Typically 1000 liTO/Te cycle 

Typically 10,000 MWD/Te cycle 

FINISH 

Figure 2 . Cycle of Operations in a Standard V/BS Burn-Up Calculat ion 
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