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APPROACH TO EQUILIBRIUM IN HTR. 

A COMPARISON BETWEEN THORIUM AND LOW-ENRICHED 

CYCLE 

Introduction 

The low-enriched cycle and the Thor ium cycle have been compared 

in the past for the HTR r e a c t o r s for different geomet r ies of the fuel 

e lement , and for different modera t ion ra t ios -* „ In these c o m p a r i 

sons the fuel cycle during the approach to equi l ibr ium per iod was not 

s tudied in detail , as it depends on many p a r a m e t e r s such as control 

avai labi l i ty and cost , power flattening, local power peaks , e tc , which 

r e q u i r e extensive calculat ions in o r d e r to be taken into account. 

The approach to the equi l ibr ium per iod (or running-in) , r e p r e s e n t s , 

however , a consistent fraction of the total fuel cycle expenditures and 

i t i s responsible of the build-up of the equi l ibr ium fissi le inventory. 

The way in which the running-in contribution is approximated in the 

economic p rogramme usually employed in the equi l ibr ium calculat ions 
X] 

at Ispra*- , is to give a "value" to the average equi l ibr ium fissi le in 
ventory: the "core value" used is the a r i thmet ic average between the 
cost of a charge of f resh fuel and that of a d i scharge of spent fuel. 

We do not intend he re to c a r r y on a l a rge and detai led compar i son 

between the various poss ible running-in s t r a t eg ies for the different 

HTR's fuel cycles . Our purpose is to fix-up a few p a r a m e t e r s with 

which it is possible to define the approach to equiHbrium phase , and, 

with some simplifying assumpt ions , look at the influence of the run

ning- in on the total fuel cycle cost , both for the Thor ium cycle and 

for the low-enr iched cycle . 

Ae a by-product , a m o r e c o r r e c t calculat ion of the equi l ibr ium 

f iss i le inventory will be obtained for each ca se . 



Brief Outline of the Calculation Method 

The calculations were performed using the running-in fuel cycle 

computer programme RINA and the economic programme ECCO4- J . 

The programme RINA employs the same approximations as in the 
D> 37 equilibrium burn-up programmes usually used at Ispra ' . 

Zero and one-dimensional calculations are permitted. 

The one group one-dimensional diffusion equation is solved by 

means o£ the noda! m e t h o d ^ . !n this way, for a given composition, 

the average flux levels and power densities in each diffusion region 

are obtained, without any further calculation of the shape of the power 

distribution inside each region. 

In each of the diffusion regions, the programme considers differ

ent burn-up zones, which have, in general, different volumes and com

positions. The spectrum employed in the burn-up calculation is a mul-

tigroup spectrum, averaged over the refueling interval and over the 

zones belonging to the same diffusion region. This assumption c o r r e s 

ponds to the"scatter load" charging procedure and to a continuous r e 

fueling or, in any case, to a refueUng strategy in which the burn-up 

interval between two reloads is sufficiently small that no large changes 

occur in the average region spectrum. 

For a given refueling interval, the programme searches for a single 

initial fissile concentration, to be attributed to one or more specified 

zones, needed to obtain the required reactivity at the end of the in ter 

val. Alternatively, it may search for the refueling t ime, when the ini

tial composition is fixed for all zones. A third option is also included: 

the programme can search both for the fissile concentration and for 

the refueling time, when the initial and final reactivity values are fixed« 

When the convergency is achieved, a fraction of the core, specified in 
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the input, is d ischarged. F r e s h fuel of given composit ion (fixed or 

guessed, depending on the type of search) is loaded, and the conver-

gency p roces s s t a r t s for the new in te rva l . 

The possibil i ty of recycling par t of the f iss i le m a t e r i a l d ischarged 

is taken into account, both in the case in which the f issi le is immed ia 

tely avai lable, as when the r eac to r cons idered is in an expanding s y s 

t e m of s imi la r r e a c t o r s , and in the case in which a cer ta in delay t ime 

has to be applied due to the cooling, r ep rocess ing plus refabr icat ion 

t i m e s . 

In each burn-up zone, the cell heterogenei ty is taken into account by 

means of s elf-shielding fac tors , which a r e given functions of the total 

absorpt ion c r o s s - s e c t i o n of the zone, according to the coefficients of a 

fitting previously per formed with some Sn calculat ions over the rea l cel l 

geomet ry . 

The possibil i ty of introducing burnable poisons in the f resh co re , 

when the reactivity var ia t ions due to the depletion can be l a r g e , is a lso 

cons idered in the p rog ramme employing a routine based on an approxi 

mated analytical solution. The radius of the burnable poison pin and the 

ini t ia l concentrat ion of the poisons have to be given in the input. When 

also the number of pins is given, the code calculates the reduction in 

the ini t ial and final values of the react iv i ty . Alternat ively, the de s i r ed 

react iv i ty variat ion along the in terva l can be given and the code s e a r 

ches for the number of pins which have to be i n se r t ed in the fresh fuel 

ini t ia l cha rge . 

Main Assumptions 

The flexibility of the code used and the re la t ively shor t computer t ime 

reques ted by each calculation could allow a great deal of different run

ning-in assumptions to be studied. However, the many possible va r i a -
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t ions in the approach to equil ibrium phase may depend on such deta i led 

effects as local power peaks , power flattening r e q u i r e m e n t s , control 

rod movements , which a r e far out of the poss ib i l i t ies of ana lys i s of a 

survey p r o g r a m m e like RINA, 

The c r i t e r i u m of assuming, as a p a r a m e t e r of the running- in s t r a 

tegy, the lifetime of the first charge was chosen. The following c h a r 

ges p resen t always the same initial composi t ion of the f resh fuel, but 

different refueling pe r iods , which, after few cyc les , were getting s table 

around an equi l ibr ium value. 

The main physical and economical assumpt ions a r e r epor t ed in 

Table 1 and 2. 

ñ] 
The geometry of the fuel element was the one opt imized by GGA*-

for the Thor ium cycle . The same geometry for the low-enr i ched cycle 

was assumed , without allowing for a r e -op t imiza t ion of the fuel e l emen t . 

In Table 1, the number of blocks in the core and the n u m b e r of pins 

of burnable poison per block, a re given according to the GGA design. 

However, as the number of fuel e lements pe r block is ve ry l a r g e , it i s 

reasonable to think that the number of burnable poison pins p e r block 

can be doubled, without any important shadowing effect between t h e m . 

An upper l imit for the total number of burnable poison pins in the whole 

core can be a s sumed to be 6, 300. The poison chosen was Gadolinium and 

i ts re ference concentrat ion was the one cor responding to the t heo re t i c a l 

densi ty . The d iamete r of the pin has been va r i ed in the ca lcula t ions and 

i t is r e f e r r e d to as an equivalent d i ame te r because o the r se t s of b u r n 

able poison pin d i ame te r , poison concentra t ion and n u m b e r of poison 

pins could be chosen in o r d e r to have the same reac t iv i ty behaviour of 

the burnable poisons . F o r ins tance, a re fe rence value of the pin d ia 

m e t e r of 12, 7 m m could be fixed and the concentra t ion and n u m b e r of 

; 



pins adjusted accordingly in each of the ca ses cons idered in the follow

ing. In o r d e r to avoid too lengthy calcula t ions , the fract ion of the core 

d i scharged at each refueling in terva l was kept equal to l / 8 , a value 

much higher than the one used in the equi l ibr ium survey ( l / 4 0 ) . Higher 

f issi le requi rements can then be expected for a given burn-up , o r low

e r burn-up values for the same ini t ial enr ichment . The number of e n e r 

gy groups , the source for the mul t igroup c r o s s - s e c t i o n data and the data 

on the cel l heterogeneity were the same as in the equi l ibr ium cycle s u r -
/ 2 / vey a l ready mentioned 

Zero-Dimens ion Calculation 

l ) Low-Enriched Cycle 

Following the running-in s t ra tegy outlined, the equi l ibr ium refueling 

composi t ion of the low-enr iched cycle was chosen equal to that of the 

continuous charge-d i scharge equil ibrium cycle which cor responds to a 

modera t ion ratio C/V of 350 and an i r r ad ia t ion of 92 MWd/kg. The burn-

up of the f i rs t charge was changed pa r a m et r ie ally and, consequently, 

different initial enr ichments were obtained. 

The burnable poison equivalent d i ame te r was a s sumed to be 1 m m , 

with which smal l absorpt ions of the burnable poisons at the end of the 

f i r s t charge were obtained (below 2 percent ) , inc reas ing only slightly 

the ini t ial f issile r equ i rements as compared to the case in which the 

burnable poisons a re rep laced by control rods . Calculations for a higher 

burnable poison equivalent d i ame te r show an increas ing ini t ia l en r i ch 

ment , as it can be seen from the following tab le . 

Equivalent burnable poison d iamete r (mm) 

Burn -up of 
the f i r s t 
charge = 
24 MWd/kg 

Init ial en r i ch 
ment (%) 

P e r c e n t a b s o r p 
tion of the burn
able poison at the 
end of the f i rs t 
charge 

1 

5 

1,2 

1,4 

6 

4 , 8 
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Results of the running-in for the low-enriched cycle are reported in 

figures 1 and 2. In figure 1 the fuel cycle cost averaged over the entire 

reactor life is plotted as a function of the burn-up of the core at the first 

reloading. The cost curve increases both for low irradiation values, 

due to the contribution of the fabrication and reprocessing costs , and 

for large burn-up values, due to the poorer neutron economy. The in

fluence of the first charge irradiation on the total fuel cycle is small 

and their cost variations shown in the figure are in the order of percents 

of a mill. The initial charge with the same initial enrichment of the equi

librium cycle (8. 35%) corresponds to an initial batch type irradiation of 

47 MWd/kg and to a fuel cycle cost which is 0. 02 mills higher than the 

minimum 

In figure 1 the maximum irradiation, which is reached by the last 

fraction of the first charge before it is discharged, is also reported . 

Giving a limitation of 100 MWd/kg, due to technological reasons, to this 

maximum burn-up, the irradiation of the first charge is bounded to va

lues lower than 35 MWd/kg, vithout any appreciable penalty in the cost. 

In figure 2 it is plotted as a function of the burn-up of the first charge, 

the number of burnable poison pins needed to bring down the excess of 

reactivity to a value of about 0. 09. This last value has been calculated 

adding to the excess reactivity of the equilibrium cycle (0. 05) the initial 

contribution of Xenon, Xenon override requirements and Samarium. 

It is shown by the figure that the limitation of 6, 300 in the number 

of burnable poison pins plays an effective role, as it reduces the maxi

mum permissible average irradiation of the first charge down to a va

lue of 30 GWd/Τ. However, the penalty in the total fuel cycle cost is ne

gligible. 

In the figure 1 the behaviour of the quantities χ and χ . , described in 
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