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The utilization of natural uranium in PHW reactors 

imposed the on-power refuelling because of the small excess 

reactivity. This kind of refuelling allows the reducing of the 

uranium specific consumption. By comparing the natural uranium 

consumption for different types of thermal reactors we 

conclude that the lowest value is attained in PHWR with on-

power refuelling. The specific consumption of LW reactors, 

nowadays most spread, is about 50% more than that of PHWR. To 

diminish further the natural uranium consumption in the once-

through PHW reactors, a direction to be explored is the 

uranium enrichment optimization. 

As it was shown in /l/ the slight uranium enrichment 

(about 1-1,5%) leads to decrease of the natural uranium 

consumption by 25%. 

To 3tudy the change of the natural uranium consumption 

against the uranium enrichment we shall use a simplified 

model, described below. 

The on-power refuelling assumes that fuel elements are 

moved axially, the fresh fuel being introduced at the one end 

and the spent fuel discharged at the other. The circulation 

takes place in opposite directions in two adjacent channels to 

assure the axial flux flattening. To define the equilibrium 

refuelling strategy it is necessary to give the frequency of 

the visits to every channel and the number of the fuel ele

ments discharged at every visit. 

In our calculation a simplified model of continuous 

axial bidirectional movement was used to approach the refuel

ling strategy. This model is used in the fuel cycle optimiza

tion for the PHW reactors /2-5/ and defines the refuelling 

strategy by means of fuel velocities through the channels or 

in a homogenized model and a two-dimension geometry (r, z) by 

the radially-dependent v(r). One estimates that this 

approximation leads to a bumup overestimation of about 5% /6/. 

For a given fuel enrichment, finding the optimum 

strategy of the fuel movement corresponding to the maximum 
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burn-up i.e. a minimum natural uranium consumption means to 

find fuel circulation velocity v(r). 

The maximum average burnup is obtained for an uniform 

radial burnup, but this implies a lower value for the unifor

mity factor (a) of the power density. To obtain the radial 

power flattening of the power density we adopt a two-zone 

burnup model, for a minimum given value (a ) of the uniformity 

factor. 

In this work we did not take into account the influence 

of the control system on the flux flattening. Therefore we can 

diminish a and this leads to a slight growth of the burnup. 

One estimates that this increment cannot be signifi

cant since the control system influence on flux flattening is 

small at PHW reactor on the one hand and the influence of its 

change on the burnup is not great, too, on the other hand. 

Here we considered a nuclear reactor for a 1000 Mwe 

power station. We have to mention that the corresponding size 

increase relative to 600 Mwe power station can lead to an 

increment of about 500 Mwd/t for the burnup by keeping 

constant the o value. 

In the chapter 1 we evaluate the characteristic 

parameters for the one-zone natural uranium fuelled PHW 

reactor to obtain the reference data in the estimation of the 

two-zone structure and uranium enrichment effects. 

In the chapter 2 an optimization method for the 
refuell ing strategy in a two-zone natural uranium fuelled 
reactor is given. 

In the chapter 3 we deal with the enriched uranium 

utilization in a one-zone reactor. 

In the chapter 4 we approach the problem of the 

uranium enrichment optimization in a two-zone reactor. 

Since the enriched uranium utilization leads to a 

greater burnup relative to natural uranium one, we study in 

the chapter 5 the technical limitations to obtain maximum 

burn-up. 
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1. NATURAL URANIUM MEL MOVEMENT IN A ONE-ZONE HOVEL 

In this case the burnup is higher (8300 Mwd/t) than 

the corresponding two-zone value, but the uniformity factor of 

the power density is lower (0.58). Thin lower value of a 

implies the exceeding of maximum allowable power density for 

the reactor operated at nominal power. 

This circumstance can be avoided for reactor sizes too 

great from the economic point of view. 

For this reason one uses a two-zone core which allows 

the significant increase of the uniformity factor and a slight 

decrease of the burnup. 

2. OPTIMIZATION OF MEL MOVEMENT STRATEGY IN A TWO-ZONE MOVEL 

A given strategy for fuel movement described by the 

velocity v(r) corresponds to a given fuel burnup b(r) and vice 

versa. 

Therefore the strategy for the fuel movement can be 

given by this function too. If the burnup of the fuel ejected 

into the fuelling machine from the central channel is b , we 

can write: 

b(r) = bQf(r) (2.1) 

where f(r) is a function which describes the dependence of the 

burnup on the core radius. If b is completely defined by 

criticality condition of the corresponding equilibrium excess 

reactivity, the function f(r) is to be found by optimization. 

We consider, as it usually happens in practice, a two-

zone core, which implies a step function for f(r). We specify 

that the consideration of the continuous dependence on r leads 

to an increase of 3-4% for the burnup /5/. 

Given the critical size of the reactor, the function 

f(r) is characterized by two parameters: R., the radius of the 

inner zone and f2 i.e. the value in the second zone: 

r < Rx 

f(r) = <\ (2.2) 
R1 < r < R 
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These two parameters are the independent variables of the 

optimization problem. The mean value 6 of the fuel burnup and 

the other characteristic parameters of the reactor are defined 

for given values of the couple (R,, f,). Therefore the 

characteristic quantities of the reactor are functions of these 

two independent variables (R. , f 2). 

The dependence of the mean fuel burnup bon f, for 

different values of Rj is given in Fig. 2. We can see that b 

tends to the maximum when f_ approaches the vaj.ue 1, i.e. for 

the uniform burnup throughout the core. The two-zone composi

tion of the core reveals the disadvantages of a small unifor

mity factor of the power density. The flattening of the power 

density can be accomplished by a different burnup in the two 

reactor zones, i.e. greater in the inner zone than the outer 

one (f- < D . These two interests i.e. maximum fuel burnup and 

maximum flattening of power density are contradictory and we 

must accept a compromise. We can reach it maximizing the mean 

fuel burnup by the condition of given minimum radial uniformi

ty factor of the power density (o ). 

Therefore we have to solve the problem: 

max B(R,,f0) 
1 l (2.3) 

°r(Rl'f2) > °o 

The sizes of the reactor are: R = 389,8 cm, H = 594,4 cm and a 

thermal power of 3.000 Iiwth. The fuel element consists of 37 

fuel rods disposed on three concentric annul! including a 

central rod /7/. The lattice pitch of the square lattice is 

28.6 cm. The equilibrium excess reactivity is 15 mK. Physical 

calculus of the reactor was done by means of code of cell 

homogenization and burnup based on PROCELLA method /8/ and of 

a code lattice calculation and fuel management based on a 

method described in /3/. The solution of problem (2.3) was 

obtained in two stages: obtaining the two continuous functions 

bCRj/f,) and ar(R1/f2) by polynominal interpolation; solving 

the non-linear problem by the SUMT method /9/. The restriction 

value taken for the radial uniformity factor of the power 

density (a ) was 0.8, corresponding to usual values for such 
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reactors. Parameters E and a were calculated for reactors 

corresponding to a lattice of points in the independent 

variables space (tables 2.1, 2.2) after which by interpolation 

with polynomials, functions bCR^f,) and ar(R1#f2) were 

obtained 

Table 2.1. Average burnup b of the discharged fuel (Mwd/t) 

R 
f2 100 150 200 

0 . 7 8,038 7,895 7,763 

0 , 8 8,127 8,052 7,790 

0 , 9 8,188 8,161 8,137 

Table 2.2. Radial uniformity factor of the power density (°_) 

Rl f2 100 150 200 

0 .7 0 .713 0 .889 0 .803 

0 . 8 0.686 0 .739 0 .772 

0 . 9 0 .640 0 .659 0 .657 

By solving the problem (2.3) we reached the following 

solution: R, = 128 cm; f, = 0.73 corresponding to an average 

burnup 5 • 8.000 Mwd/t and an uniformity factor of power 

density a - 0.8. The average zone bur..ups are: bĵ  = 10.400 

Mwd/t, b 2 = 7.680 Mwd/r. The velocity of the fuel movement 

corresponding to the optimal solution is given in fig. 2. 

3. UTILIZATION Of ENRICWEP URANIUM IW A ONE-ZONE MOVEL 

A possibility to decrease/ the specific natural 

uranium consumption in a once-through cycle is offered by 

uranium enrichment. To do this, in a first approximation, we 

considered the sizes and the cell-structure, as in the case of 

natural uranium, the enrichment being the only independent 
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variable. Also we took into account the fuel management in the 

continuous bidirectional axial approximation. We considered 

the simple variant of the one-zone reactor. The results of the 

calculations are given in tabjle 3.1. Also in fig. 3 the 

dependence of the specific natural uranium consumption and of 

the fuel burnup on the fuel enrichment is given. We have to 

have in mind that in a two-zone reactor model (necessary for 

the power density flattening) the burnup of the discharged 

fuel is smaller than the burnup presented here and the maximum 

zone burnup is greater. The latter aspect is to be taken into 

account by the assessment of the influence of the technologi

cal limitation of the fuel burnup on the optimal fuel 

enrichment. 

In the calculations we had in mind the possible 

variation of the tails assay (u>) within the interval 0.2-0.3%. 

We note the decrement of the specific natural 

consumption in comparison with the case of the natural uranium 

fuelled reactor which varies from about 20%, for u> =0.3% to 

about 30% for o> = 0.2%. This decrement takes place for a fuel 

enrichment which varies from about 1.11 for u> = 0.3% to about 

1.3% for at = 0.2%. The curves of specific natural uranium 

consumption on fuel enrichment (fig. 3) show a marked slope 

for a fuel enrichment less than about 1% followed by a very 

slight variation. Therefore the utilization of the fuel 

enrichment of about 1% leads to the decrement of the 

consumption close to the maximum one. 

4. STUW Of URANIUM ENRICHMENT OPTIMIZATION ON A W0-20NE 

MOVEL 

As already shown /I/, a possibility of cutting down 

the specific consumption of natural uranium in PHWR reactors 

in an once-through cycle is reached using enriched uranium. 

The problem dealt with in this chapter is the utilization of 

enriched uranium taking into consideration two constraints of 

utmost importance, namely: the necessity of flattening the 

flux by assuming a minimum value of the uniformity factor of 



Table 3.1. Natural uranium consumption against fuel enrichment 

Fuel 

enrichment 

burnup 

Mwd/t 

Specific 

consumption 

KgU/Mwd 

(x 10"3) 

2.5% 

Specific consumption Percent difference 

in U11** 

(Kgunat/Mwd) 

to U' nat 

CO 

51,800 

0.2 
(x 10"2) 

0) 0.3 
(x 10~2) 

w - 0 . 2 u> 0.3 

wnat 

1% 

1,2% 

1.5% 

2.0% 

8,350 

17,800 

23,GOO 

30,000 

41,000 

11-976 

5.618 

4.348 

3.333 

2.433 

11.976 

8.815 

8.526 

8.497 

8.586 

11.976 

9.590 

9.543 

9.757 

10.087 

0 

-26.4 

-28.8 

-29.0 

-28.3 

0 

-19.9 

-20.3 

-18.5 

-15.8 

1.941 8.707 10.359 -27.3 -13.5 
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power density, as well as the technological limitation of the 

maximum burnup allowable by the fuel element. We shall try to 

get the optimum uranium enrichment and core structure for 

which the natural uranium specific consumption be minimum, 

provided that the above mentioned constraints are satisfied. 

To evaluate this, a CANDU reactor as per chapter 2 was 

considered. Although using enriched uranium could bring about 

modifications in the structure of the fuel element and of the 

core lattice, this was not taken into account here, consider

ing that, in a first approximation, one may study the effect 

of uranium enrichment in a reactor whose structure is that of 

a natural uranium one. Equally unchanged one has considered 

the fuel management which has been dealt with in the approxi

mation of the continuous axial bidirectional movement. 

Within the above mentioned approximation, fuel 

movement strategy is described by its running speed v(r) or by 

the distribution of the discharged fuel burnup b(r) , as per 

chapter 2. 

The parameters characterizing the form function (R. 

and f~) and fuel enrichment (w) represent the independent 

variables of the optimization problem. Both the average burnup 

(b) of the discharged fuel and hence the specific consumption 

of natural uranium (c ) and the other parameters characteriz

ing the reactor such as the zonal burnups (b1/b2), the radial 

uniformity factor of power density (a) and others will lead to 

well established values for a given set of the independent 

variables. These parameters are therefore functions of the 

independent variables (w,f2,R1). Since flux flattening 

requires a higher burnup in the central zone, the constraint 

on the maximum burnup will operate in this zone. The form of 

the optimization problem to be solved will be then the 

following: 

min c^W/fj,^) 

a(w,f2,R1) i aQ (4.1) 

b1(v,£2,R1) S b 1 Q 

The value of the constraint for the radial uniformity 
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factor of power density (a ) was considered to be 0.8 

corresponding to the usual values for such reactors. 

Constraint on the maximum burnup ranges between 12,000 and 

16,000 MWd/t. The specific consumption of natural uranium is 

computed considering a tail assay w = 0.25%. 

The reactor physics calculation has been performed 

using a cell and burning in the cell code based upon the 

PROCELLA method /8/ and a lattice and fuel management code 

/18/. Problem 4.1. has been solved by means of a computing 

code based on the SUNT method /9/. The functions c , a and b, 

have been computed in a lattice of 18 points in the space of 

the independent variables (table 4.1), followed by a poly

nomial interpolation. 

The results are shown in table 4.2. Optimum values for 

a and b. are equal to a and respectively b1Q, i.e. boundary 

values. In figure 4 the specific consumption versus maximum 

burnup is plotted. 

Specific consumption values should be compared to the 

value obtained under the same conditions for a natural uranium 

reactor (1*5 g/MWd). 

The reduction of the specific consumption amounts to 

2,4%, respectively 10%, when fuel enrichment is increased up 

to 0.79% respectively 0.98%. 

5. HIGHER BURNUP FEASIBILITY ASSESSMENT 

5.1. Problem definition 

The burnup considered for a natural uranium fuel CANDU 

fuel element is 7.500 Mwd/t /ll/ (the conversion ratio being 

0.7). This limit is dictated by the "consumption" of fissile 

atoms. A better utilization of the fuel using a slightly 

enriched one is conditioned by the endurance of the fuel 

element. For the once-through cycle we have assumed a standard 

fuel bundle operating continuously at a nominal linear power 

of 600 w/cm /12/» According to a recent report a burnup as 

high as 17.000 Mwd/t has been reached for CANDU fuel elements 

/13/. 



- 10 -

Table 4.1. Optimization problem parameters 

Enrichment 

f2 

0.7 

0.8 

0.9 

h 
cm 

100 

150 

200 

100 

150 

200 

100 

150 

200 

0.71% 

5 bl a co 

MWd/t MWd/t - g/MWd 

8038 10970 0.713 12'r.4 

7895 10480 0.889 126.7 

7763 9838 0.803 128.8 

8127 9878 0.686 123.0 

8052 9564 0.739 124.2 

7990 9198 0.772 125.2 

8188 8972 0.640 122.1 

3161 8834 0.659 122.5 

8137 8668 0.657 122.9 

1% 

b b., a c. 1 o 

MWd/t MWd/t - g/MWd 

14470 19140 0.802 112.7 

14290 18470 0.770 114.1 

14110 17640 0.770 115.6 

14540 17280 0.873 112.2 

14440 16860 0.800 113.0 

14340 16330 0.802 113.6 

14620 15840 0.687 111.5 

14580 15640 0.742 111.8 

14530 15380 0.795 112.2 

Table 4.2. Optimization problem solution 

blo 

MWd/t 

12000 

14000 

16000 

w 

% 

0.79 

0.86 

0.98 

f2 

-

0.754 

0.748 

0.851 

Rl 

cm 

153 

139 

100 

co 

g/MWd 

122.1 

119.1 

112,6 

b 

MWd/t 

9600 

11100 

14100 
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The duration of satisfactory fuel behaviour has been 

evaluated by computer modelling using material data and corre

lations from literature. The event determining the fuel 

element life would be cladding failure. Therefore, in the 

evaluation of the thermomechanical behaviour of zircaloy clad 

we took into account, the following stages: 

- steady state (no power ramps occur); 

- considering pellet cracking; 

- considering hydriding and stress corrosion. 

5.2. Physical hypotheses 

The computer modelling of the physical evolution of 

the fuel pellet is in continuous progress. We assumed two 

laws: 

a) fuel radius dependence on neutron fluence: 

r f = r f o + «/»<T>dT t * tQ 

° (5.1) 
t 

rf = rfc + * / » < T > d T t < *c 
where r- = r,(0). t - is the time over which the contraction fo t ' c 
(by densification) is dominating, rf - is the fuel radius at 

V 
b) the dependence of the inner gas pressure on neutron 

f luence: 
P t = AF + B P + C (5.2) 

t 
where F = /*(x)dT and the parameters A, B, C have been 

selected by* least mean square fitting the values obtained by 

applying Lewis' model /14/ to a CANDU fuel rod. 

The loads exerted on the clad are: external coolant 

pressure, internal gas pressure, internal fuel contact 

pressure, stress due to thermal gradients. 

Considering the data for Zircaloy-4, the plastic 

(independent on time) flow is much lower than (thermal + 

irradiation) creep. 

Consequently, the code TEDEFT, used to evaluate the sheath 
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behaviour, takes into account only the creep. The stress and 

strain distributions are computed for a slice of the clad, 

corresponding to the maximum linear power. We assume the 

cladding and its associated stress and strain have a cylindri

cal symmetry and the cladding planes perpendicular to the clad 

axis remain plane after deformation. It is assumed the thin 

sheath collapsed initially against the fuel pellets due to the 

coolant pressure (exceeding the inner gas pressure with about 

80 atm), while the axial symmetry is preserved. The fuel-clad 

contact is permanent. 

5.3. Model of computation 

The three normal components of the stress and the three 

longitudinal components of the total strain are the only 

different from zero and all these components are functions of 

radial coordinate only. The relations between the stresses and 

strains take into account elastic (given by Hooke law) thermal 

and permanent (creep and swelling or growth) components of the 

strain i.e. 

cr = f[ar " ^(oe + °z)] + oAT + erc ( 5 , 3 ) 

and similar relations for e and e /15/. Here E is the 
9 z 

Young's modulus, p is Poisson ratio, a is the expansion 

coefficient, AT is the difference between local temperature 

and the minimum one, the subscript c denotes a permanent 

strain and a* are the stresses. The code has two options: 
isotrope and anisotrope cases of creep. Since the formalism 

for anisotrope case /16/ requires the krowledge of a set of 

characteristic material parameters and the reported data are 

somewhat scattered, the first option was used here and the 

permanent strain components are assumed to verify the Sodeberg 

equations of the form: 
erc = (eeqc/eeq}K " I(a

0
 + °^ + e*w (5'4) 

and similar relations for e„„a and c„„ where e* are the 

swelling components of the strain, 0 and e e q c
 a re the 

equivalent stress and strain given by Von Mises's theory. 
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The volume is assumed to be unchanged during the creep: 

r y z 

The system of equations formed by the equilibrium and 

compatibility equations and the relations (5.3) are integrated 

over thickness for a given states of permanent strains the 

integration constants being determined by using the following 

conditions: 

re + u = rf " P 
ez = ezf ' Fzf / a 2 (5'6) 

(o r) t, = - Pe - Pc 
e 

where r is the outer radius, p , pa are the contact and 

external pressure, respectively, a and a are the radial and 

axial fuel strengths, respectively, F f is the axial force of 

the fuel and u is the deformation. 

The equivalent permanent deformations t„ have been 
computed from the combination between Norton and irradiation 

creep law: 

e = K.e"Q/KTa l + K_*ma 2(T - 160) (5.7) 
C 1 2 

_2 
and time steps have been halved so that eAt < 10 e^q^ ~ t^' 

A special attention was paid to the fatigue condition. 

In this first approximation the failure occurs when 

the sum 
t=tR At, 

E = I t (T a ) '- 1 (5'8) 

where t is the life which the cladding would have if it 

remained at the stress level a^_ and temperature T,, For this 
t a new correlation based on microscopic theories has been 

assumed /12/. 

With such restrictions, a life corresponding to 9.000 

hours of about 16.000 Mwd/t has been predicted by running the 

code TEDEFT. 

The very high linear power and fatigue, considered 
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above, renders the calculations conservative; a figure 1.5 

times higher would be, eventually, more realistic. On the 

other hand, the power ramps associated to refuelling would 

cause higher stresses via pellet-cladding interactions (PCI). 

The incorporation of PCI effects in the TEDEFT code, now in 

rrogress, will produce a more reliable assessment of the 

maximum burnup, as determined by fuel operating behaviour. 
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