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ABSTRACT

In the paper the results of studies of changes in the process of campaign "disturbances"
of local heat flux and local fuel burnup, resulting from the "mechanical" deviations in the
composition and geometrical characteristics of fuel rods from the nominal are given. As
example, the WER-440 fuel assembly with burnable poisons used in the five-year fuel cycle is
considered. The effect of deviations in fuel enrichment, fuel content, gadolinium content and
geometrical size was studied.

In designing and operation of power reactors the fulfilment of the fulfilment of the
restrictions on the reactor parameters, which are called the design limits, is ensured. This is
verified by modelling the reactor operation under different conditions (levels) of operation. It
should be noted that modelling of reactor operation conditions does not allow the reactor
parameters to be accurately predicted, and the degree of approximation is determined by three
factors:

- deviation of the reactor characteristics from the designed parameters during the
operation due to the errors of measuring instruments and the sluggishness of the control
system;

- deviation of the composition and size of the core structure elements during their
manufacturing;

- methodical errors of the calculation codes used.

The study of the nature of the above deviations and errors permits one to make the
conclusion that in most cases, which are of practical interest the deviations and errors are of
random and obey the statistical laws. The deviations and errors are accounted by correcting the
calculation results in such a way that the probability of violation of the design limits would not
exceed the rated value. At present, in the connection with the transition to the advanced fuel
cycles where high fuel burnups are reached, and in some cases the load-following operation
conditions are stipulated, it is desirable to eliminate the unjustified conservatism and to ensure
uniform protection of the reactor under all the operation conditions. One of the possible
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approaches to reach this uniform protection is discussed in the paper by Voznesenski V.A. et
al, presented "SAFE OPERATION CRITERIA OF NPP WITH VVER AND DESIGN
LIMITS" at the X-th AER Symposium.

The present paper is devoted to the consideration of a narrow problem: account for the
dependence of safety coefficients on fuel burnup. Two parameters are studied: local fuel flow
and local fuel burnup (burnup of fuel pellet). The authors doe not aim to obtain numerical
values of the safety coefficients, which can be use directly in designing. At the given stage the
tendencies to the change in these coefficients are illustrated. The deviations were due to the
change in the fuel composition and quantity as well as in the characteristic geometric size of
the fuel pin, tveg and fuel assembly. A fuel assembly used in the five-year fuel cycle of VVER-
440, containing the gadolinium burnable poison was chosen as the object for studies, the fuel
assembly composition is shown in Fig. 1. The deviations of mechanical properties were
simulated within the tolerances determined in the technical documents and listed in Table 1.
The TVS-M code and kinetic code Kaskad-C-1.5 were used as a tool for the determination of
the safety coefficient.

Table 1. Parameters of fuel pins and fuel assembly

Fuel pin pitch, mm
Fuel assembly pitch, mm
Shroud width across flats, mm
Shroud wall thickness, mm

12,2±0,15
147+0,6

. 145.0.7

\,s*-li

Central channel-lube
Outer diameter, mm
Inner diameter, mm

10,3 ±0,07

Fuel pin and tveg
Outer diameter, mm

Inner diameter of the cladding, mm
Fuel stack height
UO2 mass in the fuel rod, g
UO2 mass in the tveg, g
U enrichment in tvegs, % mass.
Gd2O3 content in tvegs, % mass
U235 enrichment in fuel rods, % mass

Maximum space between fuel pellets
along the fuel rod axis, mm

Q 1 +0,10
' -0,05

_ _ T + 0 , 0 6

2420 ±10
1087 ±22
1077 ±22
4,0 ±0,05
3,35±O,15
4,6 ±0,05
4,0 ±0,05
3,6 ±0,05

2,0

Philosophy of obtaining the safety coefficient is ambiguous and implies different stages
of conservatism. For example, in a "strict" approach the safety coefficients should be obtained
using the statistical methods separately for each reactor point. However it is likely unjustifiably
complicated way, particularly because the statistics of input data is incomplete.
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Let us consider functional X(r, p) limited from above by the designed limit. Here r is

the spatial coordinate, p is set of the parameters whose deviation from the nominal values

(Pnom) is of a random character (e.g., the diameters of each fuel element or the actual

enrichment of each fuel element, etc.).

The safety coefficient Kx is understood as a value-ensuring fulfilment of the inequality

X(r, p")<X(r,inom)-Kx

over the whole reactor volume with the specified probability.

The mechanical safety coefficients can be obtained using one of the variants of the

Limit method whose essence is the following. The above mentioned p are divided in natural

way into homogeneous subgroups Pj consisting of the parameters of the same type. For

example, the fuel enrichment enters one subgroup while the outer diameters of fuel claddings -
the other etc. Let us consider simultaneously the deviations of the parameters of one subgroup
at nominal values of the other subgroups. The deviation of the individual parameter "p" inside
the subgroup p = from its nominal value can increase or decrease the value X, the deviation

increasing and decreasing X being called "dangerous" and "not dangerous", respectively. When
performing calculation studies, the authors aimed at obtaining the "dangerous" combination of

p-parameters inside each subgroup j . For example one fuel pin has the maximum (with the

tolerance) enrichment, the rest of the fuel pins - the minimum one; then another fuel pin has the
maximum enrichment, and the rest of the fuel pins - the minimum one, etc.

In each calculation for the functional X and subgroup of parameters Pjthe value

max , where AX = X(pj) - X(pjnom), and it was assumed that the root mean square
A.

deviation is

1 AX
• = —max-

X 3 X

It should be noted that a™***1 determined in this way is conservatively overestimated,
as it is found from the analysis of deviations of functionals of all the fuel rods while the
restrictions are important for the fuel pins where the functional acquires its extreme value.
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The joint effect of several independent parameters is estimated by the root-mean-square
deviation

The total error with allowance for the methodical error a™eth, which is mainly due to
the error of the calculation model is determined by the formula

,_meth mech

Finally, for ensuring the fulfilment of the relation X(r, p) < X(r, pnom)-Kx with

probability 0,997 it is should be assume

As mentioned above, in the process of fuel burnup the changes in the calculation errors
of two functionals: local power distribution qi[W/cm] and local fuel burnup Bi[MW-day/kg]
and the following mechanical deviations were taken into account".

- fuel enrichment;
- fuel density;
- gadolinium content;
- outer diameter of fuel cladding; .
- fuel assembly pitch;
- thickness of the shroud of the fuel assembly;
- pitch between the fuel pins.

Fig.2. shows the change of values [max — ], in the fuel burnup process, which are

due to five first parameters, the contribution of two last ones is insignificant.
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The similar results for the local fuel burnup [max ] are shown in Fig.3. In both

figures the average fuel burnup of the whole fuel assembly lay off along the X axis.

Correspondingly, Fig.4 and 5 give the dependences of values 3 — — and 3 — - — ,
qi B ,

which allow for the total effect of deviations of the same parameters, which are used in Figs. 4
and 5, on the fuel burnup.

It should be noted that the initial point of the plot shown in fig.4 (at the zero fuel
burnup) is in good agreement with the estimate of the general mechanical errors

mech

- ^ — * 0.08

if the error component connected with the possible two-millimetre axial clearance between the
fuel pellets is estimated by the value

<0.06

mech mech

The difference of the initial values 3 — — and 3—^— are due to the special character
q. B ,

of the effect of deviations in the fuel density on the local burnup. In the calculation of change in
AB

the fuel density on the local fuel burnup the change in the numerator (fission products
B i

produced additionally) is compensated for the change in the denominator (total quantity of
fissile isotope).

On the whole the paper demonstrates the ability of W E R reactor "to forget",
'mitigate" the initial disturbances with time.
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Fig.l. Pattern of fuel pins and structural elements arrangement in the fuel assembly
x - tveg fuel enrichment
e - gadolinium
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Fig.2. Variations in the relative deviation in the linear heat flux during the fuel cycle

* - fuel enrichment;
•*• - fuel density;
* - gadolinium oxide content in the fuel;
S3 - outer diameter of fuel cladding;
* - fuel assembly pitch

577



0 6 12 18 24 30 36 42 48 54 60

0.004

0.002 —

Fig. 3. Variations in the relative deviation in the local fuel burnup during the fuel cycle

* - fuel enrichment;
"*• - fuel density;
* - gadolinium oxide content in the fuel;
H - outer diameter of fuel cladding;
* - fuel assembly pitch
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Fig.4. Variations in the total relative deviation in the linear heat flux

during the fuel cycle
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Fig.5. Variations in the total relative deviation in the local fuel burnup
during the fuel cycle
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