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ABSTRACT

In connection with methodological improvements of safety analyses, some effects of
detail power distributions, that should be taken into account for the hot channel characteristics
determination, have been studied. This determination concerns the whole channel power
(power of the fuel rod) and its axial (along the channel) and radial (across the fuel pellet
radius) distribution. The total power of the channel is studied from the point of view of
possible restrictions for different numbers of main cooling loops in operation. For radial
power distribution the effect of burnup has been studied and for axial distribution the effect of
the control rod vicinity (its coupler part) has been evaluated. The DNBR and fuel temperatures
have been the key safety parameters influenced by these hot channel characteristics and have
been evaluated in this study.

INTRODUCTION

Implementation of new fuel cycles with a significantly higher utilisation of the fuel
(higher burnup) requires also the higher accuracy of description of processes, that occur in the
fuel during normal operation and during anticipated transients and accidents as well. One of
key models used in safety analyses is the model of the hot thermnal-hydraulic channel. The
fulfilment of given acceptance criteria is checked for different events through this model.

The total power of the channel, axial power distribution (along the channel) and radial
power distribution (across the pellet radius) belong to the key characteristics of the hot
channel.

There is sufficient information about the total hot channel power at present time.
Slightly opened question is the determination of the total channel power for different numbers
of cooling loops in operation and for lower power levels (even if in principle the same single
value corresponding to the nominal power can be used; of course, it should be confirmed, that
this value will not be exceeded in any operation state). One of the possible approaches how to
solve this problem will be presented here.

A question of axial power distribution occurred in connection with the detailed
3-dimensional calculations of power distributions (see for instance [), which show high
power peaks in boundary fuel rods near-by the partly inserted control assembly (an influence
of the joint between fuel and absorber). The possible impact on DNBR minima of such axial
distribution for hot channel in comparison with uniform and typical beginning of cycle (BOC)
or end of fuel cycle (EQ power distributions is illustrated in this paper.
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During some transients the specific power distribution across the fuel pellet radius call
play more significant role. The impact of such power distribution is either on maximum fuel
temperature, or on minimum DNBR with possible consequence for the time point, at which
the crisis boiling can occur. This effect will be shown for chosen events.

TOTAL POWER OF A HOT CHANNEL

The total power of a hot channel is usually determined as the product of average fuel rod
power and hot channel factors (engineering coefficients). The basis is then the total enthalpy
rise hot channel factor compound of partial components as the calculational peaking factor
(typically 1.55) and the enthalpy rise engineering hot channel factor (including mechanical,
material and calculational uncertainties). The total enthalpy rise hot channel factor is usually
determined for nominal power at 6 loops operation (typical value 1.85).

When the licence analyses are performed for initial states different from nominal power
with 6 loops in operation it is necessary to define hot channel characteristics by appropriate
way. It is possible, in principle, to use the values for nominal state, but such values may not
correspond to values at lower power levels and lower number of circulating loops in
operation. Such states are accompanied by a lower power level from one the one hand, but by
higher power peaking factors on the other hand, especially when deeper insertion of control
assemblies is allowed. This fact can be respected by the release of the total enthalpy rise hot
channel factor according to the following expression:

where

F1H' (N) - the total enthalpy rise hot channel factor for power N,
FA'- the maximum of the total enthalpy rise hot channel factor for nominal power,

F6- a factor enabling to release the total factor value for lower number of loops in
operation than 6,

f"d- a trend enabling to release the total factor value for lower power levels than N1 ,,
N a - values of a assumed power and the permitted power for given number of

loops in operation.

The actual parameters of fuel cycle have to meet the following condition:
FAH (N FAH' (N).

The maximum of the total enthalpy rise hot channel factor for nominal power can be
written as a product:

F41nI rn... (2)

where
P,,`- maximum calculational value of the relative fuel rod power (typically 1.55),

Fn,- total enthalpy rise engineering hot channel factor including mechanical, material
and calculational uncertainties (typical value F,[, 1, 19).
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Assuming the same value of Pc,,,, for all combinations of cooling loops in operation and
whole range of permitted powers, the expression () can be applied by similar way to
calculational values of the relative fuel rod power.

To obtain the real values of F<6 and f~ it is required to save a margin to DNBR for
lower number of cooling loops in operation not less than in the case of 6-loop operation and
furthermore it is required to assure, that any event from category of transients initiated at
arbitrary power level from permitted extent will not lead to exceeding of DNBR, (correlation)
limit.

Because expression (1) is intended to be used mainly for the description of the hot
channel in conservative safety analyses. the minimal coolant flows through the core are
applied for given number of loops in operation. The values of coolant flow through the core
and corresponding maximal power levels are as follows:

36270 m3fh and 100 % of nominal value for 6 loops,
29936 m3/b a 82 % of nominal value for 5 loops,
25203 m3Ih a 66 % of nominal value for 4 loops,
18292 m3/h a 49 % of nominal value for 3 loops.

Further paramneters; have been represented by variations of their values in a characteristic
range: Inlet coolant temperature 260 and 270 C, coolant pressure 9,4 and 12,4 MPa. Axial
power distributions correspond to typical BOC and EOC conditions (see Fig. 1). The DNB3R
correlation used is PG [2] with correlation limit 1,125 according to [3].

Determination of the F<6 and f~ proceed in two steps:

. Determination of the F46 on the basis of the F,5U'n values, that correspond to such hot
channel FsH, for which just the value of correlation limit is reached, while reactor power is
equal to the maximum permitted value for given number of loops in operation. Results of
these calculations gre shown on Fig. 2. It is useful, for determination of the F<6 parameter,
to give these results in the form of the ratio: values for 6, 5, 4 and 3 loops in operation to
values for 6 loop opertion - see Fig. 3. From this figure the margin to correlation limit in
comparison with 6 loop operation can be evaluated. It follows that the margin can be
expressed as a factor 1.10 for 5 loop, 1.32 for 4 loop and 1.68 for 3 loop operation. These
values can represent the factor F46 directly, or based on them the ,,bounding" value can be
chosen - in this case 1.10 as the minimum for all variants.

2. Determination of the ftmd on the basis of the requirement not to exceed the value of the
correlation limit DNBR in the whole region fom zero power to power level setpoint for
reactor trip (assmed 112 % of the maximal permitted value for given number of loops in
operation). Margin to DNBR correlation limit for the total enthalpy rise hot channel factor
value of 1.85 (maximum power, bounding value of 1.1 for less than 6 loop operation) is
illustrated in the Fig. 4. Conservative choice for fd, unified for all variants of loop
operation, leads to value of 0,2.

Using the values for the F,6 and f~, parameters obtained above, the expression ()
takes the form:
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F,1"(N) I,85x(I+0,2x(l-NN,,rrn)) for 6 loops in operation, or

Fall` (N) 2,035x(1+0,2x(l-NIN,,rm)) for 5, 4, 3 loops in operation.

Such release of the Em creates some space for increasing of power peaking factors at
lower powers and ower number of cooling loops in operation. This release, when applied to
safety analyses, make possible to check simply the validity of their results, when initial
conditions are changed, especially when permitted band of control rod positions needs to be
changed. The described restriction is one of the requirements applied to permitted control
grou insertion.

SPECIFIC AXIAL DISTRIBUTION INFLUENCED BY V[CINITY OF THE
CONTROL ROD JOINT

This effect has been discussed in detail (including experimental study) in the paper of
Aborina at al presented in 1 ]. The following study is performed on the basis of MOBY DICK
calculations (Dukovany NPP - [41). The effect of ,special" axial power shapes can be
illustrated for steady state case in the form of DNBR minima as a function of a TH channel
power.

Initial data are chosen conservatively for DNI3R (coolant parameters), analysed case is 6
loop operation. Typical axial power shapes used for safety analyses correspond usually either
to the beginning of cycle (BOC), or to the end of cycle (OC), or to the uniform distribution -
see Fig. 5. On the contrary, the vicinity of the control rod joint leads to the specific axial
power shape with sharp maximum in this region (Fig. 5). From this figure it is also seen the
positive effect afler introducing Hf plates in that region. Calculations of DNB3R minima show
(Fig. 6) the differences in reaching the DNBR (correlation) limit which is caused only by the
axial power shapes. Taking into account only corresponding distributions (omitting BOC case
as not limiting), then interval of these differences is - 5-7 kW in channel power - this
represents appr. 6-8 % in channel power. It should be mentioned, that the case, when the
control group is nearly withdrawn from the core, can cause more adverse conditions than
deeper insertion - see Fig. 6 (without Hif 2 curve). It is clear, that in conservative safety
analyses such effects are not negligible and they should be taken into account. But the future
constructions of the follower-control assembly joint may significantly improve these
unfavourable effects.

DETAIL RADIAL POWER DISTRIBUTION ACROSS THE FUEL ROD
RADIUS

The characteristic form of the power distribution across the fuel pellet and increasing
power peaking with increasing burnup are well known. Typical curves are shown in Fig. 7.
The main consequences of such power distributions are different fuel temperature
distributions (even in steady state conditions) and different DNBR conditions during
trnients. The inadvertent control group withdrawal case from full power and control
assembly ejection at zero and full initial power were chosen to illustrate expectable range of
differences. Results can be seen from Fig. 8 through Fig. 14. In all cases the uniform
distribution means equal values for each radial layer of the pellet, white the nonuniform
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distribution means step distribution with increased values of the power in outer layer of the
pellet (see Fig. 7). Based on presented results it is possible to conclude that the impact of the
radial power distribution is not so dramatic, but it should not be neglected. On the other hand,
the effect of uncertainties in pellet - cladding gap heat transfer can significantly overlap these
axial and radial power distribution effects.

PURPOSE OF THE STUDY

The basis for this study have been requirements of the Czech State Office for Nuclear Safety
to document in safety analyses following aspects:

- the correct choice of conservative case for number of cooling loops in operation (together
with adequate initial power level),

- the sufficient conservatism in axial power distributions used in safety analyses,

- the sufficient conservatism in radial distribution across the fuel pellet usually used in safety
analyses.

To fulfil the first point by various analyses it was necessary to develop expression (1)
for description of the hot channel total power for different number of loops in operation and
different power levels. As to the points two and three it was shown, that effects of detail
power distributions are not negligible, but their effect is not so dramatic. Nevertheless, if
possible, it is recommended to take them into account in safety analyses.
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Fig. 2: Values of the hot channel F,&l for which the correlation limit (1,125) is reached at
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