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ABSTRACT

Usually three sources of information about the value of inserted negative reactivity (p) are
used: dynamical experiment with reactimeters, solution of conventionally critical problems,
and dynamical calculation of the process of reactivity insertion with the reactimeter model.
Each of them gives they own estimation of p. The discrepancy beetwen these estimations
could be significant, particularly noticeable in dissymmetric insertion of pertrubation. The
paper discusses origin of problems of estimation high negative reactivity with reactivity
meter. Authors believe that correct method of high negative reactivity estimation have to
include three dimensional dinamic core model for taking to account spatial effect. Moreover,
some special process, such as removal of delayed neutron emitters, change in the fraction of
delayed neutrons, inner source etc.

The determination of the inserted negative reactivity (p) is a classical experimental and
calculation problem. Usually three sources of information about the value p are used:
dynamical experiment with reactimeters, solution of conventionally critical problems, and
dynamical calculation of the process of reactivity insertion with the reactimeter model. Each
of them gives its own estimation of p. If the magnitude of inserted reactivity is small (p<P)
all three values of reactivity are in good agreement When the inserted reactivity value is
much larger than p\ the disagreement between the solution of conventionally critical problem
(CCP), on the one hand, and p values obtained from the dynamical calculation and from the
experiment, on the other hand, can become comparable with its value. The discrepancy is
particularly noticeable in dissymmetric insertion of pertrubation. This problem arises both
for the WER-440 and WER-1000 reactors and in what follows it will be discussed for both
reactors.

Means of some experimental and calculation results can illustrate the aforesaid. All the
calculation data have been obtained using the three-dimensional dynamical code NOSTRA
[8] that is provided with a unit for simulating reactimeter performance.

Fig. 1 displays the experimental data on single CR drop into the core, obtained at the W E R -
1000 at 50% power, and the results of modelling this process. Fig.3 gives the calculation
results of reactimeter readings during the insertion of single CR from to the WER-440 core
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at hot zero power and the results obtained from the CCP solution. It is seen from the results
that there is a reasonable agreement between the data of modelling dynamical calculation and
proper experimental data in the insertion of low negative reactivities even with the feedbacks
acting.

The same reasonable agreement between the experimental data and modelling results also
takes place in the case of insertion of high negative reactivities into the core. Fig.4 shows the
experimental and modelling results for the case of scram rod drop into the WER-440 core
with one CR stuck in on upper limit switch. The experiment was carried out at the Mohovce
NPP-1 at a hot zero power conditions (HZP). Fig.4 also shows the reactivity value obtained
from the CCP solution, which differs significantly from the reactimeter readings and
readings' imitation.

The reactivity value obtained from the CCP solution seems to be, in our opinion, the most
reliable estimate of the inserted reactivity value. Its accuracy is only due to the accuracy of
neutronic constants and reactor core model. The experience gained in performing
calculations makes it possible to assume that in this case the error in the determination of
reactivity value is as low as a few percents.

The dynamical experiments are valuable since they are an independent source of information
on the core properties. However they give a larger error in the reactivity determination using
available methods.

We believe it important to-note the following causes of errors in the reactimeter
performance:

• the information received by the reactimeter as currents from the side ion
chamber (SIC) may not reflect global processes in the core and is of local
character;
• the neutron power value used in the point model does not account for the
neutron flux importance corresponding to the given problem;
• the discrepancy between the delayed neutron characteristics typical of the core
materials and those used in the reactimeter model;
• a significant effect of the initial neutron flux depression in the FA, directly
adjacent to the SIC, on the reactimeter readings;
• the sensitivity of reactivity readings to the errors in the value of neutron flux
decay;
• the effect of the inner neutron source on current values in the reactimeters.

Let us consider some of these causes in more detail.

First we shall analyze the input information received by the SIC. How well does this
information reflect the actual processes occurring in the core?
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To find the answer to this question the process of scram rod drop into the VVER-440 core
was modelled with a single CR stuck on the upper limit switch. In the course of calculation
the decay constant was determined for each calculation prism. In accordance with the view
of establishment of asymptotic decay rate it might be expected that the rates of neutron
density decay in different calculation prisms would be nearly the same with time. Fig.5
shows a histogram of neutron flux decay rates obtained for all the core points by the 1000-th
second of the process. Note that in different prisms a significant spread in the values of
neutron flux decay rates takes place. Besides, there are two local peaks.

For a more detailed analysis of physical purposes for appearance of two peaks on the
histogram of Fig.5, the behaviour of neutron flux in two core subareas was considered: near
the stuck CR and in the area near which is central symmetrical to stuck CR.

The histograms corresponding to these two areas are shown in Fig.6. It is seen that the
neutron fluxes in these two areas have essentially different decay rates. It turns out that the
decay rate in the fuel assemblies adjacent to stuck CR correspond to the reactivity obtained
from the solution of conventionally critical problem. The decay rate of the second peak
corresponds to the scram system worth when no CR is stuck.

It is seen from the aforesaid that establishment of the real asymptotic neutron flux decay rate
common for the whole core is not observed even in 1000 sec of calculation time. This
increases essentially the time of experiments on the determination of scram system worth.
The ion chambers, located at a distance from the stuck CR do not receive information on the
behaviour of neutron field in the core part which is essentially one that determines the
magnitude of inserted reactivity. In view of this the readings of corresponding reactimeters
are not informative. Therefore it is senseless to speak about what worth should be summed
up with the reactimeter readings to obtain the actual value of the scram system worth value.

Let us consider the asymptotic distribution of neutron flux when the scram rods drop, with
one CR stuck. This distribution corresponds to the neutron component of the main
eigenfunction of non-stationary problem and can be obtained from the CCP solution. It is
given in Fig.7 where the fuel assemblies, located on the core diameter drawn via the stuck
CR, are shown. The value function of neutron flux, which must be used in the construction
of core's point model, has the form very close to that of neutron field shown in Fig.7. This is
important since, in the case of CR stuck, the group of FA adjacent to fuel assembly with
stuck CR essentially determines the neutron power used in the point model. The information
on the neutron flux in the FA located at a distance of several rows from the stuck CR does
not practically affect the core's point model. This is another confirmation of the fact that the
reactimeters remote from the cell where CR stuck cannot be used for the determination of
reactor reactivity.
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Now let us come from the consideration of spatial effects to the analysis of features of
solution of the inverted kinetics equation, which lies on the basis of reactimeter performance.
In this connection let us consider the sensitivity of the reactivity value to:

• errors in the neutron currents (I, input information);
• parameters of the point kinetic model used.

The errors in the neutron current value (I) can have the character of fluctuations or be of
systematic nature.

The current fluctuations do not result in any significant errors in the reactivities as long as
their values are smaller than the current itself- This condition imposes a restriction on the
time of experiment performance and depends on the features of equipment work in each
measurement.

Special attention should be given to the error in the determination of the amount of inserted
reactivity depending on the systematic errors in the neutron current.

In the ideal situation the SIC current is proportional to the neutron power:
I(t)=C*N(t)

where N(t) is the neutron power obtained in averaging the core properties with the worth of
importance function of neutron flux; C is the proportionality factor.

The reactimeter works under-the assumption that the said, proportionality factor is time
independent However taking into account the actual spatial position of SIC the latter
changes with time. This change has a "fast" component corresponding to the initial neutron
flux depression near the SIC when the scram system is inserted, and a "slow" one
corresponding to the deviation of neutron flux decay rate in the part of the area adjacent to
the SIC from the asymptotic one.

Neglecting the time of scram system insertion and non-linear corrections it can be written

The effective values of y and 5C depend on the spatial position of SIC.

Fig.8 shows three plots of neutron currents. All of them correspond to the process in the
course of which the scram system is instantly inserted into the WER-440 core, with no CR
stuck. In the first plot the values of initial current depression and the rate of subsequent
current decay correspond to the amount of reactivity inserted. Two other plots are obtained
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in varying 5C and y. The value of 6C vanations corresponds approximately to me maximum
initial depression with the change in the SIC angular position. The value of y corresponds to
the maximum difference of the neutron flux decay rate in the core from the average one.

The reactivity plots corresponding to the above mentioned plots of currents are shown in
Fig.9. It follows from their forms that the initial neutron current depression affects noticeably
the reactivity readings. This effect remains practically unchanged during experiment time.
Varyings of y less affects the reactivity value.

In our opinion, it is these effects that determine the dependence of reactimeter readings on
the angular SIC position, known from the literature.

Fig. 10 displays the reactivity values obtained from its determination by the initial depression
of the value neutron flux and from the reactimeter readings. It follows from the form of the
plots that it is the difference in the initial depression in the FA adjacent to the SIC that
decisively affect the reactivity value.

Another kind of problem of reactivity measurements is the possible discrepancy between the
delayed neutron characteristics typical of the core materials and those used in the reactimeter
model.

For reactivity measurement one needs to use point kinetic equations (1). In this procedure
reactivity value p is obtained from numerical solution of inverse point kinetic equation (IPK)
based on ionisation chamber signals.

CD

dt

Equations presented here are for that case, were delayed neutron emitters are collected at six
groups. Each of that groups has its own decay constant X̂  and the fraction ft. Numerous
researches and experience of reactor calculations have shown that six-group estimation is
enough to characterise thermal reactor with point kinetic model. However, values of {(VsJ
that are parameters for equations (1) influent over correctness of reactivity obtained from
IPK.

As an example, the scram process at the beginning of WER-440 cycle at hot zero power
was investigated. Readings of ionization chamber for that process have been imitated with
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Nostra code. Then reactivity meter model uses IPK has produced reactivity value based on
those readings. To defined influence of delayed neutron parameters on p some sets of
parameters were examined for reactivity meter model. Four sets were examined: standard for
Nostra code and three from [6] - for U-235, for Pu-239 and average for U-235. All
parameters are for thermal neutron fission. It is necessary to note, that Nostra set and both U-
235 sets are coincident for ^ values; values of P; fractions are presented on Figs. 13,15,17.

Results of reactivity calculations with different parameter sets are presented on
Figs. 12,14,16. Each figure contains data of two reactivity meters - from detector near stuck
control rod and from the most y^aJieHHoro. One could see that parameter variation lead to
differences of reacdtivity values - 5-7 % for U-235 sets and -20-25% for Pu-239 set.

It is suppose that the most valuable error caused by delayed neutron data rises from error of
calculation of the steady-state emitter concentration. The influence of the steady-state emitter
concentration is illustrated with the next example. Ionization chambers' signals are the same
as in previous calculations, but the calculation of steady-state emitter concentration carry out
with delayed neutron data used in NOSTRA 3D model. Then, after rods drop down reactivity
meter model use Pu-239 set of parameters. The results of this calculation are presented on
Fig. 18, that one need to compare with Fig. 14. In this case of correct steady-state emitter
calculation we have reduced the reactivity error more than twice. For parameter sets that
coincident for X; the correct steady-state emitter calculation could almost exclude reactivity
error - from - 7 % to 1 % for U-23 5 set.

It is interesting to note that possible error in whole delayed neutron fraction Pe(r almost not
influent over reactivity result, but only in case of measuring reactivity in dollars ($).

Note a design feature of CR of the WER-440 that essentially affects the determination of
CR worths. This feature consists in that the WER-440 CR has not only neutron absorbers
but also fuel part. As the neutron absorbers are inserted into the core, the fuel parts are
removed together with the delayed neutron emitters. Mechanical removal of about 10% of
delayed neutron emitters from the core results in a significant acceleration of neutron flux
decay rate and increase in the initial neutron flux depression rate. Such mechanical removal
of the delayed neutron emitters from the core is not usually taken into account in the
reactimeter models. The acceleration of neutron flux decay is perceived by the reactimeter as
insertion of excess reactivity.

The account for removal of a part of delayed neutron emitters from the core by the value of
the initial neutron flux depression seems to be the most important. This can be done
introducing an appropriate correction into the reactimeter model. In the reactimeter model
the source due to delayed neutrons must be multiplied by the factor allowing for the process
of delayed neutrons removal ( K ^ ^ ) . This factor can be determined from the solution of a
special problem, from which the delayed neutron value in the CR relative to the current value
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in the SIC is determined. In the first approximation it can be taken as function of the
following form:

K =

(\-a),r>tl

where a is the fraction of fuel removed during the scram rod drop.

Fig. 11 presents the reactivity plots corresponding to the insertion of scram system into the
VVER-440 core with the single CR stuck on the upper limit switch and then was inserted
into the core in 20 seconds upon the scram system drop. Both plots were built by the SIC8,
the nearest one to fuel assembly with suck CR (Fig.2). The first plot corresponds to the
reactimeter model, which does not allow for mechanical removal of delayed neutron
emitters. The second plot corresponds to the reactimeter model containing the correction for
neutron removal according to formula 1. Fig. 11 gives the reactivity value obtained from the
CCP solution. It is seen that the account for neutron removal approximates essentially the
reactivity values obtained from the CCP solution and in the course of modelling dynamical
calculation.

The analysis performed in this paper makes it possible to make some practically important
conclusions relative to the determination of amount of high negative reactivities.

• Currents in the SIC and the rates of their decay depend essentially not only on the
proper amount of inserted reactivity but also on the spatial locations of SIC and scram
rods with respect to each other.
• Asymptotic values of decay rates are not established for the time's characteristic of
experiments on the determination of scram system worth.
• Different values of the initial neutron flux depression near the SIC decisively affect the
difference in reactimeter readings.
• In the determination of high negative reactivities various physical processes, such as
removal of delayed neutron emitters, change in the fraction of delayed neutrons, etc., must
be correctly accounted for.
• Delayed neutron data used in reactivity meter model influent on the result of reactivity
measurements.

The listed features of the problem on determination of scram system worth complicate
significantly the procedure of bringing the calculation and experimental results to agreement.
The circumstance, which permits a constructive mechanism of reaching agreement between
the calculation and experiment to be developed, is that the data of modelling dynamical
experiment and experimental data agree reasonably well. The difference fits in the
uncertainty of the physical model parameters, which can be refined by the experimental data.

475



The following procedure for estimating the scram system worth can be proposed- Refining
the calculation model of the core can be made in the process of minimization of the square of
the discrepancy between the calculation (3D dinamical) and experimental values of
reactivities by means of choosing the CR worths and neutron kinetics parameters. Upon
refinement of the calculation model parameters the reactivity value can be obtained from the
CCP solution.
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Figure 7. Distribution of the main eigenfunction for non-stationary problem, core
diameter drawn via the stuck CR.

482



100

0.01

0.001

100 120 140 160 180 200

tme.s

Figure 8. loaisation chambers signals during scram process.
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2 - with exponent's shift;
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Figure 11. Effect of mechanical removal of delayed neutron for scram at VVER-440.
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Figure 12. Reactivities calculated by inverse point kinetic equations with Nostra and
U-235 delayed neutron constant sets

0.5

0.4 -I

0.3

0.2

0.1

• betta - Nostra

• holla . 11-535 I

0.219 „ ,
M 0.192 0.196 O-2

0.033 0.032

n
it

1
i

0.395 „ ,

1
1
1

•P

1
1

an

m

m
i

0.134

• H

IRi
• 1 3 4

groups
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Figure 14. Reactivities calculated by inverse point kinetic equations with Nostra and
Pu-239 delayed neutron constant sets
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Figure 16. Reactivities calculated by inverse point kinetic equations with Nostra and
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Figure 18. Reactivities calculated by inverse point kinetic equations with Nostra and
Pu-239 delayed neutron constant sets with correct steady-state emitter calculation.
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