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INVESTIGATION TO DETERMINE THE

ABSOLUTE SENSITIVITY OF RH S P N D S

F. Adorjan*, S. Patai Szabo**, I. Pos"

ABSTRACT

The goal of the work was to find an empirical sensitivity function of the Rh SPNDs
used in WER-440 reactors and to investigate the accuracy and adequateness of
the detector signal predicting capability of the associated model. In our case the
model was based on the HELIOS . transport code and the
C-PORCA nodal code. A statistical sensitivity analysis versus some selected
parameters (e. g. enrichment, burn-up) has been carried out by using a
substantial amount of measured data. We also investigated the stability of the
electron collecting probability of the detectors versus their burn-up and other
parameters with the aim of obtaining a tuned semi-empirical formula for the
detector burnup correction.

INTRODUCTION

One of the basic goals of the work has been to determine the basic statistical characteristics of
the DPZ-IM type Rh SPND in-core detector readings in our VVER-440/213 type reactor. The
basic parameter to determine was the absolute sensitivity of the detectors and, naturally, its
accuracy. To this end we collected the measured SPND detector signals from four refuelling
cycles (cycles 7 through 10) of the Unit 4 of the Paks NPP. The reference to compare with the
measured detector signals were obtained by detailed reactor model calculations. It is well
known that this task is not too simple, taking into account the rather complicated spectral
behaviour of the neutronic cross section of the Rh. Thus the absolute sensitivity of the Rh
detectors can be represented as some effective thermal and epithermal cross section of the
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detectors (derived taking into account its real geometry) and an average electron escape
probability. There is also such known approach where two different electron escape
probabilities are used for the electrons induced by thermal neutron absorption and for those
induced by epithermal neutron absorption [3].

In our case we applied the HELIOS/C-PORCA computational model to predict the Rh
reaction rates in the individual detectors, taking into account their depletion also in the
calculational model. Therefore the predicted detector reaction rates could be compared
directly to the measured detector currents.

Performing an appropriate statistical analysis on the detector signals in themselves as well as
on the ratios mentioned in the previous paragraph, we were able to evaluate both the quality of
the measurements and the quality of the reaction rate prediction capability of the applied
model. Unless the calculational model contains some systematic error, the average of the
ratios of the measured currents and the predicted reaction rates is nothing but the characteristic
electron escape probability of the given detector type. This is true, however, only if this ration
has no systematic dependence on any of the basic parameters (e. g. the burnup of the
detectors, the neutron spectrum, etc.). Therefore it is also very important to investigate these
dependencies.

METHOD

Measurement handling

The complete set of measured data used in this study consisted of the recorded measured data
from the Unit 4, cycles 7 through 10, in the form of HARACS format files from every 30
EFPDs of the cycles. We have also used the cycle-long archive file (with 15 min resolution)
of the VERONA-u system for the cycle 10. The individual axial position data of the detectors
and the loading patterns of the cycles served as auxiliary data for the evaluation.

The validity of the measured SPND data were re-evaluated. To this purpose we applied a
special least squares fitting [I]. If we denote the average measured axial distribution with a 7
element vector v and define a 36 element vector a as normalizing factors for each of the
SPND strings, we can obtain these two vectors from the least squares equation:
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where d|y=l, whenever the measured current Ii} is valid, 0 otherwise; and / ;=1, if the string /
contains any valid detector, 0 otherwise. It can be shown that the above equation can be
solved by fast converging iteration [1]. When the vector v and a is determined, we can
determine an average variance for each of the 7 detector elevation layers as
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and using that we flag a measurement lVj as invalid if

max max > C

where C is a prescribed constant, corresponding to a sufficiently high confidence level
according to the Student distribution. Note, that we applied such an algorithm, that in one
iteration step of this signal validation only the detector showing the most deviating Student
fraction was discarded and this iteration was continued until no detector satisfied the above
condition. This iterative approach has shown a much lower rate of judgement errors of both
the first and the second kind, compared to the more traditional method of regarding invalid all
the detectors satisfying the above condition in a single step. In our case we used the value of
C=3.1, corresponding to 0.99 confidence level.

The detector readings were corrected to according to their compensation cables by using
spline technique. For the sake of signal validation all the detector readings were shifted to the
nominal elevations of the detector layers, but the comparison of the real detector signals the
predicted detector signals were made corresponding to the actual detectors positions.

To compare the detector signals with predictions to fresh detector signals, the integrated
currents of each of the detectors according to the prediction model were used, since the these
were more accurate than the integrated measured currents. Note, that this method needed the
characteristic electron escape probability, which is one of the results of this work.

Calculational method

The calculation of the predicted reaction rate inside the detectors is based on a function
describing the ratio of the local fast flux and the Rh reaction rate. To this end we needed two
steps:

• to determine the local fast flux values at the assemblies and axial nodes where the Rh
detectors reside using the C-PORC A code;

• according to the detailed 2D geometry within the node determine the reaction rate in the
Rh wire at the center of the assembly by using the HELIOS code.

On this basis we could obtain the ratio of the average fast flux in the node and the reaction
rate of the detector at its center. Based on these values this ratio can be parametrized
according to the major parameters (e.g. burnup. Xe, temperature etc.) and used later like the
other group constants. The assembly model for the HELIOS code was also analogous to that
of the group constant calculations [4], except that the vicinity of the Rh detector was modelled
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in more details and the Rh wire itself was divided into four concentric layers. Thus we obtain
the Rh reaction rate as

where rc is the calculated Rh reaction rate (multiplied by the charge of a single electron),

(fiP\s the nodal fast flux from the C-PORCA code, and Sf(E,B,CB,Tm,Tf,w) is the

conversion function as a function of the enrichment, bumup, Boron concentration, moderator
temperature, fuel temperature and the local power rate. The detector current is related to the
reaction rate as

where ic is the calculated detector current, J3(G) is an empirical function describing the
weak dependence of the electron escape probability as function of the integrated current or
total delivered charge of the detector, and J3X is the characteristic electron escape probability
of the detectors, which is assumed to be a constant

To be more accurate we need to take into account the detector depletion it the sensitivity
function determination, as well. To this end we assumed the generally applied empirical form
of this dependence:

rc = tfP •Sf(E,B,CB,Tm,Tf,w)-(l-T?-G)a

where a and i\ are empirically fitted parameters which were determined by using the multi-
layer HELIOS calculations, thus the non-linearity of this dependence come purely from the
self shielding effects of the detector. By fitting the above form to our calculated results we
obtained the

a ^0.55 and 77 = 0.00262[l/C]

values. Note that these parameters take only into account the change of the spectral self-
shielding effect of detectors.

Having the necessary sensitivity functions we performed a series of basically standard
C-PORCA calculations from the cycle 4 of Unit 4 until the cycle 10, with 30 EFPDs bumup
steps. In these calculations in addition to the standard fuel burnup evaluations we also
evaluated the predicted detector currents and the detector depletions. At the cycle breaks we
took also into account the appropriated SPND changes. As a result of this calculations we
obtained the necessary predicted detector reaction rates for the cycles 7 through 10,
comparable to the actually measured detector readings.

Statistical analyses

As we stated above, the main parameter to investigate statistically was the ratio of the
measured detector current and the predicted reaction rate of the detectors. We determined this
parameter for each of the valid detectors, determined its average to several selected subsets,
including the overall average. These averaged values were determined at every burnup step, as
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well as they were averaged over every refuelling cycle. The subsets of different detectors were
defined as follows:

• the detector strings,
• the detector elevation levels,
• the axially central 3 through 5 detector layers,
• the detectors matching a spacer,
• the detectors between spacers,
• the detectors in assemblies of 3.6% and 2.4% enrichment.

RESULTS

The investigation produced an extensive amount of results, but here we need to restrict
ourselves to the most characteristic graphs and tables. The results in full detail are described
in the final report of the investigation [4]. In Fig. 1 we can see a typical distribution of the
measured and predicted detector current ratios (M/C ratio). It is notable, that the half width of
the distribution for the central part of the core is not significantly smaller that the same
parameter for the whole set of detectors.
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Figure 1 The distribution of the measured/predicted detector currents (M/C ratios) for
Unit 4, cycle 10. (The continuous line shows the distribution for all of the detectors,

while the bars drawn with dashed lines for the detectors of layers 3-5)

One of the goals of the investigation was to seek dependencies of the measured/predicted ratio
on some parameters. An the basis of the available data, we could only determine a systematic,
though slight dependence of this ratio on the bumup of the surrounding fuel. This suggests
that the sensitivity function we used could not take into account this effect well enough. The
typical dependence is illustrated in Fig. 2. Note, that we could not observe any systematic
dependence of the M/C ratio on the detector burnup, and this means that major effect of the
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non-linearity of this effect is due to the spectrally inhomogeneous self shielding effect, which
we took into account accurately through the HELIOS calculations.
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Figure 2 The M/C ratios as the function of the burnup of the surrounding fuel.
(Unit 4, cycle 9)

As the average M/C ratio is equal to the characteristic electron escape probability of the given
detector type, it is of major importance. Table 1 summarizes these results for each of the
refuelling cycles and for the whole set of data.

Cycle

7

8

9

10

I0/archive

Overall

Average M/C = (5

0.4191

0.4258

0.4267

0.4319

0.4354

0.4273

Error of p[%]

0.09

0.10

0.08

0.08

0.07

0.045

The variance of the
M/C ratios [%]

4.26

4.83

3.75

4.10

3.44

4.45

Table 1 Estimation of the electron escape probability
(In the overall evaluation for cycle 10 we used the VERONA-u archive data)
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The detailed results of the dependency on the fuel burnup is presented in table 2.

Cycle

7

8

9

10

10/archive

Common
regression

Slope of burnup
dependence [kg/MW/days]

-3.224e-4±10.6%

-3.334e-4 ± 12.0%

-2.067e-4±15.0%

-2.620e-4±13.0%

-2.036e-4 ± 14.0%

-2.566E-4 ± 6.90%

Zero burnup value

0.424910.17%

0.4318 ±0.19%

0.4303 ±0.15%

0.4366 ±0.16%

0.4391 ±0 .13%

0.4317 ±0 .08%

Table 2 Regression results of the fuel bumup dependence of the M/C ratios

Note, that the zero bumup value obtained from the common regression can be regarded as the
most accurately evaluated characteristic electron escape probability of the given type of
detectors.

SUMMARY

The most important result of the work is that the absolute sensitivity (the electron escape
probability) of the Rh SPN detectors can be determined with substantially high accuracy by
this method. It is also important that this sensitivity does not depend significantly on the
detector depletion in excess of the semi-empirical formula.

This analysis also has proven that by using the characteristic electron escape probability value
and the predicted reaction rate, the delivered charge of detectors can be determined much
better and easier from the calculations than from the measured currents.

The on-line comparison of the measured and the predicted detector currents can provide
information for the core monitoring, independent from the core outlet measurements,
promising direct detection capability of core flow anomalies.
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