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METHODOLOGICAL ASPECTS OF THE METROLOGICAL SUPPORT FOR THE
DETERMINATION OF THE COMBUSTION OF THE PROCESSED NUCLEAR FUEL IN
THE PROCESS OF OVERLOADING

The article deals with the issues of metrological support of methodology for controlling burn-out of
spent nuclear fuel in real time during congestion. The peculiarity of the technique is that for calculating
the burnout, no preliminary knowledge of the initial enrichment and holding time is required. The sources
of error, the stages of information processing, which can lead to the appearance of an additional error are
determined. The analysis made allowed estimating the errors of determination of burn-up and suggest ways
of reducing the error. On the basis of the results obtained, a technique for controlling the burn up of spent
nuclear fuel in real time during maintenance service is proposed. The peculiarity of the technique is that
for calculating the burnout, no preliminary knowledge of the initial enrichment and holding time is
required.
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Statement of a problem. In accordance with safety rules, a conservative approach to justify
nuclear safety in storage and transportation of nuclear fuel at nuclear power plants can be removed if
there is control over the burnout of irradiated nuclear fuel [1].

The use of the burnout control system for irradiated nuclear fuel makes it possible to really
monitor the state of nuclear safety while storing and transporting nuclear fuel, and to reduce financial
costs when handling fulfilled nuclear fuel (FNF). At the same time, the decrease in financial costs is
due to an increase in the loading of irradiated nuclear fuel into the existing equipment (container for
FNF, transport containers) or design of new equipment for FNF without taking a conservative
approach to justify nuclear safety.

Combination of burnout control of fulfilled assembly allocating warmly (FAAW) in real time
with transport and technological operations will allow to increase the operational efficiency of the
nuclear power plant, by increasing the utilization factor of the installed capacity [2]. Currently, there
are no such systems for monitoring the burn-up of spent nuclear fuel in real time during transportation
and technological operations at nuclear power plants. Taking into account the above, it can be
concluded that there is a need to create a system for controlling the burnout of irradiated nuclear fuel,
which allows reducing the measurement time, increasing the safety and efficiency of operating the
nuclear power plant.

The basic part. To solve this problem, we proposed to use measurements of the gamma radiation
of AAW [3]. The justification of radiation methods for monitoring the state of nuclear fuel in real
time during congestion is given in [4]. A description of the system that realizes the measurements
during the conduction of the overload and its main elements is given in [5 - 7], and the results of
measurements carried out at the Zaporozhye nuclear power plant using the prototype system are given
in [8]. The system contains several measuring channels, including a detector and a multichannel
amplitude analyzer with accompanying electronics [9].

On the basis of the results obtained, a technique for controlling the burnup of spent nuclear fuel
in real time during maintenance service [10, 11] is proposed. The peculiarity of the technique is that
for calculating the burnout, no preliminary knowledge of the initial enrichment and holding time is
required.

However, in presentation of methodology and in other publications devoted to the solution of
the problem controlling the burnout of spent nuclear fuel in real time, the issues of metrological
support and analysis of the results obtained remained on the sidelines. The purpose of this article is
to eliminate this gap.

For further consideration, we briefly outline essence of the methodology. The procedure
consists of a sequence of operations to measure and process the results below:
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- determination of the holding time using ratio of measured gamma radiation intensity of 137Cs
to integrated intensity of gamma radiation;

- estimated burnup calculation (BU) of controlled FAAW on 137Cs, determination of the error
ABU of the obtained burn-out value;

- determination of ratio intensities gamma radiation of isotopes 134Cs, 137Cs by the time
reactor is shut down based on the obtained time of exposure;

- estimation of initial enrichment of AAW, based on the estimated burnup calculation of the
controlled FAAW and the value of ratio gamma radiation intensity of the isotopes 134Cs, 137Cs (I
(134Cs) / 1 (137Cs)) at moment shutdown of the reactor;

- determination of the burnout controlled AAW using the ratio of gamma radiation intensity of
the isotopes 134Cs, 1137Cs and the initial enrichment value;

- determination of the error ABU of the obtained burnout value of the controlled AAW.

The analysis of the technique makes it possible to determine the sources of error, the stages of
processing information, which can lead to the appearance of an additional error. Such an analysis
makes it possible to estimate the errors in determining the burn-up and take steps to reduce them.

In practice, all known methods, including those described for determining burn-up, use
empirical dependencies obtained on the basis of measurements at nuclear power plants, while a part
of fuel assemblies is taken as exemplary. And for calculating the calibration dependence, calculated
data on the burnup depth are used. Calculation of burnout can be carried out with the use of more
complex software, which in the practice of operating nuclear power plants are not used. The
measurement procedure for constructing the calibration curves corresponds to the standard procedure
for measuring fuel assemblies.

Thus, the following main dependencies used in the control of burnup AAW in real time were
obtained [1]:

- dependence of the ratio measured intensity of gamma radiation 137Cs to the integrated
intensity of gamma radiation and the time of exposure to fuel assemblies (Fig. 1);

- set of the same dependencies of the ratio intensity of gamma radiation isotopes 134Cs, 137Cs
(I (134Cs) / 1 (1137Cs)) at the moment of shutdown of the reactor from burnup for each initial
enrichment value (2, 3, 4%) (table 1);

- dependence of the gamma radiation intensity of the 137Cs isotope at the moment of reactor
shutdown from burnup for all enrichment values (fig. 2).
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Fig. 1. Dependence of the ratio
measured intensity of gamma radiation
137Cs to the integrated intensity of gamma
radiation and the time of exposure to fuel
assemblies

Fig. 2. Dependence of the gamma radiation
intensity of the 137Cs isotope at the moment of
reactor shutdown from burnup for all enrichment
values

With this approach, the error in determining the burnup depth is determined from the set of
error estimates performed during calibration of the system in the laboratory, statistical error of the
measurements and errors of calibration dependences (an estimate of the aging time and enrichment
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and determination burning dependence on the intensity of intrinsic gamma radiation of 137Cs and the
ratio of the intensity of gamma radiation isotopes of gamma radiation 1 (134Cs) / | (137Cs)).
Table 1
Relations describing dependence of measured intensity gamma radiation isotope or ratio of
gamma-radiation intensities isotopes from burnout

Isotope Expression
137Cs I mes = (2,0917 +0,167) BU
134Cs/137Cs, enrichment 1,6%, 2% s (134 C8) /1 s (137 Cs) = (0,0608 + 0,0116)BU

134Cs/137Cs, enrichment 3%, 3,23%, 3,3% s A3 ey s 337 cs) = (0,0479+ 0,002)BU

134Cs/137Cs, enrichment 4,23%, 4,4% s 334 o)1 e 337 cs) = (0,0410 +0,001)BU

The error of calibration dependences is determined by systematic error of burnout data used as
control AAW and the error due to statistical measurement errors during calibration.

The error in calibration of spectrometer is mainly determined by the error in determining the
recording efficiency at peak of total absorption in real measurement geometry and in the case under
consideration will be determined by the statistical error for a particular energy point on the calibration
curve and error in determining coefficients of equation.

The total statistical error in determining the registration efficiency determined by GOST 26874
IS 7.75% with an error in determining activity of a reference source of 5% (this is a conservative
estimate, because the maximum value allowed by standard documents for a reference source is 3%),
1%, a statistical error of repeated measurements of peak area of 2.0%. Then the error of graduation -
dependence of registration efficiency will be 8.7%.

In this case, the total error (statistical, calibration) of determination of intensity in real
conditions of measurements at nuclear power plants was:

- for line 661 keV 137Cs at best - 8.78%, in the worst case it is equal to 17.3%, in most cases
the error is equal to 9.2%.

- for 604 keV line, 134Cs is at best 10.6%, at the worst 36%, it is usually 11.8%.

- for sum of the 796 and 802 keV lines 134Cs at best - 9.2%, at the worst 36%, it is usually
equal to 10.6%.

The total error in the ratio of the intensity of cesium isotopes without taking into account the
reduction in error due to a decrease in the effect of the error in the efficiency of registration is:

- at best it will be 13.24%,

- in the worst case, 29.0%

- the main value is 14.5%.

The total error in ratio of intensity of cesium isotopes with allowance for the decrease in error
due to a decrease in effect of rror in the registration efficiency (the inaccuracies in determining the
activity of the source and time are compensated):

- at best, it will be 7.94%,

- in the worst case, 29.0%

- the main value is 9.91%.

However, the results obtained from our point of view do not meet the needs of the system.
Because simple deviations are very small and this creates a false impression of very accurate results.
But if you analyze variance variances, you can get useful information about the main sources of
errors.
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Fig. 3. Dependence of the ratio of activities 134Cs and 137Cs on time of aging and burning out.
Surface - calculated values obtained during simulation simulation; points on the surface -
experimentally obtained values; Vertical segments are the standard deviation of experimental values
from calculated values

Such an analysis shows that the mean deviation of the time definition is very small, but a very
large variance in the distribution of errors. This leads to the fact that there is an increase in the error
of determination burnout on basis of ratios, since at a typical aging time of several years the error of
several percent in the determination of the exposure leads to a large error for 134Cs with a small half-
life. But at the same time this is less reflected in 137Cs.

The analysis of the obtained empirical gauge dependences for the ratios (I (134Cs) / 1 (137Cs))
showed that they practically coincide with the theoretical values considered in [4] and [10, 11] on the
basis of [14] (see Fig. 3).

It should be taken into account that these dependences are the basis for calculating the burnout.
This allows us to make an assumption about another version of the analysis and interpretation of the
results. An approach was proposed that is based on the application of information theory, for example,
for numerical evaluation of the results of chemical analytical studies, evaluation of simulation results
in the analysis of complex systems [15, 16].

On the basis of the results presented in [16] for statistical evaluation of hypothesis that the
collection of experimental data differs slightly from that which, under some theoretical law, a test for
compliance can be made using the parameter y2. In the method 2, as a measure of the deviation of
the experimental points from the expected values, the sum of squares of deviations from the assumed
dependence is assumed.

The procedure for using %2 is as follows:

1. The assumption about the dependence connecting burning out and the relation of activities
for each enrichment is put forward.

2. The value of y2 is determined for each sample (enrichment, statistical error, number of
experimental points). When calculating y2, the difference between the expected theoretical burn-up
value and the real

3. The obtained value of %2 is compared with the normalized tabular value for a given
confidence probability. Usually take 0.95.

If the obtained value of y2 is less than the norm, then we can say that at a given level of
confidence, the hypothesis accepted for the quality of the hypothesis describes the experimental data

4. The procedure can be repeated after removing the "misses™ (obvious errors).
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The value of parameter y2 is determined for different enrichment values and statistical error of
measurement.

The typical error should be no worse than 10% (see above - 9.91%), therefore this value is used
as the main one. The achievable error is 8%. Therefore, the verification is carried out for this value.
It is more correct to carry out a calculation with the substitution of an individual experimental value
for each observation. But it is very cumbersome - it's very simple to make a mistake. If you need to
do this, it will take two days. But usually when testing hypotheses take any one value, usually
specified in the regulatory documentation.

To calculate %2, we use the formula from [16]:

2
XZ _ %[ Yiske _Zyimeop] . 1)
i=1 Oj

In our case, it is difficult to determine what the current value, experimental and theoretical is.
In the calculation, the difference between the declared burn-out value (passport) and calculated on
the basis of the dependencies obtained was used - the difference between the experimental points and
the surface in Fig. 3. This approach is good because, in principle, one generally does not need to talk
about the empirical relationships given in Table 1. When can be argued that burnout calculations use
theoretical dependencies on the ratio of isotope activities.

For 4.4% theory and experiment practically coincided, therefore these results do not need
further consideration. For 3%, the first four rows in the table are shown on the basis of theoretical
calculations (surface in fig. 3), and then for empirical dependencies obtained experimentally (table
1). The time is then used, and indicated in the passport and obtained on the basis of data on the
measurement results, the ratio of the intensity of gamma radiation 137Cs to the total intensity of
gamma radiation. It can be seen that with a statistical error of 10%, the theoretical dependence for
3% enrichment can be used to determine the burnout after removing deliberately erroneous results.
For 8% of the error, confidence probability is 0.9.

For experimental points, result of test always gives a positive result. This is most likely due to
the fact that in the calculation of time and in calculating the burnout, the statistical errors of each
other mutually compensate.

For the initial enrichment of 4% due to the increase in statistics, the effect of individual
emissions is no longer compensated and must be eliminated. However, after removing errors, the
results are better than for 3% of initial enrichment.

Therefore, we can safely say that with a confidence probability of 0.95, burnout can be
calculated using experimental data on the ratio of gamma radiation intensities of cesium isotopes, and
the error does not exceed 10%.

A similar approach is used to estimate the time delay errors. It can be seen that, without
exception of errors, the dependence for determining the exposure time should be applied with caution.
It should be noted that the small value of the average error (less than 5%).

Conclusions. Thus, it can be concluded that there is a rather high probability (about 25%) of
single emissions. This was confirmed by calculating the burn-up using time using the relationship of
Fig. 1. The error values shown in tables are confidence intervals. This, according to Shannon, is an
estimate of the parameters of the aggregate to which the response variable belongs. For example, if
we have an estimate of the true mean, we usually want to determine the upper and the boundaries, so
that the probability of the true average falling into the interval enclosed between these boundaries is
equal to the given value. " In order to determine the value of the confidence interval, the difference
between the "theoretical” burn-out value and the burn-out value determined on the basis of
experimental measurements was used (each individual measurement has its own error).
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be3 peuensii.

Moxpunbkuii B.A., Maciaos O.B., ban3ak O.B.
METOJUYHI ACIIEKTU METPOJIOTI'TYHOI'O 3ABE3ITEYEHHS BUSHAYEHHSA
BUT'OPSIHHSA BIIIIPALIBOBAHOI'O SITIEPHOI'O ITAJIMBA Y ITPOILLIECI
NEPEBAHTAKEHHSI

Y oanint pooomi pozenaoaromoca numannua mempono2iunozo 3ade3neuents MemoouKy KOHmpoaro
GU2OPAHHA GIONPAUBLOBGAHO20 AVEPHO20 NANUBA Y PEAIbLHOMY HACi NPU NPOGEOEHHI NePeeaAHMANCEHH .
Ocobnugicms MemoOuKu NOAA2AE 8 MOMY, WO 011 PO3PAXYHKY 6UZOPAHHA HE NOMPIOHO NONEPeOHbO20
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3HAHHA NOYAmMKO08020 30azauennsa i yacy eumpumku. Busnaueno oixcepena noxudku, emanu oopooKu
iHghopmauii, wo moxcyms npugodumu 00 noasu 000amkoeoi noxuoku. Ilposedenuii ananiz 003801ue
OYIiHUMU HNOXUOKU GU3HAUEHHA GUZOPAHHA | 3anponoHyeamu chnocoou ix 3uudcenns. Ha niocvasi
OMPUMARUX Pe3YIbMamie 3anponoH08aHa MEMOOUKA KOHMPOII0 8UZOPAHHA GIONPAULOBAHO20 A0EPHO20
nanuea 6 peaibHOMy 4aci npu RPoeedeH i mexHiYH020 00c1y208y8anna. Ocobdaugicms MemoOuKu NOaAZAE
6 moMy, uj0 0713 PO3PAXYHKY 6UZOPAHHA He NOMPIOHO NONEPeOHbO20 3HAHHA NOYAMK06020 30a2aueHHs ma
yacy eumpumKu.

Kntrouoei cnosa: oxcepena noxubku, emanu 00pooKu inghopmauii, memoouKu KOHMpPOI0 UZOPAHHA,
A0epHe naaueo.

Moxkpuukuii B.A., Macios O.B., ban3zaxk O.B.
METOJUYECKUE ACIIEKTHBI METPOJIOI'MTYECKOI'O OBECIIEUEHUSA
ONPEJIEJEHUSA BBI'OPAHHUS OBPABOTABIIEI'O SAAEPHOTI'O TOIIJIMBA B ITPOLIECCE
MNEPEI'PY3KH

B cmamove paccmampuearomcsa 60npocvt Mempoio2udeckozo odecneueHus MemoouKu KOHmpons
8bIZOPAHUA OMPAOOMABULEZ0 AVEPHOZO0 MONAUBA 8 PEAIbHOM 6DeMeHU NPU NPOBeOeHUU HepezPy3Ku.
Ocobennocmv MemoOuUKU COCIMOum 6 moM, UYmo O0JA paciuemd GblcOpAHUA He mpedyemcs
npeosapumenbHo20 3HAHUA HAUAIbHO20 0002auieHUs U 6pemMeHu evloepiicku. Onpedenenvt UCMOUYHUKU
nozpewHocmu, 3mansvt 00pPAOGOMKU UHQOpMAYUU, KOMOpble MOYH HPUBOOUMb K HOAGNEHUIO
oonosnHumenwvHou nozpeuwinocmu. Ilposedennvlit ananu3 no3601Un OYEeHUNb HOZPEWHOCHU OnpedesleHUA
GbICOPAHUA U NPEONIONHCUMD CHOCOObl CHUMIceHUs nozpewnocmu. Ha ocnoeanuu noayuennsix
Pe3yIbmamos npeodioHceHa MemoouKa KOHMPOJIA 6bl2OPAHUA OMPAOOMAGUIE20 A0EPHO20 MONUEA 6
PeaibHOM épemMeHU npu NPOBeOeHUU MEXHUYECK020 00cyyicusanus. OcobeHHOCmb MemoOUuKu cocCmoum
6 mOM, UmOo 0715 pacuema 6bl20pPAHUs He mPedyencsa nPedeapumenbHo20 3HAHUA HAYATbHO20 0002auieHUA
U 6pemMeHU 8blOEPIICKU.

Knioueevie cnosea: ucmounuxku nocpewiHocmu, Imanslt 00padomKu uHpopmayuu, memoouxku
KOHMPOJIA 6b120PAHU, A0EPHOE MONTIUGO.
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