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METHOD FOR ASSESSMENT OF RESIDUAL HEAT GENERATION
WITHIN PREPARATION OF SPENT NUCLEAR FUEL SHIPMENT
FROM RESEARCH REACTORS

In the presented paper is considered the approach to an assessment of the residual heat generation within preparation
of spent nuclear fuel (SNF) shipment from research reactors. A possible approach to solving the problem for residual
heat generation assessment at cyclic mode of facility operation is discussed, i.e. after several periods of operation and
idle time, including at different levels of the reactor operational power. The approach is scrutinized in two possible
mathematical models of calculations — weekly and annually modeling of the input data for calculations. In order to
prove the correctness of the calculations based on an annual operating cycle in the mathematical modeling, calculations
for both models under the same operating conditions were made and comparative analysis of the results was prepared.
Although such approach ensures a correct assessment at variable operation parameters (power level, duration of
operation and decay time of the fuel) for the purpose of the calculations is selected an operating mode with repeated
parameter values in the separate operational cycles in order to facilitate the process of analysis. As conclusion it is noted
that significantly simplified calculations by annual model give correct enough and conservative results on the basis of
which may be provided the necessary information according the requirements of the country which is to accept the fuel
for reprocessing. On the basis of these results the selection of a cask for the SNF shipment can be done. The presented
approach is applied to evaluate the residual heat generation in the SNF during its shipment preparation from the nuclear

research reactor IRT-2000, Sofia, Bulgaria, to the Russian Federation within RRRFR programme.
Keywords: research reactor spent nuclear fuel shipment, assessment of residual heat generation, cyclic operational

mode.
1. Introduction

Important step in the management of the nuclear
fuel cycle as a whole is the transportation of the
nuclear material. This activity has its specificity,
especially when transporting irradiated or SNF from
research reactors. The process of SNF shipment
preparation covers a number of activities, including:

review and analysis of the existing irradiated
nuclear material and documentation compliance with
the requirements of the country which is accepting
the fuel for reprocessing;

review and analysis of the parameters of the
casks suitable for transport of irradiated nuclear
material;

review and analysis of the compatibility of the
existing nuclear material with suitable casks.

An important parameter in the conduct of these
three studies is the value of the residual heat
generation in the spent/irradiated nuclear fuel.
Presently in the publicly available scientific and
technical literature could not be found a proven and
validated method for calculating the residual heat
generation in the SNF from research reactors which
takes into account the specifics of their operating
mode.

Most research reactors, especially those with a
rated power of 2 MW or less, are operated in a
cyclic mode. This means operation about 8 and
staying about 16 hours per day during the five
working days of the week and staying through the
weekend. Furthermore — the reactor operation is not
only in a cyclic mode and with different duration,
but at a different power level and different reactor
core configuration depending on the ongoing
experiments. This can lead to cases where the
operation of the separate fuel assembly has been
interrupted for years, and then again continued.
Typical specificity of research reactors is not only
the specific mode of operation but also the
characteristics of the fuel, which very often is in the
category of highly enriched nuclear material and has
a specific design as well. SNF shipment from
research reactors with thermal power up to 2000 kW
happens only two or three times, and sometimes
only once for the facility lifetime, which allows for a
significant duration of the decay time for the fission
products in some of the fuel assemblies. These
factors further complicate the assessment of residual
heat generation at the moment of the shipment.

Developed and widely applied codes to calculate
the numbers of parameters of the irradiated and/or
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SNF from power reactors, including residual heat
generation, are not applicable to research reactors
without seriously complicating the calculations due
to the cyclic operation on different power levels. To
use these codes in practice, each operating cycle
should be modeled with the relevant duration and
power level as well as decay time duration of the
fission products at the moment of the shipment.
Assuming ten years of operation, 52 weeks in a year
and five days per week this makes approximately
2600 calculations for operating cycles, most likely
with different input parameters. This makes such
calculations too cumbersome and unduly expensive.

All these factors necessitate the development of
an adequate simplified numerical method for
assessing the residual heat generation in the SNF at
the moment of its shipment from the facility site,
taking into account the specifics of the operation of
nuclear research reactors.

2. Mathematical modeling of the process

Obviously, at cyclic operational mode of the
research reactors there is accumulation of fission
products from the previous operation cycles.
Precisely the fission products are the source of
residual heat generation in a prolonged period after
the reactor is stopped, but there is a decay time
accumulation as well. The fission products
accumulated from one operating cycle at a given
moment of time directly depend on the power level,
duration of the operation and the decay time at this
moment. The proposed two simplified numerical
methods are aimed at averaging the power levels of
several cycles and their merging into one operating
cycle after which starts accounting of the decay time
duration.

2.1. Mathematical model 1 — weekly averaging

Most suitable for estimating of the residual heat
generation N within weekly averaging would be the
equation [1]

N =1072.2.866- N, -[t;"-2 —(t, +T)_O'2}, (1)

where N — residual heat generation power, kW; No —
operating reactor power until shutdown, kKW; ts —
decay time after reactor shutdown, min; T — duration
of the reactor operation at power No, min.

To take into account the specificity of the cyclic
operational mode with varying duration and power,
as well as varying duration of the decay time of
fission products, in the calculations is used the
approach presented in [2], with some additional
corrections in the mathematical modeling of the
input data concerning duration and power level of
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the operation during the working week. The
corrections are related to the source of the residual
heat generation in the spent fuel in the long term —
the long half-life radioactive fission products. This
allows the operating cycles for the week to be
merged into one. It is obvious that at such
formulation of the task the fuel decay time between
working days during the week is overlooked, but for
the purpose of assessing the residual heat generation
within the SNF shipment preparation they are
irrelevant because they refer to fission products with
short half-life. The duration of this united cycle is
equal to the sum of the duration of the weekly
cycles. After the duration of operation is defined, the
other factor influencing the production of fission
products — the power level, should be determined.

If every workweek the research reactor runs |
times at different power N;j, kW, and for different
duration Tj, min, (sometimes more than once per
day) at the end of the week will be accumulated
certain amount of produced energy Qw, measured in
kWmin. Then the energy produced weekly is

Qu=Ny T +Ny- T +...+N; - T;. 2

When the amount of produced energy and
duration of the work as a whole during the week are
known the reactor operational power Ny averaged
over the week can be calculated

wav o (3)

where Tw — duration of the reactor operation as a
whole during the week, min

T, =T +T,+...+T;. (@)

Substituting the received values into Eq. (1), the
residual heat generation power Nw as a result of this
one week of operation is

N, =102-2.866- N, .[t;"-2 —(t,+T, )*0'2}, )

where t; — decay time between reactor shutdown or
fuel assembly removal from the reactor core at the
end of the considered working week and the moment
of the SNF shipment, min.

Assuming that the fuel decay time increases
exactly with one week between two weekly cycles
of work, for i number of weeks of operation at the
moment of the SNF shipment according to [2] the
accumulated residual heat generation is

Ny, =N, + Ny, +...4+ Ny, (6)

where
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Nwi :10—2 .2.866- Nwavi |:ts—|02 _ (tsi +Twi )—0.2j|_ (7)

Nwi — accumulated residual heat generation as a
result from operational week i after decay time ts,
KW; Nwavi — average operational power level during
week i, KW; Tw; — duration of the operation during
week i, min; ts — fuel decay time between the end of
the operational cycle of the week i and the moment
of the SNF shipment, min.

In such an enunciation of the task each operating
week can be individual as duration and power level
of operation, and hence the power of the residual
heat generation resulting from this week of operation
is individual. This allows with sufficient accuracy to
be taken into account the specific mode of operation
of the research reactor which proves the correctness
of the mathematical model of computation.
Furthermore, when considering ten years of opera-
tion such an approach reduces the number of
calculated operating cycles from 2600 to 520.

2.2. Mathematical model 2 — yearly averaging

Despite the satisfactory accuracy of the model
concerning the operational mode of research reactors
it is nonetheless too clumpy when considering the
prolonged periods of operation and fuel decay time.
On the account of the low operational parameters of
the fuel used in research reactors compared with the
ones of power reactors, the operational cycle of the
former can reach and even exceed ten years. Similarly
the fuel assemblies decay time is accumulated during
idle time in the reactor core with the time spent in the
repository for irradiated/spent fuel. This total decay
time can also reach ten or more years.

On grounds of the foregoing could be considered
a model where the approach is analogous to the
already presented, but this time the duration and the
average power of operation are examined and
merged into one operating cycle for a period of 52
weeks, which is approximately equivalent to one
year. In this case more suitable for estimating of the
residual heat generation would be the equation,
where duration of the reactor operation and decay
time after reactor shutdown are in days [3]

N =107-65-No [ %= (,+T) ] @)

where N — residual heat generation power, kW; No —
operating reactor power until shutdown, kW; t; —
decay time after reactor shutdown, days; T -
duration of the reactor operation at power No, days.
Then Egs. (2) - (7) acquire the following form.
The amount of produced energy Qy, measured in
kWdays during the considered operational year is

Qy =Qw1+Qw2 +“‘+QW52’ (9)
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where Qui is calculated by Eq. (2) but T; is measured
in days.

Operational power level Nyay, averaged over the
year

yav =y (10)

where Ty — duration of the reactor operation as a
whole during the considered operational year as the
sum of weekly duration of operation, days

T, =T+ T+t Ty (1)
Substituting of the received values into Eq. (8),

the residual heat generation Ny as a result of the
considered operational year is

_ _ -0.2
Ny=103-6.5-Nya\,-[tsi°'2—(tS+Ty) ] (12)

where t; — decay time between the end of the
considered operational year and the moment of the
SNF shipment, days.

Assuming that the fuel decay time increases
exactly with one year between two annual cycles of
work for i number of years of operation at the
moment of the SNF shipment according to [2], the
accumulated residual heat generation is

Ny =Ny +Ny, +...+ N, (13)

where

_ _ -0.2
Ny 107265 Ny | 602 (4T, ) | (1)

si

N,; —accumulated residual heat generation as a
result from operational year i after decay time t
kW; N

operational year i, kW, Tyi — duration of the

si !

— average operational power level during

yavi

operation during operational year i, days; t; — fuel
decay time between the end of the operational cycle
of the year i and the moment of the SNF shipment,
days.

For ten years of operation such an approach
reduces the number of considered operating cycles
from 520 (Mathematical model 1) to 10. Despite of
the chosen model of computation the following
records must be available in order to ensure the
necessary input information:

history of the operating power of the reactor core
as a whole;

history of the operating power of the fuel
assembly as a part of the core.
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The mode of operation and management of the
nuclear fuel cycle at research reactors has its
specificity which is quite different from that of
power reactors. The frequent changes of the core
configuration required by the nature of the ongoing
experiments leads to a considerably larger volume of
records. Depending on the involved rules for records
keeping by the Quality Assurance System for
management of the nuclear fuel cycle, the produced
energy could be constantly accounted for the
operational power of the reactor core as well as the
separate fuel assemblies and could be averaged
regularly. It would be felicitous that the relevant
records are entered in the file of each fuel assembly.
This would facilitate both current nuclear material
accountancy and upcoming preparation for SNF
shipment.

In order to prove the correctness of the
calculations based on an annual operating cycle
(Mathematical model 2) both mathematical models
were prepared under the same operating conditions
and comparative analysis of the obtained results was
made.

3. Calculations and results

Although such approach ensures a correct
assessment at variable operation parameters (power
level, duration of operation and decay time of the

fuel) for the purpose of the calculations is selected
an operating mode with repeated parameter values in
the separate operational cycles in order to facilitate
the process of analysis. The calculations have been
made with the following initial conditions and
assumptions:

ten-year period of operation and twenty years
decay time of the fuel,

the idle time during the weekends is accounted in
the calculations by Mathematical model 1;

an operating cycle of 12 hours of work and 12
hours of downtime, five days per week is adopted;

the reactor is operated at a power level of 2000
kW:;

transmutation of the fission products as a result
of irradiation in the reactor core during operation is
ignored,;

the calculations results are for the reactor core as
a whole;

the contribution of a separate fuel assembly is
assessed subsequently on the basis of the design and
operational documentation and the assembly’s
operational file which is a part of the nuclear
material accounting records.

The calculation results for the amendment of the
residual heat generation with the increase of the
decay time obtained with both models are presented
graphically in Figure.
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Calculation results for the amendment of the residual heat generation
with the increase of the decay time obtained with both models.

Deviations of the calculation results obtained
with Mathematical model 2 from those with
Mathematical model 1 are presented numerically in
Table 1.

4. Discussion

The significant decrease in the number of the
considered operating cycles makes it possible to
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calculate relatively easy the parameters of SNF with
the available computer codes for power reactors.
However, preliminary preparation of input data for
calculations must be carried out according to the
presented above methodology.

The reactor core is generally configured of about
20 or more fuel assemblies in order to operate at
power level of 2000 kW. If a configuration of 20
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Table 1. Deviations of the calculation results obtained with Mathematical model 2
from those with Mathematical model 1

Decay time, Deviations of Deviations of Decay time, Deviations of Deviations of
Model 2 Model 2 Model 2 Model 2
years from Model 1, % from Model 1, kW years from Model 1, % from Model 1, kW
1 47,4 0,493 11 22,6 0,032
2 44,0 0,296 12 21,4 0,027
3 40,2 0,196 13 20,3 0,024
4 36,8 0,140 14 19,4 0,021
5 33,8 0,105 15 18,5 0,018
6 31,3 0,081 16 17,7 0,016
7 29,1 0,064 17 16,9 0,015
8 27,2 0,053 18 16,2 0,013
9 25,5 0,044 19 15,6 0,012
10 23,9 0,037 20 14,9 0,011
Table 2. Average residual heat generation (RHG) amendment of a fuel assembly
with the increase of the decay time calculated by Mathematical model 2
Years 1 2 3 4 5 6 7 8 9 10
RHG, W 51.97 33.58 24.44 19.03 15.48 12.98 11.14 9.72 8.61 7.70
Years 11 12 13 14 15 16 17 18 19 20
RHG, W 5.39 6.34 5.81 5.36 4.97 4.63 4.33 4.06 3.83 3.61

fuel assemblies with a conditional even distribution of
power is adopted, the average power of the residual
heat generation (RHG) amendment of a fuel assembly
calculated by Mathematical model 2 with the increase
of the decay time is presented in Table 2.

Table 3 presents the characteristics of SNF
shipment casks TUK-19, SKODA VPVR/M and
NAC-LWT concerning the presented study.

Comparing the data in Table 2 and Table 3 shows
that after three years of decay time SNF can be
shipped in any of the presented casks.

Table 3. Characteristics of SNF shipment casks TUK-19, SKODA VPVR/M and NAC-LWT

Cask tvpe Capacity in number Admissible heating rate Average RHG
yP of fuel assemblies in the cask, W of a fuel assembly, W
TUK-19 4 112 28
SKODA VPVR/M 36 900 25
28 MTR (HEU) 1260 45
NAC-LWT
42 MTR (LEU) 1000 24

As can be seen on graphic presentation (see
Figure) of the results for the initial year of the fuel
decay time, there is an increase of the power of the
residual heat generation from the calculation by
Mathematical model 1. This is due to the signifi-
cantly shorter decay time of the fission products
generated in the fuel as a result of the last operating
cycles of the reactor. Just when the decay time
reaches one year the calculation results from
Mathematical model 2 are higher than those from
Mathematical model 1. The percentage increase
seems significant, but the difference in the absolute
values for the power of the residual heat generation
is acceptable according to the information presented
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in Tables 2 and 3. Furthermore, the increased value
ensures conservatism of the obtained results and
gives some safety margin in the selection of the cask
for SNF shipment.

5. Conclusions

The significantly simplified calculations by
Mathematical model 2 give correct enough and
conservative results on the basis of which may be
provided the necessary information according the
requirements of the country which is to accept the
fuel for reprocessing. On the basis of these results
the selection of a cask for the SNF shipment can be
done.
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The presented approach is applied to evaluate the
residual heat generation in the SNF during its
shipment preparation from the nuclear research
reactor IRT-2000, Sofia, Bulgaria, to the Russian
Federation within RRRFR programme.
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METOJUKA OIIHKHU NNOTYXHOCTI 3AJIMIIKOBOI'O TEIIVIOBUAIJIEHHA B PAMKAX
HIATrOTOBKH JO BUBE3EHHSA BIJITPAIIBOBAHOI'O AAEPHOI'O ITAJIMBA
3 JOCIJHUIBKUX PEAKTOPIB

Po3rnsimaeTbcss METON OILIHKK MOTYXKHOCTI 3aJIMIIKOBOTO TEIJIOBHIUICHHS TIPHU MIATOTOBLI 10 BUBE3CHHS
BiAnpaipoBaHoro syiepHoro nanusa (BSIII) 3 nmocmigHuibkux peakTopiB. OOroBOPIOETHCS MOXIIMBHH MiIXiJ a0
BUPILICHHS MPOOJIEMH OI[HKHM TOTYXKHOCTI 3aJHMIIKOBOIO TCIUIOBHAICHHS B yMOBaX MHKIIYHOTO PEKUMY POOOTH
YCTaHOBKH, TOOTO MICIs JEKUIBKOX MEepiojIiB eKCIuTyaTanii 1 yacy MpocTor, y TOMY YMCIIi Ha Pi3HUX pIBHSX poOovoi
MOTYXXHOCTI peakTopa. Lleil miaxia peTesibHO BUBYAETHCS y JIBOX MOXKJIMBUX MaTeMaTHUHHX MOJENSX PO3PaXxyHKIB —
IIOTHXXHEBOMY 1 IIOpIYHOMY MOJENIOBaHHI BXIJHMX JaHMX s po3paxyHkiB. [I{o0 moBectn mnpaBUIBHICTH
PO3paxyHKiB, 3aCHOBaHMX Ha PiYHOMY pOOOYOMY IMKJII B MaTeMaTHYHOMY MOJEIIOBaHHI, OyiH 3po0seHi po3paxyHKH
Ul 000X Mojenel y THX jKe€ yMOBax eKcIulyaramii i OyB IiJrOTOBICHHH MOPIBHSUIBHUN aHalli3 pe3yibTaTiB. Xoda
Takui miaxix 3abesnedye MpaBWIbHY OLIHKY EKCIUTyaTalliiHUX MapaMeTpiB HUKIIYHOTO PEXUMYy POOOTH YCTaHOBKH
(piBeHB TOTYKHOCTI, TPUBATICTH POOOYOTO HMUKIY 1 YaC BUTPUMKH ICIS 3yMHUHKH), 3 METOIO TOJETIICHHS MpPOIecy
po3paxyHKiB 0ys0 06paHO pOOOUHI PEKUM i3 TOBTOPIOBAHUMH 3HAYCHHSMH MApaMeTPiB B OKPEMHX POOOUHX ITHKIIAX.
BinzHauaeTbesi, 10 3HAYHO CIPOILEHI PO3PaxXyHKH 3a PIYHOI0 MOJEIUIIO JAIOTh JOCHUTH INPaBHJIbHI 1 KOHCEPBATHBHI
pe3yJbTaTH, HA OCHOBI SIKMX MO)Ke OyTH HajiaHa HeoOximHa iH(opMallis 3rifHO 3 BUMOTaMH KpaiHH, sKa MOBHHHA
NPUIHATH MAJTUBO AJs iepepoOku. Ha ocHOBI 1UX pe3ysbTaTiB TaKokK MOXKHA 3pOOHMTH BHOIp THITy KOHTEiHepa st
tpancriopryBanHs BSIIL. IlpencraBmenuii minxix OyB BHKOPUCTAHMH JUIs OIHKH HOTY)KHOCTI 3aJMIIKOBOTO
teroBuaitenHs y BAIT nocninaunekoro peakropa IPT-2000 (Codisi, Boxrapis) mpu Horo miaroToBIi 10 BUBE3EHHS B
Pocilicbky Denepaniro B pamkax nporpamu RRRFR.

Kniouosi cnoea: BUBE3€HHS BiNPalbOBaHOTO SIEPHOTO MajHMBa 3 JOCHITHUIBKUX PEaKTOPIB, OIIHKA MOTYXHOCTI
3aJIMIIKOBOTO TEIUIOBUAIJICHHS, UKIIYHUHA PEXXUM eKCIUTyaTarlii.

C. X. Kapnaaes*
Konneoor snepeemuru u sanexmponuxu, Texnuueckui ynusepcumem Coghuu, Cogpusi, Boneapus
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METOJIUKA OEHKH MOIHOCTHU OCTATOYHOI'O TEIIVIOBBIJIEJIEHUSA B PAMKAX
MHOAI'OTOBKMU K BBIBO3Y OTPABOTABIHIEI'O AAEPHOTI'O TOIIVIMBA
N3 UCCIIEJOBATEJBCKUX PEAKTOPOB

PaccmarpuBaercss MeTOJ OLEHKM MOIMHOCTH OCTaTOYHOTO TEIUIOBBIAENCHHUS IPU IOATOTOBKE K BBIBO3Y
orpabotasuiero snaeproro Tommmsa (OST) u3 ucciaenoBaTenbckux peakTopoB. OOCyKaaeTcs BOZMOXHBIA ITOIXOA K
peuIeHuro Ipo0IeMbl OIEHKH MOIIHOCTA OCTATOYHOTO TEIUIOBEHINEICHUS B YCIOBHAX IMKIMYECKOTO PEXMMa PaOOTHI
YCTaHOBKH, T.€. TIOCJIE HECKOJIBKUX IEPHOAOB AKCILUTyaTAIlI U BPEMEHH IIPOCTOS, B TOM YHCIIE Ha Pa3HBIX YPOBHIX
pabodeii MOIIHOCTH peakTopa. DTOT MOAXOJ TIATETHHO H3y4aeTcs B NIBYX BO3MOXKHBIX MAaTEMaTHYECKHX MOIEISIX
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pacuyeToB — EXKCHEIEIbHOM M €XErOJHOM MOJEIUPOBAHNHM BXOJHBIX JAHHBIX JJIs pacdyeToB. UToObI J0Ka3aTh
NMPaBWJIBLHOCTh PAaCYCTOB, OCHOBAHHBIX Ha TOJOBOM pabO4yeM IMKIIC B MAaTeMaTHYeCKOM MOICIUPOBAHUH, OBLIH
CHIeJTIaHbI PACYETHI [T 00eHMX MOJIEJICH B TeX )K€ YCIOBHAX 3KCILIyaTalluy U ObUT MMOATOTOBJICH CPABHUTEIbHBIN aHAIN3
pe3yibTaToB. XOTsS TaKOH MOAX0. 00ECIeYHBACT MPABUIBHYIO OLICHKY 3KCILTyaTallMOHHBIX apaMETPOB HUKIHYECKOrO
pekuMa paboThl yCTaHOBKH (YPOBEHb MOIIHOCTH, MPOJOJIKUTEIBHOCTh padovero IHKIa U BPEeMs BBIACPKKH IOCIE
OCTaHOBa), B IEJSIX OOJICTUCHHs MPOIECCa PACUCTOB BBIOpAaH pa0OYHMid PEKUM C IMOBTOPSIONIUMHUCS 3HAYCHUSIMH
MMapaMeTPOB B OTACIBHBIX pa0dounx nukiax. OTMEYaeTcs, YTO 3HAYUTEIBHO YIPOIIECHHBIC PACUETHI IO TOJTOBON MOJICITH
JTAIOT JIOCTATOYHO MpPABWJIBHBIC M KOHCEPBATHBHBIC PE3YJIbTAThl, HA OCHOBE KOTOPBIX MOXET OBITh NPEIOCTABICHA
HeoOXoauMasi WHGOpPMANKsS B COOTBETCTBHH C TPEOOBAHUSMH CTpaHBI, KOTOpas MOJDKHA INPUHSTH TOIUIMBO IS
mepepaboTkn. Ha ocCHOBe 3THX pe3ylbTaToOB TakKe MOXKHO CHIEIaTh BEIOOp THIA KOHTEHHEpa A TPaHCIOPTHUPOBKH
OST. IlpencraBieHHBIH TOAXOM OBUT MCIONIB30BAH IS OICHKH MOIIMHOCTH OCTaTOYHOTO TeruioBbimeneHus B OAT
ucciegoBatensckoro peakropa MPT-2000 (Codwus, Boxrapums) mpm ero moarotoBke K BBIBO3y B Poccuiickyio
Oeneparuio B pamkax nporpamMmel RRRFR.

Kiouesvie crosa: BBIBO3 0TPabOTABIIETO SSPHOTO TOILUIHBA M3 UCCISI0BATEIBCKUX PEAKTOPOB, OICHKA MOIIIHOCTH
OCTAaTOYHOTO TETUIOBBIEICHHUS, ITUKINUESCKUA PEXKUM IKCILTyaTaIluH.
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