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An analytical review of modern researches into spent nuclear fuel (SNF) dry
cask storage, or dry storage thermal processes is presented and problems of
creating scientific and methodological foundations for SNF dry storage ther-
mal safety are discussed. The results of researches into normal and emer-
gency operating conditions for SNF storage facilities (SF), as well as those of
scientific achievements aimed at increasing the efficiency of the main equip-
ment and general safety level of SFs are considered. Advantages and disad-
vantages of modern approaches to thermal research during SNF storage are
presented. In numerical studies, computational resources are the main limit-
ing factor, which is why within the framework of the conservative approach
that dominate in safety analysis, use geometric simplifications, equivalent
thermal properties of individual components, or simplify the task, considering
part of the object under the most probable operating conditions. When high-
lighting the state of the problem of thermal research into emergency storage
regimes, it is shown that there are no researches into a number of emergency
situations, no attention is paid to the generalization of the results of existing
researches and, as a rule, the fuel temperatures directly in storage containers
are not determined, which significantly limits the value of such results. This
paper highlights directions for carrying out optimization researches into the
dry storage of SNF from nuclear power reactors, substantiates the need for
research in predicting SNF thermal state and works aimed at creating special
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Topicality

The problem of storing SNF in the world, and in particular in Ukraine, has recently become increas-
ingly important [1-3]. Since the share of nuclear energy in the total amount of electricity produced here is
traditionally high and exceeds 50%, each year the power reactors of the four operating nuclear power plants
(NPP) generate a significant amount of high-level radioactive waste, which includes SNF.

The problem of handling SNF from power reactors in Ukraine is regulated, in particular, by the order
of the Ministry of Energy and Coal Industry of Ukraine dated June 19, 2015, No. 386 'On Approval of Stra-
tegic Directions for the Treatment of Spent Nuclear Fuel from Nuclear Power Plants of Ukraine with WWER
Type Reactors for the period up to 2030 and Action Plans for their implementation' [4]. It provides for SNF
long-term storage at the Zaporizhzhya NPP (ZNPP) SF, fuel of other domestic reactors — in the repositories
of the Chernobyl Exclusion Zone.

SNF long-term storage on the territory of Ukraine today is actually carried out only at the largest NPP
— ZNPP. Its SNFSF is designed to store more than 9 thousand spent fuel assemblies of ZNPP six WWER -1000
reactors and provides for its operation for about 50 years, that is, during NPP predicted lifetime [5].

In addition to ZNPP SNFSF, two other SNFSFs are planned to be commissioned in Ukraine. These
are the SNFSFs for the fuel of the Chornobyl NPP RBMK-1000 reactors (SNFSF-2) and a centralized stor-
age facility (CSFFSP) for other existing reactors in Ukraine's NPPs [6]. Both of these SFs will implement the
so-called 'dry' storage method, that is, without using water as SNF coolant.

A dry storage method for SNF is a fairly widespread waste management strategy for countries with
an open nuclear fuel cycle. There are several types of dry SFs, two of which will be used in SFs in Ukraine —
cask storage facility (at ZNPP SNFSF and CSFFSP) and modular one (at SNFSF-2). Despite the difference
in the design of the main storage equipment, SFs have common scientific and technological safety issues of
operation, which should be addressed and their scientific support should be directed.
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The safety of the operation of any SNFSF is a complex concept [6] and, in addition to nuclear and
radiation safety measures, it includes the creation of appropriate conditions for thermal regimes throughout
SF life, that is, it requires compliance with the rules of thermal safety. Since SFs are usually planned for sev-
eral decades, their storage conditions, thermophysical properties of basic equipment materials and SNF, as
well as its energy characteristics are changing significantly. Therefore, problems arise in the area of thermal
monitoring and management of aging equipment and SNF, which is impossible without a detailed study and
synthesis of the nature of heat processes.

The purpose of this paper is to analytically review modern researches into the thermal processes for
SNFDS and coverage of the problems of creating scientific and methodological bases of thermal safety of
SNFDSFs.

Approaches to thermal research during SNF storage

There are a lot of research papers by leading domestic and foreign scientists that highlight the problems
of determining the level of radiation and its impact on personnel and the environment, adhering to the required
level of criticality and preventing the emergence of an uncontrolled nuclear reaction, creation of additional ra-
diation protection structures, etc. Unfortunately, the thermal component of the integrated concept of safety of
SNFDSFs is not given much attention.

A traditional approach in the analysis of thermal safety usually involves using separate thermal calcula-
tions at the stage of designing the main SF with a large number of assumptions and a high degree of overstatement
of the basic parameters so that the so-called 'safety margin' be put into the construction. However, such an ap-
proach, although justifying itself in a number of extraordinary situations during its lifetime, can not be considered
to be fully effective. There is always a need for a full understanding of SNF processes in one or another situation
to develop effective measures to counteract the emergence of emergencies and further increase the equipment op-
eration safety level or modernize it, which may be caused by commercial competition on SNF handling market.

An effective methodology for determining SNF detailed thermal state is to solve the problems of com-
putational fluid dynamics (CFD). This methodology can be implemented in commercial or open source CFD
software. Unfortunately, all known studies of SNF thermal state during storage, which uses the CFD methodol-
ogy, have some disadvantages. For example, in [7, 8], the motion of a cooling medium is not considered, or a
certain problem is solved in a two-dimensional setting [9, 10]. Some researchers use a simplified geometric
model of the main storage equipment and equivalent thermophysical properties of materials during the analysis
of SNF storage safety [11, 12]. However, this approach does not make it possible to obtain a detailed informa-
tion on SNF thermal state during storage, even when using the CFD-methodology, since part of the storage
equipment is considered to be a solid body.

It should be noted that the use of SNF equivalent thermophysical properties is a fairly widespread
approach with a number of advantages. Thus, when part of a computational domain is replaced with a homo-
geneous body having equivalent thermophysical properties, computing resources are spared significantly. If
the equivalent thermophysical properties are chosen properly, the 'safety margin' is guaranteed in the calcula-
tions, which is, of course, an advantage during the operation of most dangerous facilities.

There are several key researches concerning the determination of the equivalent thermal conductivity
of fuel assemblies for different reactors. There are two models for calculating equivalent thermal conductiv-
ity, which are mainly used by foreign scientists to assess the thermal state of SNF assemblies. The first of
them is the study [13] based on bi-regional and one-dimensional analytical model of thermal conductivity.
Another model [14] is based on the finite elemental thermal analysis of various SNF assemblies stored in
different environments. The difference between these two models is that the beam and conductive compo-
nents in the bi-regional model are presented as a nonlinear temperature dependence in the second one.

In the study [15], the author proposes to consider fuel assemblies as homogeneous rods with constant
thermal conductivity and an internal heat source. The method was based on the numerical simulation and
selection of equivalent thermal conductivity. The value was found for different parts of SNF assemblies,
compared with the experimental data, and calculated as the average for the whole assembly.

Models of equivalent thermal conductivity were tested and compared in [11] to calculate the maxi-
mum temperature in a fuel assembly using a two-dimensional finite element model. As a result, the necessity
of using the uneven temperature of a storage basket wall was noted.
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Another numerical approach to solving two-dimensional CFD problems was considered in [16] to
simulate the thermal state of the baskets with SNF assemblies for PWR reactors. This allowed taking into
account the convective gas flow and radiation heat exchange through the fuel zone and its influence on the
processes of thermal conductivity in solids.

All of these techniques for calculating equivalent thermal conduction are aimed at determining it for
SNF assemblies, rather than for a group of assemblies in a sealed container, as well as for four-column as-
semblies for different types of reactors. This creates a number of limitations and prevents the use of the re-
sults obtained for thermal process simulations in large SNFSFs and those that store hexagonal assemblies for
WWER reactors. Consequently, there is a need for extending the methodology of using equivalent thermal
conductivity for it to be used in the analysis of the thermal safety of large SNFSFs, in particular in Ukraine.

A peculiarity of many thermal researches is analyzing the processes taking place during SNF stor-
age, in the stationary setting. Unfortunately, very often the research of non-stationary heat exchange for SNF
is performed for the conditions of its location in the reactor [for example, 17, 18]. Such results are important,
but the thermal processes during dry storage are somewhat different from those that occur in the reactor.
However, in open sources, there are studies on the unsteady thermal state of objects at the final stage of a
nuclear fuel cycle [19, 20]. However, they relate either to underground SFs or a short period of SNF trans-
portation and can not be used to analyze the thermal safety of intermediate SFs.

Some authors consider the problem of changing SNF thermal state during the storage period in a
quasi-stationary setting [21, 22], but this approach does not fully reflect the transitional processes in the main
storage equipment and fuel, and can therefore not be applied to the analysis of thermal safety.

Non-stationary researches using CFD-methods are used primarily for storage container components
[20], or for simulating either special storage conditions [23, 24] or unventilated containers [25]. Unfortu-
nately, such results can not be used during the thermal analysis of other types of repositories.

For some problems of thermal analysis, open literature sources, in general, contain no results regard-
ing the prediction of the thermal state of SNF and basic equipment. A similar situation has also occurred with
protective structures, which are mainly designed to reduce radiation level, and not to localize the influence of
external factors, which can lead to an increase in the stored fuel temperature.

Investigation of emergency modes

Research into the emergency modes of SNF main storage equipment operation is an essential com-
ponent of the safety analysis of any repository. There are usually a lot of researches in this area, but they are
devoted to a narrow list of emergencies that are most likely to occur. These emergency situations include the
extreme temperatures of atmospheric air for the region where SNFSF is operated [25], fire [26, 27], and
coolant loss (for wet storage facilities — loss of water, for dry ventilated storage ones — lack of cooling air
flow) [8, 28]. Such emergency situations are analyzed, as a rule, using a conservative approach with a large
number of assumptions and do not answer the question of what SNF temperatures will be achieved and what
temperature fields the elements of the main storage equipment will have.

Thus, [8] considers a ventilated container whose basket is assumed to be a solid body with equivalent
thermal conductivity, and the temperature of the basket surface is determined under full and partial cooling
losses. The problem is considered in a quasi-stationary setting. However, results regarding fuel temperatures
inside the storage basket are not given, so it is impossible to determine whether the criteria for thermal safety
are met. Several standard emergency situations are considered in papers [26, 27], but there the approach, in
which the calculated area is simplified to reduce the design time and save computer resources, is also used.
None of the above researches indicate what temperatures SF assemblies will have, since a fuel basket in accor-
dance with the conservative approach is considered as a solid body with equivalent thermal conductivity.

Another disadvantage in the thermal analysis of emergencies can be a significant limitation of the list
of possible situations. For example, the options for the partial overlapping of channels are not considered, but
only those with full and 50% overlap [8, 29]. Therefore, in this case, an additional thermal analysis of emer-
gency situations is necessary to assess the safety of the operation of SNFSFs.

As the literature review showed, such design failures as container rollover, storage basket shift, etc., at-
tention is only given to the analysis of storage equipment integrity [for example, 30, 31]. Typically, research
results show the reliability of equipment and absence of mechanical damage to SNF being stored, but the ques-
tion of how storage thermal regimes will change as a result of an accident remains open. A limited list of emer-
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gencies is also considered for the single Ukraine's dry storage facility at ZNPP, the safety analysis report of
which does not contain any data on the level of possible temperatures of SF under the conditions of certain de-
sign-base accidents [32].

Optimization studies

While storing SNF, there often arise challenges of conducting optimization studies on equipment in
which storage is carried out [33, 34] or in relation to technological processes [35, 36], in order to increase the
overall SF safety level. For example, in relation to SNFSF-2, work was carried out to reduce the amount of
radioactive wastes and an optimal scheme for handling them was proposed [37]. However, works of this
type, although of considerable practical importance, do not solve the problems of SNF storage safety in their
entirety and, in particular, the problems of creating appropriate thermal storage regimes.

Reducing the overall temperature of the main storage equipment and SNF and, consequently, in-
creasing SF thermal safety level during its entire operation period is possible, for example, by such actions as
an optimal placement of fuel assemblies in storage baskets and containers on a storage site, optimization of
cooling system parameters, etc. Unfortunately, there are very few works in this direction; they mainly con-
tain a list of design or technological solutions, the results of solving individual application problems or are of
an exploratory nature. Thus, [38] describes the operation principle of a number of systems for dry storage of
SNF, and describes the systems of heat transfer together with an analysis of the modes of their operation in
different operating conditions. The results of the study show the most optimal operating modes in terms of
reducing the overall temperature of the main equipment and stored fuel. In contrast to [38], [39] analyzes the
influence of several factors on the thermal state of SNF and identifies the most important issues in the analy-
sis of thermal safety. However, there are no clear recommendations with regard to changing the characteris-
tics of storage equipment, operating conditions, or SNF loading method. Neither the possibility of distribut-
ing the obtained results to the equipment of another type is identified.

An operational analysis of SNFDS systems, their comparative analysis and coverage of the ways of
modernizing the main storage equipment is a widespread approach among domestic and foreign researchers.
For example, in [40], the stages of the development of cooling systems during SNF storage are highlighted,
and new ways of allocating the residual heat of SNF during the whole period of its storage are proposed. The
study [41] is also of a survey-analytical nature and has a further development with regard to the operation
principle of cooling systems, which is included in a number of inventions patented by the authors. These and
other researches, although not of a clear optimizing nature, can, however, be classified as belonging to this
class. They are usually aimed at a more efficient 'organization' of thermal processes that take place in storage
equipment, that is, optimize the operation of cooling systems, increasing their efficiency.

In the case of research aimed at optimizing the loading of containers (baskets) with SNF and placing
them in storage facilities to reduce their temperature level and increase their thermal safety level, an almost
complete absence of results should be noted. For example, for modular repositories, which are planned for
use in SNFSF-2, research of this type in open sources has not been found. For the equipment that is planned
to be used in CSFFSP, there are separate results of thermal research (for example, in [39]), which only par-
tially highlight thermal problems and have no recommendations on the installation of containers or loading
of fuel assemblies. For the already existing SNFSF at ZNPP, such researches were partly carried out in [42],
but they have some limitations too, that is, they have several options for loading SF assemblies into a storage
basket without a common algorithm, which should be followed throughout SF life.

Conclusions

Investigation of thermal processes during dry storage of SNF in container or modular repositories is an
essential component of the safety analysis of their operation. In this aspect, a number of tasks arise, in particular,
those of studying normal and emergency operating conditions, and those aimed at improving safety and per-
formance of the main equipment. Among these types of researches, numerical calculations, in comparison with
field experiments, are dominated, which is primarily due to the increased risk of radioactive material handling.

In the analysis of normal operating conditions, the main problem is the limited computing power,
which is why they use simplification of geometry, equivalent to thermophysical properties or solve the prob-
lem only for part of the object. In all these cases, tasks are usually solved at the stage of the initial assessment
of SNFSF safety, the results relate to specific, clearly described situations and there is no generalization of
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data on heat processes in SNF. In view of this, there is a need for additional research, especially for those
types of dry storage facilities used in Ukraine, the synthesis of their results and creation of scientific and
methodological bases for the analysis of thermal safety of objects of this type.

As the analysis of modern researches has shown, emergency situations during SNF storage in a dry
manner are considered only partially, processes occurring in the accident are not generalized, and, as a con-
sequence, recommendations for improving the design characteristics of the main storage equipment are not
put forward. Further research and generalization of the results in this area is a necessary component of the
creation of scientific and methodological bases for the operational safety of dry storage facilities for SNF.

Unfortunately, all known researches that can be classified as belonging to an optimization class,
have a number of disadvantages. This is, in particular, the absence of a generalization of the factors affecting
the level of thermal safety during SNF storage, the uniqueness of the results and their practical value for
storage equipment of different manufacturers, dependence on storage and operation of SFs, etc. Conse-
quently, the formalization of the processes occurring during SNF storage, and the search for optimum
equipment parameters and storage conditions are important components in the analysis of thermal safety and
should be included in the scientific and methodological bases of safety of exploitation of SNFSFs.

The works have been carried out within the framework of the joint Ukrainian-Lithuanian research
project M/81-2018, funded by the Ministry of Education and Science of Ukraine, and with the partial support
of the International Atomic Energy Agency (IAEA) in accordance with the CRP-20605 agreement.
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IIpo6eMu cTBOPpEeHHSI HAYKOBO-METOX0JIOTIYHUX OCHOB TeIJIOBOI 0e3MeKH CyXoro 30epiranHas Biampa-
ILOBAHOI0 SI/ICPHOT0 MATNBA B Y KpaiHi

L2 Anboxina C. B.

'TacturyT npo6item MaumuoOygyBanus iM. A.M. ITizropaoro HAH Ykpaiuu,
61046, Ykpaina, M. Xapkis, Byin. [Toxxapcekoro, 2/10

? XapkiBchKuil HarfioHanbHUH yHiBepenTeT imeni B. H. Kapasiua,
61000, Ykpaina, m. XapkiB, maitnan Cobou, 4

Tlooano anamimuunuil 020 CyHacHux OOCHIONCEHb MENI0BUX NPOYeCi8 3a CyX020 30epicanisl GIONpaybo8aAHO20
s0eproeo namusa (BAIl) ma suceimaeno npobiemu CmeopeHHs HAYKOBO-MeMOoOON02IYHUX OCHO8 MENI0B0i be3neKu Cyxux
cxo8Uly  BIONPAYBLOBAHO20 SI0EPHO20 naued. Pozensinymo pe3yibmamu O0OCHONCEeHb HOPMATIbHUX MA ABAPIIHUX YMO8
excnayamayii cxoeuwy BATI, a makooic pe3yibmamu HAyKogux 00poOoK, wjo CRpIMO8Ani Ha NIOBUUEHHS eheKmUGHOCMI
Ppobomu 0OCHOBHO2O 0OIAOHANHS MA 3A2ATbHO20 PisHA be3neku cxosuwy. Haesedeni nepesacu ma HeOONKU CYH4ACHUX NIOX00I8
00 menniosux O00CHOJCeHb Ni0 4ac 30epieants IONPAYbOBAHO20 S0EPHO20 NAMUEA. 34 YUCETbHUX OOCTIONCEHb OCHOGHUM
JMImyrouumM Gakmopom € obuucmosanvHi pecypcu. Omoice, Y pamkax KOHCEPEAMUBHO20 NIOX00Y, W0 OOMIHYE nio uac
auanizy Oesnexu, SUKOPUCTOBYIOMb 2eOMEMPUYHI CHNPOUWEHHS, eKGIBAIeHMHI MenaioQi3udHl  6IaACMUBOCmi  OKpeMux
KOMROHEHMI8 abo Ccnpowyoms 3a0ayy, po321a0aryu 4acmuHy 00’ €kma 6 HauOiibul GIPOCiOHUX YMOBAX eKCNyamayil.
Bucsimmorouu cman npobiemu mennogoco O0CHIONCEeHHs ABAPIUHUX PEeXCUMIE 30epieanHs, NOKA3aHO, WO GIOCYMHI
00CHONCEHHsT p0y aABAPIUHUX CUumMyayill, He NPUOLIEHO V8a2U Y3a2aNlbHeHHIO pe3yJlbmamie iCHYIouuUx O00CHOJNCeHb md,
3a36Uuall, He GUSHAYAIOMbC MEMREPamypu 0e3nocepedHbo NAuéd 6 KOHMEUHepax 30epieanhs, wo 3HAYHO 00Medcye
YiHHICMb maKux pezyabmamis. Y pobomi euceimieHi Hanpamu npoeedeHHs ONMUMI3AYIUHUX O0O0CTIONCEHb 3d CYX020
30epicants  iONpaybo8aHO20 S0EPHO20 NAIUBA EHEPLEMUYHUX PeaKmopis, OOIPYHMOBAHA HeOOXIOHICMb NPOBEOeHHs.
00CIOMHCEHb U000 NPOSHO3Y8AHHS Men106020 cmary BATI ma pobim, wo nanpagieni Ha CMEOpeHHst CNeYiaIbHUX 3AXUCHUX
KOHCMPYKYIll, OCHOBHOIO (YYHKYIEIO AKUX OyOe NONINUeHHs Meni08020 CIAKY NAIUGA Ma 0CHOBHO20 00AA0HAHMHS. 3A3HAYEeHA
HeobXioHicmb (hopmanizayii meniosux npoyecis, wo maroms micye nio uac soepicanns BATL, ma exnouenns pesyiomamis 00
HAYK0BO-MeMOOONIOIYHUX OCHOG be3neKu eKChyamayii cxouiy 8i0npaybo8ano2o A0epHO20 NAIUBA.
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Knrouosi cnosa: mennosa besnexa, 8ionpaybosane si0epHe NAIUGo, Meniosi npoyect, aeapiliHi cumyayii, HOpMaIbHi

YMOBU eKChayamayii, cyxe KOHMeUHepHe CX08ULe, Cyxe MOOYIbHE CXOBULYe.
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