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The paper notes that the most common way of handling spent nuclear fuel (SNF) of power reactors is its
temporary long-term dry storage. At the same time, the operation of the dry spent fuel storage facilities
almost never use the modern capabilities of information systems in safety control and collecting in-
formation for the next studies under implementation of aging management programs. The author
proposes a structure of an information system that can be implemented in a dry spent fuel storage fa-
cility with ventilated storage containers. To control the thermal component of spent fuel storage safety, a
database structure has been developed, which contains 5 tables. An algorithm for monitoring the
thermal state of spent fuel was created for the proposed information system, which is based on the
comparison of measured and forecast values of the safety criterion, in which the level of heating the
ventilation air temperature was chosen. Predictive values of the safety criterion are obtained on the basis
of previously published studies. The proposed algorithm is an implementation of the information
function of the system. The proposed information system can be used for effective thermal monitoring
and collecting information for the next studies under the implementation of aging management pro-
grams for spent fuel storage equipment, permanent control of spent fuel storage safety, staff training, etc.
© 2023 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In modern world, the information systems are gaining more and
more importance in order to support the stable functioning of
various spheres of human activity. The nuclear power industry is no
exception, in which information and control and information sys-
tems are quite widespread [1]. The last ones are used at all stages of
the nuclear fuel cycle, and are of great importance in the formation
of strategies for the development of the nuclear power industry,
strategies for handling radioactive waste, managing the aging of
energy-generating and other equipment [2—4], etc.

Information systems are of particular importance for the spent
nuclear fuel storage systems. This technology of SNF handling is
quite new, and the duration of operation storage systems is usually
close to, and in some cases exceeds, 100 years. It is for such systems
of long-term operation that understanding the processes that take
place in them, in particular the aging process of a structure or its
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element, requires the analysis of a large amount of information and
the collection of a sufficient amount of data [5]. Modern informa-
tion systems usage in this case is the key to the development of
effective strategies for ageing management and as a result the
ensuring safe operation of the storage systems.

2. Literature review

Information systems are widely used in collecting, analyzing
and disseminating information about events and situations related
to NPP safety — one of the first such systems was launched by the
IAEA in the early 80s of the last century [6]. The purpose of creating
this type of system is, first of all, the collection of information on the
causes of incidents and accidents, the course of the development of
incidents and accidents, as well as the consequences that take
place, for the further analysis of this data and the development of
measures to prevent them. With the development of information
technologies, such systems are becoming more complex and pro-
vide for analysis not only information directly related to the object
where an extraordinary situation occurred, but also include data
such as the state of the environment [7].
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Another area of the information systems usage is the collecting,
saving and processing of documentation and information regarding
the operation of nuclear power units. Information systems of this
type, containing databases, are used to support the decom-
missioning process of power units [8]. Such systems provide for the
collection, storage, processing and presentation of data necessary
for planning, project development and decommissioning of the
NPP unit, including design and construction documentation, unit
operation data, results of engineering and radiation researches,
results of calculation studies; and scientific support for operation of
the power unit, carried out at all stages of a nuclear power plant life
cycle. Unfortunately, the scope of the usage of such systems usually
does not extend to facilities for long-term intermediate storage of
spent nuclear fuel.

The so-called information management systems should be
singled out separately among the information systems. Such sys-
tems, first of all, should include the control and protection systems
of the NPP power unit, which are designed to control the power of
the reactor, control and quickly extinguish the chain reaction in all
modes of reactor operation, as well as support the reactor in a
subcritical state [9,10]. However, such information systems have
only an indirect relation to the control of the state of fuel during dry
storage, namely in the part of providing information about the
initial state of fuel at the time of loading it into long-term storage
systems.

Another direction of application of information systems in the
nuclear power industry is personnel training [11,12]. The so-called
"simulators" are widely used for the training of operational and
management personnel of NPPs, which include both hardware that
simulates the operation of the equipment, as well as virtual pro-
grams and databases that monitor the training process and help
analyze the results of completing one or another practical task. This
direction of using information systems is, unfortunately, not typical
on the stage of SNF storage and mentions about these systems
development was not found in open literature.

Unfortunately, as mentioned above, despite the large number
and variety of information systems, as well as their fairly high
versatility and adaptability to the variety of processes taking place
in the nuclear power industry, such systems are used quite rarely
for the stage of SNF handling.

Thus, one of the first information systems should probably be
considered the Research Reactor Spent Fuel Database (RRSFDB)
[13], which stores information about existing SNF repositories of
this type of reactors.

Another well-known database of spent nuclear fuel is the Used
Nuclear Fuel-Storage, Transportation & Disposal Analysis Resource
and Data System (UNF-ST&DARDS) [ 14]. UNF-ST&DARDS is a classic
information system that provides technical data for various waste
management systems, and also provides tools for analysis/evalua-
tion of this data, allows for the analysis of fuel cycle systems in the
framework of various types of studies (for example, to conduct
thermal analysis, criticality analysis, etc.) and definition of security
guarantees. The database provides access to key technical data and
analysis capabilities for the characterization of SNF stocks, which
creates opportunities for assessing safety, risk, and uncertainty in
the waste management system.

The need to create information systems is also discussed in
Ref. [15]. The authors note that for a country that widely uses nu-
clear energy and has to develop a strategy for handling spent nu-
clear fuel, it is extremely important to create information systems
and use SNF databases.

Unfortunately, mentioned databases and information systems
have some limitations. So, for example, they often contain only data
on the quantity and quality of stored fuel, the location of the storage
facility, the storage period, and do not contain the results of
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monitoring the state of spent fuel during storage, especially those
related to the thermal state of the fuel and the main storage
equipment. Known systems also lack functions that would allow
them to be used during personnel training or at the stage of con-
struction of new storage facilities. Therefore, there is a need to
create an information system that would implement the above
functions.

3. Problem formulation

Monitoring the thermal state of spent fuel is one of the key is-
sues of dry storage operation safety [16,17]. Spent nuclear fuel
storage facility located on the territory of the Zaporizhska NPP was
chosen as the research object for the studying outer factors influ-
ence. The facility has been in operation since 2001 and has a fairly
large amount of data on the thermal condition of SNF containers
monitoring. In order to generalize the influence factors and identify
those that can have a significant impact on the state of SNF, an
analysis of the results of temperature measurement was carried
out.

From the first day of the SNF storage facility operation, the
temperature control of the air at the exit from the upper ventilation
channels of the storage container is carried out. It is advisable to use
this data to assess the degree of weather factors influence, in
particular wind and outside air temperature, on the containers
thermal state.

Wind is the most influential factor in the formation of temper-
ature fields of containers, SNF stored in them and ventilation air
inside the container. Further the results of temperature measure-
ments at the outlet of the containers ventilation tracts in calm
conditions and when the wind blows on them for the period from
August 2001 to December 2009 are presented. The scheme of
measurement markings is shown on Fig. 1. Values of ventilating air
temperature in each channel (T; ), ambient temperature (T;) and
wind characteristics (direction and wind velocity w) refer to the
current state.

During the considered period of operation of the nuclear fuel
storage facility at the Zaporizhska NPP, 33 days with no wind (calm
weather conditions) were recorded on the days of temperature
measurement.

It is obvious that, provided there is no wind and any external
influences from nearby containers and radiation protection struc-
tures of the storage facility, the maximum and minimum

wind
direction

o T

AT,=T,-T, AT.=T.- T,

Container
number
T T,
AT2= Tz' Ta AT3= Tg‘ Ta

Fig. 1. Location of temperature control points in the container's ventilation ducts.
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temperatures will be observed in the same channels regardless of
the outside air temperature. For example, consider container No. 1,
which was installed on the site on January 24, 2001. Temperature
measurements in calm conditions (w = 0 m/s) are shown on Fig. 2.

Based on the temperature measurements from 14.03.2002, the
maximum temperature of the ventilation air in the outlet channels
of container No. 1 is observed in channel 3, the minimum in channel
2, while the difference between these values is about 7°. A similar
pattern is observed during measurements on 15.05.2002 and
29.03.2003 with minor deviations that may lie within the error of
the measuring equipment. The general temperature level, as can be
seen from the figure, depends on the temperature of the atmo-
spheric air.

The non-uniformity of the temperature values in the output
channels is most likely caused by the different values of the decay
heat of the fuel assemblies that stored in the container. That is, such
a situation is possible when fuel assemblies with a higher value of
decay heat are concentrated near the storage cask surface, which is
cooled by ventilation air coming out of one of the ventilation
channels, causing higher temperatures in it.

It should also be noted that after the storage of the SNF
container at the storage site for about a year (see Fig. 2, measure-
ments from 14.03.2002 and 29.03.2003) and with a slight differ-
ence in the ambient air temperature during the measurement, the
general picture of the distribution of maximum and minimum
temperatures on exits from the channels remained, but their level
decreased slightly, which is due to the decrease in the heat release
of spent fuel over time.

The values of air temperatures at the exit from the ventilation
channels of a storage container in calm conditions sometimes are
not direcly depend of ambient air temperature changes as it could
be expected. So, for example, for container No. 1 on December 5,
2002, the temperatures shown on Fig. 3.

Such a change occurred, most likely, due to a local wind pa-
rameters changing (direction, velocity or both of them), which was
not recorded by the meteorological station. From the data of Fig. 3,
and it can be assumed that during the temperature measurements
in the ventilation channels, the wind was directed into the output
channel 1, as shown on Fig. 3, b. This led to the mixing of cold at-
mospheric and warm ventilation air, which significantly affected
the measurements in channel 1 (the heating temperature
decreased by approximately 16°) and somewhat affected the
heating temperature in other channels (the heating temperature
decreased by approximately 4°).

The different degree of the wind influence on the temperature
in the channels is due to the structure of its movement around the
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storage container (see Fig. 3, b). A significant part of the wind flow
flowing into the container enters channel 1. Channels 2 and 4 of the
container are influenced by the flow moving almost parallel to the
plane of the exit section of the channels, so its influence is much
smaller than on channel 1. The air temperature in outlet channel 3
is not affected by the main wind flow, but by the vortex formed by it
after bending the container, so its influence is also insignificant, as
can be seen from the measurement results.

To confirm the conclusion about the effect of wind on the results
of temperature measurements and the formation of temperature
fields of the container and air, the temperature of the air coming out
of the ducts on the days of measurements was analyzed. The di-
rection of the wind relative to the upper ventilation ducts was
similar to that shown in Fig. 3, b. The value of the temperature
measurements when the wind flow hits a separately located
container is shown on Fig. 4.

When the wind blows on the outlet channel 1 (see Fig. 4, a),
there is a significant decrease in the heating temperature of the
ventilation air in it (compared to calm conditions on 14° and almost
8° for both considered cases respectively) and lesser changes in the
other outlet channels. The same can be said when analyzing the
values of air temperatures (see Fig. 4, b) when the wind flows into
channel 3. Therefore, this confirms the assumption that it is the
influence of the wind that leads to the redistribution of tempera-
tures at the exit from the ventilation channels.

The effect of wind velocity on the temperature of the heated
ventilation air should be highlighted separately. As the wind speed
increases, the heating temperature decreases because most of the
cold atmospheric air enters the ventilation channel, preventing the
exit of the container of heated ventilation air and mixing with it.
This fact is confirmed in Fig. 4a and b. In the first case (Fig. 4, a),
when the ambient temperature changes by 2.1° and the wind ve-
locity changes by 1.1 m/s, the heating temperature in ventilation
channel 1 changes by 8.5°. An increase in wind speed by 2.3 m/s
reduces the temperature of the air leaving channel 3 by 8.5 degrees
as well (Fig. 4, b) at the almost the same ambient temperature. In
both cases, the influence of the storage period (i.e., the decrease of
decay heat over time) can be neglected, since it minor temperature
reduce of the air at the exit from the channels [17].

The analysis of temperature measurements and the structure of
wind flow for a stand-alone container makes it possible to reveal
only the general principles of the temperature fields formation of
the container and air at the outlet from the ventilation channels
during dry storage of spent nuclear fuel on the open storage site.
Since the location of one container at a large distance from others
or from radiation protection structures is not typical for a storage

14.03.2002 | _ ¢ goc 15.05.2002 1 _ 54 goc
_26.0 28.5 W= O m/S 405 41.0 W= O I’T'I/S
21.0 235 19.5 200
250 320 390 45.0
20.0 27.0 18.0 24.0

e s

N—,”\‘;’/ 29.03.2003 L _ 1 goc 19.08.2003 1 _ 54 00C
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Fig. 2. The value of air temperatures at the exit from the ventilation ducts in calm conditions.
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Fig. 3. A separate container is located on the storage site: a — temperature value at the exit from the channels; b — structure of air movement around the container under wind
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Fig. 4. Values of measurements of the temperature of the air coming out of the container channels when the wind flow hits a separately located container: a — inflow to channel 1;

b - inflow to channel 3.

site, it is advisable to consider temperature measurements made in
containers that are located in a group (Fig. 5).

As can be seen from Fig. 5, in calm conditions, the heating of
ventilating air of each container is similar to the air heating for
single container. It was also shown in Ref. [ 18]. The different degree
of heating of the ventilation air during the measurements in April
and August is due, most likely, to the different value of the ambient
air temperature and to the decrease in the intensity of the heat
release of the fuel assemblies over time.

When placing containers in a group, local short-term wind gusts
may also occur, which can change the values of ventilation air
temperatures at the outlet from the channels. Thus, during the
measurements on 03.04.07 (see Fig. 5), container No. 12 was sub-
jected to such an influence, in which the heating temperature of the
ventilation air in channel 3 decreased to 4.5° (compared to the calm
conditions 02.08.05, presented on the same figure).

Considering the effect of wind on a stand-alone container, it is
advisable to analyze the temperature measurements of ventilation
air for a group of containers in the presence of wind (Fig. 6).

A wind flow with a velocity of 3 m/s flows into channel 3 of
container No. 9. For this container, the nature and reasons for
changes in temperature measurements are the same as for a
separate container. Containers located within a group are affected
differently. As can be seen from Fig. 6, b the wind can carry away the
warm air coming from the channels of one container and mix it
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with the air coming from the channels of the neighboring
container. Thus, the values of ventilation air temperature mea-
surements can undergo significant changes depending on the di-
rection of the wind, its velocity and the temperature of containers
located nearby.

Thus, it can be concluded that when creating an information
monitoring system, it is necessary, first of all, to store information
about air temperature, wind speed, and wind direction and take it
into account when determining the real thermal state of SNF during
storage. Modern monitoring systems, unfortunately, do not have an
implemented function of measuring data analysis, therefore
monitoring the thermal state of spent fuel with their help is
somewhat limited.

The goal of creating an information system for monitoring the
state of SNF during its dry storage should be to improve the quality
of control of the thermal state of SNF during the storage period, to
preserve the "thermal history" of the operation of equipment and
stored SNF for the development of an effective aging management
strategy. However, it should be noted that when creating an in-
formation system for monitoring the state of spent fuel, it is
necessary to take into account the parameters that are important in
assessing the nuclear and radiation safety of the facility, but these
issues are not covered in this work.
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Fig. 5. The value of air temperature measurements at the outlet from the ventilation channels in a group of containers at calm conditions.

4. Monitoring information system structure

First, a conceptual model of the information system for moni-
toring the state of spent fuel was built (Fig. 7) for the thermal
component of the complex concept of storage facility safety. The
conceptual model is built in the form of an ER-model in the nota-
tion of P.Chen [19,20], entities are displayed in the form of rect-
angles, connections in the form of diamonds, the line shows the
entity's participation in relations.

It can be seen from the conceptual model that factors affecting
the thermal condition of SNF [21,22] and storage equipment and
safety criteria should be taken into account when monitoring and
comparing monitoring results with safety criteria. So, for example,
the safety criteria are different when operating storage containers:
in case of violations of normal storage conditions (for example, the
influence factor is ambient air temperature), for short-term modes,
the maximum temperature of the VVER-1000 fuel can reach 450 °C,
in other cases, the safety criterion is not to exceed fuel temperature
of 350 °C. Impact factors are also taken into account during
monitoring, since the temperature of the ambient air is a directly
necessary value when determining the state of spent fuel during
storage [17]. And, finally, the monitoring parameters are compared
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with the safety criteria in order to conclude about the state of the
equipment.

The information system should include external hardware,
which should include means of measuring ventilation air temper-
ature, temperature and wind speed, etc. The information received
with the help of external hardware will be transferred to the
database management system, which, in turn, consists of software
and hardware. Software tools include an automated user work-
place, software modules that convert analog information into dig-
ital and ensure its preservation in a database, etc. Hardware
includes servers, monitors, etc., which ensure the functioning of
software and the user's workplace. Based on this, a more detailed
structural diagram of the information system will have the form
shown in Fig. 8.

It can be seen from the above diagram that one of the important
elements of the proposed information system is the database. The
structure of the database for the information system for the SNF
state monitoring is shown in Fig. 9.

It is proposed to include five tables in the database: "Moni-
toring", "Weather factors", "Criteria", "Container", "Fuel". Each of
the tables will contains certain information that will allow to
determine the thermal state of the fuel during the storage. The date
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Fig. 6. A group of containers on the storage site: a - values of air temperatures at the outlet from the ventilation channels; b - the structure of the air movement around the

containers at the wind conditions.

and time of the ventilation air temperature measurement, the
container number and, accordingly, the ventilation air temperature
in each of the channels will be stored in the "Monitoring" table. It is
proposed to include data on weather factors at the storage site in
the "Weather factors" table: date and time of measurements,
ambient air temperature and wind flow characteristics. The
"Container" table should contain data about the storage container:
its number, location on the storage site, and date of installation on
the site. The location of the container is important when taking into
account the influence of neighboring containers on the results of
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thermal monitoring and on the thermal state of SNF (the issue of
mutual influence of containers is studied in detail in Ref. [18]), the
date of installation - when determining the current level of decay
heat release.

Each of the containers contains several spent fuel assemblies,
which usually have their own characteristics when sent to storage.
Thus, in order to detail the data about the fuel placed in a certain
storage container, a table "Fuel" is needed, which contains the
container number, the assembly number and its decay heat release.
At the same time, it is not necessary to record the time of uploading
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Fig. 7. Conceptual model of the information system for monitoring the state of spent
nuclear fuel.
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Fig. 8. Detailed structural diagram of the information system.

into the storage container for each of the assemblies, because it is
the same for all assemblies in the cask.

The database also includes the "Criteria" table, which is ex-
pected to contain calculated safety criteria, that is, calculated pa-
rameters that depend on the conditions and time of storage of the
container at the storage site. These parameters can be determined
according to the dependencies given in the paper [23].

All the specified tables included in the database are connected to
the software module of automated workplace of the information
system, where information is processed and presented in a user-
friendly form.

Nuclear Engineering and Technology 55 (2023) 3898—3906
5. Algorithm for monitoring of the spent fuel thermal state

Usually, control of the thermal state of spent fuel in storage
containers is carried out by measuring the temperature of the
ventilation air at the outlet of the container's ventilation channels.
If the heating of the ventilation air does not exceed a certain set
norm, the thermal condition of the spent fuel in the storage
container is considered satisfactory and the normal operation of the
equipment continues, otherwise, the hypothesis of an emergency
situation is put forward. Such emergency situations may include,
for example, a violation of the heat removal from the spent fuel
storage cask due to the blocking of one or more ventilation
channels.

As mentioned above, the thermal state of SNF significantly de-
pends on the level of its decay heat release, which decreases with
time of storage. After dry storage of spent fuel, for example, 20
years, its heat release is halved. In such a case, in case of depres-
surization of one or more fuel rods [24], which will be accompanied
by additional heat release, the total heat release of the basket will
increase slightly, but, most likely, will not exceed the permissible
limit. The temperature level in such a hypothetical case in the
storage basket will rise slightly, which will be reflected accordingly
in the temperature of the ventilation air, but, most likely, its heating
will not exceed the set limit. Therefore, the emergency situation in
the container cannot be detected.

For timely detection of this kind of situation and more effective
thermal monitoring, it is necessary to improve the ventilation air
temperature control system.

The dependences of the temperature of the ventilation air and
the maximum temperature in the storage cask, which are depend
on the storage period of spent fuel were found [23].

— the temperature of the ventilation air at the outlet of the
container channel

Tout = 8.13 + 0.8694T, + 0.002Q — 0.00085T?>
—1.432-1078Q2 +6.116-107°7,Q;

— maximum fuel temperature in the storage container

r 3\

Weather factors

Criteria

Data
Time
Ambient

Container number
Calculated ventilated air temperature
Calculated maximal temperature

temparature
Wind velocity
Wind direction

Container

Container number
Place of location

Date of location

Monitoring
— ST
Data
Time Automated workplace Container
Container number number
Temperature in channel 1 Fuel assembly
Temperature in channel 2 number
Temperature in channel 3 Initial decay heat
L Temperature in channel 4 )

Fig. 9. Database management system with detailing on database.
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Tinax = 26,96 + 0, 74T, + 0,014Q — 0,0036T?
—1,141-1077Q% +1,07-10°T,Q,

where T, — ambient air temperature, Q — current decay heat of SNF
(calculated on base of [25]).

The given formulas make it possible to create a new algorithm
for controlling the thermal state of spent fuel in ventilated storage
containers (Fig. 10).

The new monitoring algorithm is as follows. Temperatures ob-
tained during online monitoring are compared with those obtained
by calculation according to the dependence from Ref. [23]. In the
case that the values coincide with sufficient accuracy, normal
operation and monitoring of the thermal state of spent fuel con-
tinues. In the case that the results of calculation and measurements
do not coincide, a series of measurements of the ventilation air
temperature is carried out for 6 h in order to provide a sufficient
amount of data for statistical processing and repeated comparison
with the calculated data. In this case, the lack of coincidence of data
will serve as a reason to put forward a hypothesis about a failure in
the operation of the equipment and the need to check it, a coinci-
dence — about the possibility of further normal operation of the
main storage equipment.

The algorithm proposed above is an implementation of the
calculation function of the information system. Other functions,
such as data editing, security functions, etc., will be implemented at
the software level when creating software modules of the infor-
mation system user's automated workplace, or when organizing
communication between database tables.

With a certain modification, the proposed information system
can be used for personnel training. However, in this case, separa-
tion of certain functional elements should be ensured in order not
to create prerequisites for the occurrence of emergency situations.
So, for example, thermal monitoring data can be partially copied to
a separate storage and used in the scientific analysis of the thermal
state of containers with spent fuel.

The proposed structure and functions of the information system
can be implemented, for example, into existing temperature mea-
surement information systems [17, 26] etc., or integrated into
monitoring systems that determine the maximum temperature in a
storage container using neural networks for example, [27]. The
mentioned and other similar information systems usually do not
implement the function of forecasting monitoring parameters (for

Ventilated air temperature
measurement

Does it
match?

yes .
——»| Normal operation

_l

Ventilated air temperature
calculation

*HD

| 6-hours measurement cycle

Does it
match?

*HO
Equipment check

Fig. 10. Algorithm for the thermal state monitoring of ventilated containers with SNF.
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example, the heating temperature of the ventilation air of the
storage container), therefore, developed approach integration to
existing thermal monitoring of spent fuel is perspective.

6. Conclusions

By analyzing the data of observations on the temperature of the
ventilation air of spent nuclear fuel storage containers, a significant
influence of weather factors on thermal monitoring data is shown,
which requires the development of new monitoring algorithms.

The need for the development and application of an information
monitoring system for monitoring the SNF thermal state at the
long-term temporary storage with the aim of early identification of
the influence of weather factors on the results of monitoring,
possible emergency situations and data collection for further
detailed studies of the physical processes that take place during the
SNF dry storage is indicated.

The structure of the information system and the algorithm for
monitoring the thermal state of ventilated containers with SNF
using forecast values of key monitoring parameters is proposed,
which will allow better control of the thermal state of the fuel
during the entire period of the dry storage facility operation.

Although, presented formulas, that could be included to the
monitoring system, cover calm conditions and changing maximal
fuel temperature with storage time, they could help to avoid situ-
ation with local short-term wind influence and improve measure-
ments in calm conditions. For the long-term wind influence it will
be usefull to find dependances for the ventilating air temperature
on wind velocity and/or direction. Mentioned issues are in focus of
the next author’s studies.
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