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a b s t r a c t

The safety of nuclear installations is largely determined by the tightness of fuel elements cladding. As the
Fukushima nuclear accident showed, the main task in case of loss of power supply is to ensure reliable
removal of residual heat release from spent fuel pool (SFP) with irradiated fuel assemblies (IFAs). The
paper presents the results of calculated-experimental studies and thermal-hydraulic modeling of tem-
perature storage modes of IFAs in SFP. Experimental studies of SFP's temperature regime and calculated
evaluation of residual heat removal due to the thermal conductivity of building structures surrounding
the SFP were performed. To ensure the safe operation of research reactors, it's necessary to know the
IFA's residual heat power (RHP) in the reactor and SFP, which is determined depending on the operating
time of fuel assemblies (FAs) and the IFAs calculated holding time. The FAs operating time depends on
the reactor energy output. The IFAs calculated holding time is determined by the fuel burnup, U-235
mass in the fuel, and reactor utilization factor. The IFAs fuel burnup was calculated using the MCU-PTR
program. Also presented are the RHP's calculation results using some of the empirical dependencies. The
concept of a passive heat removal system (PHRS) based on thermosyphon's operating principle was
proposed.
© 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/).
1. Introduction

The fields of use of atomic energy, including production of
electrical and thermal energy at nuclear power plants (NPPs) [1],
solving scientific and technical and research problems, production
of isotopes for industry and medicine in nuclear research reactors
(NRR's) [2,3], etc., are constantly expanding. At the same time, the
most important aspect of nuclear installations use is to ensure their
nuclear and radiation safety at all stages of their life cycle, including
decommissioning [4,5].

After the accident that occurred on March 11, 2011, at the
Fukushima Daiichi NPP in Japan, it became clear that, to ensure the
safety of nuclear power facilities, it is necessary to take into account
all possible risk factors.

According to the normative requirements of NP-033-11 “General
safety provisions of nuclear research facilities”, the purpose of
uong).

by Elsevier Korea LLC. This is an
ensuring the safety of nuclear research facilities (NRFs) is the lim-
itation of radioactive impact on the personnel, people, and envi-
ronment during normal operation and malfunction, including
emergencies.

The safety of a nuclear facility, including a NRF, is ensured by
establishing a series of successive physical barriers, such as fuel
matrix, fuel element cladding, sealed coolant circulation loop, etc.,
on the path of the radioactive fission products spread into the
environment.

The main safety condition of nuclear installations is the reten-
tion of the tightness of fuel element cladding, both during reactor
operation and during storage of IFAs in SFPs. To meet this
requirement, it is necessary to provide reliable cooling of IFAs both
during normal operation and in emergencies, including complete
loss of power supply [6].

One of the ways to increase the safety of a nuclear installation is
the use of PHRSs for the removal of residual heat from IFAs.

The present work aims to estimate the efficiency of the passive
system of residual heat removal from the spent fuel pool of the IVV-
2M nuclear research reactor.
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Fig. 1. 3D model of the heat exchanger: 1, 5 e inlet and outlet of the primary heat-
carrying agent; 2, 4 e inlet and outlet of the secondary heat-carrying agent; 3 e

heat exchanger shell.
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To achieve this goal, the following tasks were assigned:

� Simulation of thermal-hydraulic processes in SFP using a
computational fluid dynamics application SOLIDWORKS Flow
Simulation embedded within SOLIDWORKS 3D CAD;

� Calculated evaluation of residual heat removal from IFAs
through the building structures surrounding the SFP;

� Study of the RHP's dependence on the fuel burnup fraction and
holding period of IFAs using the MCU-PTR software tool;

� Experimental studies of water temperature changes at charac-
teristic points of the SFP's volume using a special device under
various operating modes of the standard cooling system,
including its failure due to a power outage;

� Study of the condensing part efficiency of the passive cooling
system;

� Development of a principal scheme of a passive system of heat
removal from the NRR's SFP.
Fig. 2. Calculated scheme of the SFP's tank: a e scheme of the SFP's tank with a layer of conc
buried in concrete, which is a semi-infinite array, bounded from above by an adiabatic surfac
of an infinite plate with height h1 and bounded by an adiabatic surface from below; 1 e w
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2. Research object and methods

2.1. Construction of a three-dimensional solid model

The SOLIDWORKS Flow Simulation embedded within SOLID-
WORKS 3D CAD was used to carry out computational studies. It is a
computational fluid dynamics (CFD) software suit that enables you
simulate fluid flows and heat transfer and is widely used in solving
problems in the field of nuclear energy application [7e10].

The first stage of the study was the creation of a three-
dimensional solid model of the heat exchanger (Fig. 1) of the
standard system of the SFP's main equipment cooling and appli-
cation of SOLIDWORKS Flow Simulation for performing the
thermal-hydraulic calculation [11], as well as simulating various
modes of temperature and velocity distribution in the heat
exchanger [12].
2.2. Estimation of dissipation of residual heat through the building
structures

In the next step, a calculated evaluation of residual heat removal
from the SFP's IFAs into the building structures was carried out [13].
The SFP is surrounded by a reinforced concrete structure, through
which part of the residual heat is dissipated, as illustrated in Fig. 2,
where t1 - t6 are isothermal surfaces; to is outside air temperature;
tCS is coolant surface temperature; tCT is coolant temperature; tW,
tW1, tW2 are temperatures of the walls of the SFP's tank; tC is con-
crete temperature; lC is thermal conductivity coefficient of con-
crete; RWA is thermal resistance of concrete in the SFP's wall area;
RBA is thermal resistance of concrete in the SFP's bottom area.
2.3. Experimental studies of temperature changes over the SFP's
volume

A special rod with thermocouples (Fig. 3) located at different
altitudes was developed and designed for experimental studies of
the SFP's temperature regime, taking into account the SFP's design
features of the IVV-2M reactor [14]. The safety of these studies was
rete poured on the outside in all directions; b e scheme of the bottom of the SFP's tank,
e; c e scheme of the walls of the SFP's tank with height h, buried in concrete in the form
ater; 2 e wall (facing of the spent fuel pool); 3 e concrete.



Fig. 3. Rod with thermocouples: 1 e thermocouples, 2 e thin-walled tube; T1 - T8 e designations of thermocouples.
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ensured by the development of a special measurement program
and the established limit for the increase in water temperature in
the spent fuel pool.
2.4. Theoretical study of the burnup depth and residual heat release
of IFAs

For the safe operation of a NRR, it is necessary to know the RHP
of IFAs. The residual heat or decay heat is a specific feature of nu-
clear fuel, which is caused by the fact that, after the termination of
the fission chain reaction and the usual thermal inertia, the heat
production in the nuclear reactor continues for a long time, which
creates several technically complex problems directly related to
nuclear safety, for example, the need for reliable cooling to main-
tain the tightness of fuel cladding.

To estimate the quantity of residual heat, two methods were
chosen:

I. The Wigner-Way formula [15]:

Nresidual ¼6:62 � 10�2 �N0 �
h
t�0:2 �ðtþ TÞ�0:2

i
; (1)

Where N0 is the reactor thermal power before the shutdown, T is
time, in seconds, of the reactor operation on this power level before
the shutdown, t is the calculated holding time of IFAs after irradi-
ation in the reactor, s.

This formula (1) is recommended to be used for the time elapsed
since the reactor shutdown, exceeding approximately 104 s. The
formula gives the approximation of the time dependency of the
reactor residual power due to the radioactive decay of fission
products.

II. The Untermyer-Weills formula [16]:

Nresidual
N0

¼10 �
�
ðtþ 10Þ�0:2 �ðtþ Tþ 10Þ�0:2 �0;87

�
��

tþ 2 � 107
��0:2 �

�
tþ Tþ 2 � 107

��0:2
��

(2)

The equation (2) is an empirical formula obtained by Untermyer
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and Weills. It takes into account the contribution of residual power
from the decay U-235 and Pu-239 of fission products.

The operating time of FAs in the reactor core depends on the
energy output. The calculated holding time of IFAs is determined by
the fuel burnup fraction, the mass of uraniumU-235 in the fuel, and
the reactor utilization factor. The reactor utilization factor is the
ratio of the time the reactor is operating at power to the time it is
shutdown.

The fuel composition of a power or special nuclear reactor un-
dergoes continuous changes due to radioactive decays of its com-
ponents and transformations caused by the interactions of
neutrons with these components: radiative neutron capture re-
actions, neutron multiplication processes (n, 2n) and (n, 3n), and
reactions with the emission of charged particles. During the reactor
operation, there are produced in uranium fuel new actively fissile
heavy isotopes such as Pu-241 and Cm-243 long-lived nuclides, and
the atoms which in practice may be considered stable, such as U-
233, Np-236, Pu-239, Cm-245. These nuclei contribute to the en-
ergy release, and it is necessary to take into account their accu-
mulation to correctly predict the reactor's characteristics at
different stages of its operation [17].

The calculation of fuel nuclide composition of the IVV-2M fuel
assemblies to be unloaded from the core of the NRR is performed
using the MCU-PTR precision code.

The MCU-PTR code [18] was designed for the simulation of
neutron, photon, electron, and positron transport processes in
systems with three-dimensional geometry, taking into account
changes in the nuclide composition of materials during interaction
with neutrons. It uses the Monte Carlo numerical method and the
evaluated nuclear data.

To set the initial value of the average burnup for FAs of the NRR
IVV-2M, the “Methodology for Determining the Burnup of
Uranium-235 and Determining the Mass of Nuclear Materials in
Spent Fuel Assemblies of the NRR IVV-2M”, MK-09.28/44, was used.
According to the methodology, the change in concentrations of
nuclei included in this chain of transformations is described by the
system of differential equation (3):



8>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>:

dNU5

dt
¼ �RU5f

�
NU5

�
$NU5 � RU5n;g

�
NU5

�
$NU5

dNU8

dt
¼ �RU8f

�
NU5

�
$NU8 �RU8n;g

�
NU5

�
$NU8

dNNp9

dt
¼ �RNp9f

�
NU5

�
$NNp9 � lNp9$N

Np9 þ RU8n;g
�
NU5

�
$NU8

dNPu9

dt
¼ �RPu9f

�
NU5

�
$NPu9 þ lNp9$N

Np9 � RPu9n;g

�
NU5

�
$NPu9

dNPu0

dt
¼ RPu9n;g

�
NU5

�
$NPu9 �RPu0f

�
NU5

�
$f$NPu0 �RPu0n;g

�
NU5

�
$NPu0

dNPu1

dt
¼ RPu0n;g

�
NU5

�
$NPu0 � RPu1f

�
NU5

�
$NPu1 �RPu1n;g

�
NU5

�
$NPu1 � lPu1$N

Pu1

(3)
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Where RU5f ðNU5Þ; RU8f ðNU5Þ; RNp9f ðNU5Þ; RPu9f NU5Þ; RPu0f ðNU5Þ;
and RPu1f ðNU5Þ, s�1, are the rates of fission reactions for 235U, 238U,
239Np, 239Pu, 240Pu, and 241Pu, presented as functional dependences
on 235U concentration. RU5n;gðNU5Þ; RU8n;gðNU5Þ; RPu9n;g ðNU5Þ; RPu0n;g ðNU5Þ;
and RPu1n;g ðNU5Þ, s�1, are the rates of radiative neutron capture re-
actions by 235U, 238U, 239Pu, 240Pu, and 241Pu nuclei. The decay
constants of 239Np and 241Pu are represented in the previous
equation by lNp9 and lPu1, s�1. The concentrations of 235U, 238U,
Fig. 4. Change in the fuel burnup depth in FAs of IVV-2M
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239Np, 239Pu, 240Pu, and 241Pu, cm�3, were displayed by NU5, NU8,
NNp9, NPu9, NPu0, and NPu1, respectively, being functions of time t.

Fig. 4 shows the results of changes in the burnup fraction of the
IVV-2M's FAs during one period between the refuelings with en-
ergy output step of 7500 MWh. For each fuel assembly, the calcu-
lation of changes in the fuel nuclide composition is carried out for:

- initial loading into the core of the NRR IVV-2M (“fresh” FAs, 0%
burnup, nuclide composition is known from the passport data);
type (K287, K304 e designations of fuel assemblies).



Fig. 5. Configuration of the exhaust tube.
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- moving FAs across the core during each refueling (intermediate
calculations of the value of fission products accumulation);

- final unloading of FAs from the NRR's core and its transfer to the
SFP (IFAs).

The total power of the residual energy output after the reactor
shutdown during the final unloading of FAs from the core is the
sum of the energies of a-, b-, g-, or n-radiation emitted during the
radioactive decay of the nuclides, taking into account the decay
constant of each nuclide formed in the burnup process. Fission
products experience mainly b-radioactive decay, which is usually
accompanied by the emission of g-radiation [19].

Thus, the calculation of the isotopic composition of IFAs using
the MCU-PTR serves as the initial data for calculating the residual
energy output with other codes, such as ORIGEN [20], MURE, CARE
[21], etc., or using other methods and tools.

The theoretical calculation of the RHP was performed for the
operating time of FAs in the reactor core for 21 days and the holding
time of IFAs in SFP in the interval from 0 to 107 s (116 days).
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2.5. Study of the efficiency of the condensing part of the passive
heat removal system

The efficiency of the condensing part of the proposed PHRS was
also investigated. The condensing part is an air heat exchanger,
cooled by ambient air. The work on the comparison of heat removal
from the condensing part using an exhaust tube of different con-
figurations (Fig. 5) and without its use, at different ambient tem-
peratures, was carried out. The calculations considered the ambient
temperature range from �31 �C to þ35 �C according to meteoro-
logical observations at the site of the IVV-2M reactor. The study was
performed using the SOLIDWORKS Flow Simulation software suit
[22].

3. Results and discussion

After conducting the thermal-hydraulic simulation of the SFP
with several IFAs in SOLIDWORKS Flow Simulation, the results in
the form of flow trajectories under natural convection conditions
were obtained (Fig. 6).



Fig. 6. Flow trajectories under natural convection conditions (a), and temperature distribution in the middle section of SFP for the storage of IFAs (b).

Fig. 7. Flow temperature distribution over the coil tube (a), and velocity distribution
over the cooling water of the second circuit (b).
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Next, after building a 3D model of the heat exchanger, various
modes of temperature and velocity distribution in the heat
exchanger were simulated. The results are presented in Fig. 7.

Calculated evaluation of residual heat removal from IFAs in SFP
into the building structures showed that at the temperature dif-
ference between the coolant and concrete from Dt1 ¼ 12 �C to
Dt2 ¼ 87 �C, the heat losses were as follows:

� In the bottom of SFP: QB1 ¼ 57.7 W to QB2 ¼ 418.31 W
� In the walls of SFP from QW1 ¼ 632.36 W to QW2 ¼ 10317.98 W
� Total heat losses of walls and bottom from QT1 ¼ 690 W to
QT2 ¼ 10736.29 W.

Measurements of water temperature changes in characteristic
points of the SFP's volume were carried out when disconnecting all
cooling pumps and then reconnecting them, the results obtained
are presented in Fig. 8.

The theoretical calculation of the RHP was performed with
formulas (1) and (2). Fig. 9 shows the obtained calculation results
depending on the holding time of IFAs in SFP.

When comparing the obtained data, it was revealed that the
divergence of the results varies from 0 to 80% depending on the
holding time of IFAs in SFP. Presumably, this is due to the error of
the selected calculation methods, as well as the possible use of
formula (2) to estimate the residual heat release of uranium-
plutonium fuel.

Based on the conducted complex scientific-research works, the
principle scheme of PHRS (Fig. 10, a) for NRRs is proposed.

To check the developed system, an experimental installation is
proposed (Fig. 10, b), which consists of two coaxial tubes, in the
annular gap of which there is a low-boiling liquid. The IFA's model



Fig. 8. Graph of temperature changes in characteristic points of the SFP's volume, time intervals for taking results: 1 e 0 h; 5 e 13 h; 10 e 28 h 20 min; 15 e 43 h 30 min; 20 e 59 h
35 min; 25 e 85 h; 29 e 108 h; T1 - T8 e thermocouples, located by height on the measuring rod.

Fig. 9. Calculated values of the residual heat power at different holding time intervals of IFAs in SFP.

Fig. 10. The principle scheme of PHRS (a), where 1 e evaporator, 2 e condenser, 3 e exhaust tube, 4 e SFP, 5 e IFA; and scheme of the experimental installation represented by
subfigure (b).
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(the heating element) is located in the inner tube. The space of the
inner tube is filled with water, which has a boiling point higher
than that of the coolant. Heat transfer from the IFA's model to the
low-boiling liquid is carried out through the inner tube wall. In the
annular gap, the low-boiling liquid reaches the saturation tem-
perature, evaporates, and in the form of steam, rises to the
2094
condenser, where, after condensation in the condensing part, it
returns to the evaporative part through the lowering path.

A study was conducted to evaluate the efficiency of the
condensing part of the proposed system. Calculation results of the
dissipated capacity at different ambient temperatures, as well as
with the use of an exhaust tube and without it are shown in Fig. 11.



Fig. 11. Calculation results of the dissipated capacity.
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4. Conclusion

In the course of scientific-research works on the development
and evaluation of the efficiency of PHRS, the SFP's simulation was
carried out, the heat losses in the reinforced concrete structures
surrounding the SFP were calculated, an assessment of the tem-
perature regime during normal operation of the heat exchanger
and when it is turned off was performed, the residual heat power of
IFAs in SFP at different loads was calculated, the principle scheme of
PHRS was proposed, the calculation of the efficiency of the
condensing part was carried out. The results obtained show that
the developed PHRS can ensure the safety during storage of IFAs in
SFP in any emergencies, including loss of power supply for own
needs.
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