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Abstract

The paper presents the results of modeling of changes in the isotopic composition of the liquid-salt fuel circulating in
the experimental channel of the MBIR reactor facility. The authors tested the ISTAR software environment adapted
for solving burnup equations in problems with variable power levels. The loop channel parameters, including two
heat exchanger options, were estimated to obtain the appropriate salt transit time through the loop channel zones. Two
problems of a circulating fuel system (loop) modeling are considered, namely: (1) modeling the equilibrium salt isotope
composition in such a system; and (2) developing a technique for modeling nonstationary isotope kinetics in the MBIR
reactor loop. Non-stationary isotope kinetics can be modeled as sequential burnup of nuclides in the neutron field and
decay during movement in the external circuit. The authors also developed an algorithm for modeling changes in the
isotopic composition of fuel salt during its circulation, taking into account the sequential transfer of a given salt volume
from the burnup zone to the zone outside the reactor core. Based on this algorithm, a software package was created
using the Python 3.9 programming language and ISTAR modules. In addition, a description of the calculation meth-
odology was given and some calculation results obtained using the software were presented. In the process of working
with the program, it was found that, for the given times of the fuel being in each of the zones (2 and 200 seconds,
respectively), modeling the change in the isotopic composition during the fuel campaign (500 days) will require the
calculation of more than 500 thousand steps. In order to save time, it is necessary to find out whether it will be possible
to reduce the number of calls to the neutronic calculation code due to a slight change in the isotopic composition of the
fuel in the loop per one burnup step. Work is currently underway to optimize this process.
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Introduction

Molten salt fuel compositions can be used both in advanced
nuclear reactors (Blinkin and Novikov 1978; Novikov et al.
1993; Ignatiev et al. 2019) and in blankets of hybrid fusion
reactors. Using thorium fuel compositions in the blanket of
a fusion source of neutrons will make it possible to gener-

ate #°U, this expected to allow addressing issues of provid-
ing the nuclear fuel market with resources for a long period
of time. The Advanced Research Reactor, MBIR (Dragun-
ov et al. 2012), is planned to replace the BOR-60 reactor
and is equipped with standalone loop devices for testing of
materials and fuel, including molten salts. This study is a
continuation of Blandinskiy and Kuzenkova 2020.

* Russian text published: Izvestiya vuzov. Yadernaya Energetika (ISSN 0204-3327), 2022, n. 4, pp. 58-66.

Copyright Kuzenkova DS & Blandinskiy VYu. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC-BY 4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.


mailto:Kuzenkova_DS@nrcki.ru
https://doi.org/10.3897/nucet.9.107761

128

Kuzenkova DS & Blandinskiy VYu.: Isotope kinetics modeling in a circulating fuel system

The paper deals with simulation of a loop channel and
evolution of the isotope composition in the molten salt fuel
in the experimental channel of the MBIR rector facility.

Loop channel parameters

A loop channel can be conditionally divided into two
areas: that in the reactor core and the outside circuit.
The area in the neutron field is described in detail in
Blandinskiy and Kuzenkova 2020. It has a complex
structure: a tube from EP-450Sh steel, which, with an
allowance for the argon-filled gas gap, accommodates
a Hastelloy H tube that contacts the circulating fuel
salt. The outside circuit is formed by pipelines and an
intermediate heat exchanger. The intermediate heat ex-
changer transfers heat from the primary circuit fuel salt
to the secondary circuit coolant. Further neutronic cal-
culations require estimating the volume of fuel salt in
each of the circuit parts.

Selection of the heat exchanger

To start the heat exchanger calculations, one needs to de-
termine the key parameters of fuel salt: density, specific
heat capacity, dynamic viscosity and thermal conductivi-
ty. The justification for the LiF-ThF, system and its densi-
ty calculation are described in Blandinskiy and Kuzenko-
va 2020. The thermophysical properties of the LiF-ThF,
system for the required composition were estimated based
on published experimental data.

The compound’s heat capacity was estimated using the
Neumann-Kopp rule based on known data for some of the
components (LiF and ThF, (Capelli et al. 2013)) and is
equal to 908.1 J/(K-kg).

The dynamic viscosity at the working temperature is
0.0209 Pa-s (Benesh and Konings 2009). No experiments
were undertaken with such salt composition to determine
the heat conduction coefficient, so, as shown in Benesh
and Konings 2009, it is proposed to assume that A = 1.5
W/(m-K).

Two coolant options have been considered for the heat
removal circuit: liquid sodium used as coolant for the
MBIR reactor, and molten salt in the FLiBe form (LiF—
BeF,). The calculation results for the key values of the
two intermediate heat exchanger versions were estimated
based on a procedure in Usynin et al. 1981 and are pre-
sented in a summary Table 1.

Table 1. Key characteristics of heat exchangers

Measured value Secondary coolant

Na LiF-BeF,
Mass flow rate of primary fuel salt, kg/s 22 22
Mass flow rate of secondary coolant, kg/s 16 9.5
Heat-exchange surface area, m? 80.8 458.7
Outer shell diameter, m 0.42 1.02
Pressure loss, kPa 126 126
Fuel salt volume in IHX, m? 0.14 0.76

The dimensions of the intermediate heat exchanger
(IHX) were estimated and the volume of the fuel salt it
contains was calculated. The fuel salt volume is 0.14 m?
when liquid sodium is used as coolant and 0.76 m* when
molten salt is used.

Consolidated data on the volumes of all elements in the
loop channel circuit are presented in Table 2.

Table 2. Volumes of fuel salt in different sections of the loop
channel for two coolant options, m?

Loop channel section Secondary coolant

Na LiF-BeF,
Channel’s in-core part 0.143 0.143
Pipelines 0.014 0.014
Heat-exchanger 0.136 0.759
Entire loop channel 0.293 0.915

Computational model and
software tools

Simulation of the circulating fuel isotopic kinetics re-
quires software tools to calculate the power density and
fuel burnup in variable-power zones.

The power density in the loop is determined us-
ing the Monte Carlo MCNP code (Monte Carlo Team
2008). Inside of the MBIR reactor loop, power den-
sity of distributed by zones that contain fuel materi-
als (core, blankets, in-core storage, molten salt loop).
The power density distribution for each of the zones is
calculated in Blandinskiy and Kuzenkova 2020: core
— 88.17%, blankets — 8.61%, in-core storage — 3.16%,
loop channel — 0.06%. The low value of power in the
loop channel is explained by the fact that the salt in the
starting state contains only raw ***Th isotopes. Power
will grow as U is accumulated. This is followed by
normalization against the MBIR total thermal power
(150 MW).

The ISTAR software tool (Dudnikov 2020) makes it
possible to calculate both the equilibrium state and the
isotope composition change. It is designed to investi-
gate complex structures of nuclear power systems, in-
cluding different processes of nuclide transformation at
different nuclear power complex facilities. The model
of a nuclear power system is defined as a specific struc-
ture consisting of a set of processes, physical zones,
storages, NFC facilities, and nuclide flows between
these. Calculations can be undertaken both for burnup
and cooling steady-state modes and transients (Alek-
seevsky 2008; Blandinskiy and Dudnikov 2018). Each
process (physical zone) uses a pointwise single-group
isotope kinetics model; it is assumed that all nuclides
have zone-average and energy-integral parameters of
interaction with neutrons and are in a zone-average and
energy-integral neutron flux. A need arose for testing
the adaptation of the ISTAR software environment for
problem-solving in calculation of the nuclide kinetics
in variable-power zones.
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Heavy fissile nuclei are contained in the reactor core,
in the blankets and in the loop channel (4 zones in total).
A decision was made to simulate these zones, calculate
the burnup in each of the zones, beginning from the start-
ing salt composition with a step of 20 days (10 steps),
knowing the total power density in the core, in the blan-
kets, and in the loop channel. As the result of the bur-
nup calculation, apart from the isotope composition, the
ISTAR retains the power density distribution by steps in
each of the four zones. With known values of the power
distribution in the loop channel for each time step, the
burnup problem has been solved for only one burnup zone
(loop channel).
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Figure 1. Comparative ***Pa and ***U mass diagrams for two
types of calculations depending on time. The asterisk (*)
marks calculations with power density defined inside of a
particular zone.
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Figure 2. Comparative »2Th mass diagrams for two types of
calculations depending on time. The asterisk (*) marks calcula-
tions with the power density defined inside of a particular zone.

Comparative calculations were undertaken to solve
the isotope kinetics problems using different methods:
by defining the reactor’s total power and the power den-
sity in the loop channel only knowing the power density
fractions for each portion. A new isotope composition
was obtained at each calculation step. The figures pres-
ent comparative isotope mass diagrams for **Pa, **U
(Fig. 1) and 22Th (Fig. 2), for each of the calculations
described above depending on time (in days). The calcu-
lations of the isotope compositions, with total power and
power density defined inside of the loop channel only for
a step, coincide, which allows one to count the burnup in
variable-power zones.

Approaches to simulation of
circulation

There are two simulation approaches for a system (loop)
with circulating fuel:

+ to change the content of isotopes in the fuel com-
position in the neutron field with the neutron flux
density averaged over the entire loop circuit;

* to change the isotope composition with the con-
sistent burnup of nuclides in the neutron field (the
loop in the reactor core) and cooling in the course of
movement in the outside circuit.

This paper deals with the evolution of the latter approach.
An algorithm has been developed and a software tool has
been implemented in the Python 3.9 language using ISTAR
code modules to simulate the isotope kinetics of the fuel
composition of interest that circulates among the zones
with and with no neutron field in any preset time interval.

Simulation of the fuel salt
circulation in the loop channel

A preliminary thermal-hydraulic calculation was under-
taken which has made it possible to estimate the time of
the fuel salt residence in the neutron field, that is, immedi-
ately in the MBIR reactor loop channel (2 seconds), and in
the outside circuit portion beyond the core (200 seconds).

A code has been developed for calculation of the iso-
tope kinetics in systems with circulating fuel based on the
ISTAR software tools (Kuzenkova and Blandinskiy 2022),
intended to calculate the isotope composition in molten
fuel salt in the course of its circulation in the research reac-
tor loop channel using the ISTAR. The code simulates the
consistent transport of the elementary liquid fuel volume
from the burnup zone to a zone beyond the reactor core.

The code startup requires entering a number of key pa-
rameters, including the initial fuel salt composition, pow-
er density in the in-core channel portion, the number of
burnup steps, and the time of the salt residence in each
loop part. A step corresponds to one program run stage
that simulates one of two processes: burnup (reactions in
the neutron field) or natural decay.

We shall look in detail at how the code operates. Step 1,
similarly to all further odd steps, deals with burnup simula-
tion: the ISTAR code’s module of the same name is started,
the operation of which results in a changed isotope com-
position of fuel, and calculation is started further to deter-
mine more precisely the power density for the new fuel
composition, after which the obtained data are rerecorded
as starting for the further process. Step 2, likewise all other
even steps, simulates natural decays of nuclides in fuel,
the composition of which is obtained in the previous step.
The code sequentially starts the executed modules for the
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preset number of times. As the result of the operation, each
step creates a text file with a table that contains data on the
isotope composition of fuel, as well as a text file with the
recounted power density values. The data for each step are
aggregated in a summary table (in the CSV format).

The developed software tool was verified. Hand proce-
dures were used to calculate 20 program run steps. The re-
sults of the power density and isotope composition calcu-
lations using hand procedures and the developed research
tool have coincided in full (Fig. 3). The ISTAR software
tool was verified earlier for the burnup calculation (Blan-
dinskiy and Dudnikov 2018).

Conclusions

A computational model has been developed and the ex-
perimental loop channel key parameters have been esti-
mated. The circulation of fuel salt in a loop channel was
simulated (consistent transport of the preset amount of salt
from the burnup zone to a zone beyond the reactor core).

It was found in the course of the code operation that
the calculation time for each process matters with the pre-
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