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Abstract. The relevance of the study is related to the determination of the thermal characteristics of the
IVG.1M research reactor core with the low enriched uranium fuel under the nominal and design operating modes.
The thermal technological condition of the IVG.1M research reactor during the start-up are determined by the
readings of the temperature, pressure and coolant flow sensors of the information and measuring system. The
indirect methods including the computer simulating ones are used to determine the temperature of the core
structural materials and the distribution of the coolant temperature by the height of the fuel assembly. The research
has been carried out using the method of the finite element analysis using the ANSYS Fluent software package. The
study goal was to verify the adequacy of the calculation methodology and obtain the calculated data on the
temperature distribution in the fuel assembly in the reactor power range from the nominal to design one. The article
presents a description of the IVG.1M reactor, the research methodology, computer model, simulation results and
the comparison of the calculated data with the experimental ones. The study scientific novelty consists in
determining the temperature conditions of the fuel rods during the reactor operation at various levels of the design
capacity with a conservative approach to the cooling conditions. The significance of the research results lies in the
fact that a computer model can be used to determine the characteristics of the IVG.1M reactor core under the
reactor various operating modes and to analyze the thermohydraulic processes in the fuel assembly.
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1. Introduction

The IVG.1M research reactor (RR) is a heterogeneous thermal neutron nuclear reactor with a light-water
coolant. It is possible to conduct the scientific research on the safety of the peaceful atomic energy use at the
reactor, including: studying on the radiation material science, testing the structural materials of the nuclear
technology, practicing the operating modes of the fuel assemblies (FA), studying the emergency situations. In
2023 the reactor core was transferred from the highly enriched uranium fuel (HEU) to the low enriched
uranium fuel (LEU) in order to reduce the risks of the proliferation of the fissile materials [1]. During the
conversion, the neutronics and thermal characteristics of the reactor were improved, which was confirmed in
a series of the power starts-up. To date, scientific research has been resumed.

The IVG.1M research reactor core is a set of water-cooled technological channels (WCTC) with the fuel
assemblies (FA). The maximum design capacity of the reactor core consisting of 30 WCTC is estimated at 60
MW, while at the moment the research starts-up are carried out at a capacity of no more than 10 MW. The
limitations on the realized capacity are related to the configuration of the cooling system, which has restrictions
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on the coolant specified flow rate. The reactor cooling system upgrading is a relevant task and requires the
comprehensive study.

Throughout the entire life cycle of the IVG.1M research reactor the engineering and technical staff
collects, processes, systematizes and analyzes the operational information. The calculation and methodological
base created on the basis of many-year experience, which is a complex of methods, procedures and software,
allows ensuring the safe operation and research at the reactor. New computational and experimental techniques
are being developed on an ongoing basis to control the parameters of the nuclear reactor and conduct the
research at a high technological level. The reactor is equipped with the information and measurement system,
which records, displays and archives the sensor readings during the start-up. The reactor thermal parameters
are recorded with a frequency of 10 Hz by the resistance thermometers, pressure, level and flow sensors [2].
The coolant parameters are recorded at the inlet and outlet to the reactor core, therefore, the determination of
the temperature distribution of the water and structural materials in the core is carried out by the indirect
methods, including the computer simulation. The computer simulating methods have also been successfully
applied to analyze the safety of conducting the reactor experiments at the IVG.1M reactor [3], determining the
core neutronics and thermophysical characteristics [4-7], analyzing the hydraulic and thermophysical
processes in the reactor FA [8-10]. When simulating the neutronics and thermohydraulic processes of the
reactor core, each model had its drawbacks and assumptions.

The goal of the study presented in the article was to verify the adequacy of the chosen calculation method
and obtain the calculated data on the temperature distribution in the fuel assembly of the IVG.1M research
reactor when it operates at nominal and design levels of the realized power. The research was carried out using
the method of the finite element analysis using a three-dimensional computer simulation. The advantage of the
computer simulation used for the study, compared with previously used ones [8-10], is the fact that the twisted
structure of the fuel rod was taken into account when developing the model. The scientific novelty of the
research consists in determining by calculation the temperature modes of the fuel rods operation in the range
of the reactor design power from 10 to 60 MW with a conservative approach to the cooling conditions.

2. Materials and methods

The IVG.1M RR core is equipped with a set of 30 WCTCs, which are located radially along three circles
with the different radii. There are 12 WCTC with the FA height of 800 mm in the first and second rows, along
the diameter of the radius 126 and 163.5 mm. There are 18 WCTCs with a 600 mm height of the fuel part in
the third row along a circumference with a radius of 239 mm. The reflector surrounding the core is made of
beryllium. Ten control drums (CD) with absorbing elements control the reactor and protect it. Each CD is
equipped with a stepper motor that allows turning the drum from 0° to 180°. There is an experimental channel
designed for the installation of the irradiated devices in the core central part. The experimental channel is
surrounded by 12 beryllium reactivity compensation rods. Figure 1 shows the reactor diagram [5].

The fuel part of each of the 30 WCTC contains 468 fuel rods in a tight package. Twelve fillers with a
diameter of 1.6 mm, 24 fillers with a diameter of 2.2 mm and an axial insert with a diameter of 7.4 mm are
used to distance the fuel rods in the fuel assemblies. The fillers and the axial insert are made of E110 alloy.
The fuel rods are in the form of spiral rods made using innovative technology [11]. The fuel rod is a
metallurgically bonded cladding and core. The fuel core of the fuel rod is a matrix made of E110 alloy with
strands of metallic uranium located along the axis. The number of uranium strands is 133, the diameter of the
strand is ~40 pm. The fuel rod cladding is made of E110 zirconium alloy.

Figure 2 shows the diagram of the fuel element with the dimensions [8]. The reactor is cooled using a
single-circuit coolant pumping pattern from a storage tank with a volume of 1,500 m*. Three 4MSK-10 pumps
are used to provide the sufficient coolant flow during the power start-up. The core is cooled as follows. The
water is supplied through four paths to cool the reactor cover, the loop channel, the side reflector and the
interchannel space in the reactor nominal operation mode. In the inter-channel space, the coolant moves
upwards, cooling the outer surfaces of the walls. In the collection chamber under the reactor cover, the water
is collected from the cover cooling paths, the side reflector and the interchannel space and enters the WCTC
for cooling the FA, after which it is drained into a storage tank.
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Fig.1. IVG.1M reactor diagram.

A three-dimensional model of the IVG.1M reactor FA was constructed in the ANSYS Fluent release
2021R2 software package to conduct the study [12]. The ANSYS Fluent is a universal software analysis system
that implements the finite element method (FEM), which allows solving the stationary and non-stationary
physical problems, including the simulation of the liquid and gas flows, heat transfer and heat exchange
processes [13].
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Fig.2. Fuel rod diagram: 1-core, 2-cladding.

Solving the problem using the numerical methods in the ANSYS Fluent software package includes the
implementation of the basic sequential actions:

- defining the geometry of a computational model;

- splitting the model into a finite number of simple elements;

- setting the material properties required for the calculation;

- setting the initial and boundary conditions of the problem;

- selecting and configuring the solver, performing the calculation;

- analyzing and interpreting the results, performing additional calculations if necessary.
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Figure 3 shows the computer simulation used to conduct the study with a superimposed finite element
grid. The geometry of the computational model was chosen in the following way. The computational model is
the FA elementary cell. The fuel rod fully corresponds to the actual geometric dimensions, taking into account
the twist step of 30 mm. The model height corresponds to the height of the fuel part of the WCTC of 1% and
2" rows in the and is 800 mm. During the construction of the model, it was assumed that the cross-sectional
area for the coolant in the model is 1/468 of the cross-sectional area for the coolant in the WCTC since the fuel
assembly contains 468 fuel rods.

:I fuel rod core

fuel rod cladding
coolant

Fig.3. Calculation model of the IVG.1M reactor FA.

The flow section area for the coolant in the WCTC was determined by the formula (1):
$=0.25m-d3— 4685, — 025 -m(n, -d? + n, - d3 + d?) (1)

where:

dois inner diameter of the FA shell, do=66.4 mm;

Swis cross-sectional area of the fuel rod, according to the technical documentation, Sy=3.967 mm?;

n; is number of type 1 fillers, n; = 12;

N2 is number of type 2 fillers, n, = 24;

d; is diameter of type 1 fillers, d; = 1.6 mm;

d; is diameter of type 2 fillers, d, = 2.2 mm;

d. is diameter of the axial insert, dc = 7.4 mm.

The boundary conditions set for obtaining the temperature distribution in the FA model are given below:

- the symmetry condition is set on the side faces of the computational model,;

- the coolant flow is determined by the conditions of mass flow inlet into the path and the outflow;

- the initial pressure in the path is assumed to be 1 MPa;

- the energy release profiling by the FA height is set using a text file.

The calculations have been carried out using the average values for the WCTC of 1%t and 2" rows, since
the greatest energy release occurs in these channels, and consequently, the coolant and fuel rods reach the
highest temperature values. The obtained data on the energy release as a result of the neutronics calculations
are used to conduct the study. The energy release for the calculation is set with the assumption that all fuel
rods in the assembly have the same energy release. Figure 4 show the relative energy release profile for the
FAs of the WCTC of 1% and 2" rows per 1 MW of the reactor power [14]. During the calculation, the
thermophysical properties of the materials of the computer model [15, 16] are set depending on the temperature
in the form of a piecewise linear function, while the properties of the fuel rod core are homogenized.
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Fig.4. Profile of relative energy release of the WCTC of 1t and 2™ rows.

A k-¢ Realizable flow model has been chosen to simulate the coolant turbulent flow. The finite element
grid of the model consists of 3,353,802 units and 7,503,831 elements, the solution convergence is achieved by
an iterative process. The temperature at the WCTC outlet is also determined by the energy balance equation
[17] for substantiating the correctness of the calculation model and the selected solver settings (2):

5@ =6 Cp (Toue = Ti) @
where:

Q — distribution of the energy release in the fuel rod by the assembly height, W;

G — coolant flow, kg/s;

Cp — water heat capacity at an average temperature in the path, J/(kg x °C);

Tout, Tin — coolant temperature at the FA outlet and inlet, respectively, °C.

3. Results and discussion

As a result of the study, the temperature field distributions for the stationary reactor operation modes have
been obtained. The information on the technological parameters of the IVG.1M reactor, obtained from the
results of power starts-up, was used as initial data for the thermophysical calculations. The problem boundary
conditions were determined in accordance with the water temperature values at the core inlet and the water
flow through the WCTC. The energy release by the FA height was set according to the reactor thermal power
realized in the experiments. Table 1 shows the experimental values of the water flow through the WCTC, the
water temperature at the WCTC inlet and outlet for 10 levels of the stationary reactor power.

Table 1. Comparison of the experimental data with calculated ones.

Parameter Reactor power level*, MW

100 | 1.97 | 291 | 6.07 | 9.08 | 10.21
Water flow for the WCTC of 1%t and 2" rows?, kg/s 208 | 208 | 213 | 214 | 213 | 211
\Water temperature at the WCTC inlet?, °C 248 | 174 | 229 | 26.2 | 29.6 | 28.2
\Water temperature at the WCTC outlet?, °C 289 | 251 | 343 | 495 | 64.0 | 67.3
Water temperature at the FA outlet?, °C 28.7 | 252 | 339 | 493 | 644 | 67.7
Water temperature at the FA outlet®, °C 28.7 | 252 | 341 | 493 | 64.3 | 67.6
Maximum temperature of the outer surface of the fuel rod cladding?, °C] 29.3 | 26.3 | 35.6 | 52.8 | 69.6 | 73.5
Maximum temperature of the fuel core?, °C 296 | 269 | 365 | 54.7 | 725 | 76.8

texperimental values; 2calculated values by computer modeling; 3calculated values by the energy balance equation.

The table also shows the water temperature values at the WCTC outlet obtained by computer modeling
and the values of the maximum calculated temperatures of the fuel core and the fuel rod surface for the given
stationary power levels. For the comparison, the table shows the values of the calculated temperature at the
FA outlet, calculated using the energy balance formula (2).
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According to the analysis of the data given in Table 1, the value of the standard deviation of the
experimental and calculated (according to the energy balance formula) water temperature at the FA outlet is
~0.31. The value of the standard deviation of the experimental and calculated (by the computer modeling
method) water temperature at the FA outlet is ~0.23. Good consistency of the calculated results with
experimental data allows estimating the adequacy of the calculated model and the chosen calculation method.

Figure 5 shows, as an example, the volumetric distribution of the temperature field obtained as a result
of the calculation with the reactor thermal power at a stationary level of 10.21 MW. Figure 6 shows the
temperature field and the velocity vector field of the model cross-section (10.21 MW) at the height with the
maximum energy release (0.309 m).
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Fig.5. Volumetric distribution of the temperature field of the model.
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Fig.6. Temperature field of the FA model cross-section.

The operational documentation of a WCTC with low enriched fuel contains the information on the limits
of the permissible values of the thermal technical parameters during the operation, however, the cooling modes
of the core for ensuring the safe operation at a power level from 10 to 60 MW are not regulated. At present,
the restrictions on the realized capacity of the IVG.1M research reactor are associated with the complete set of
the cooling system, which can provide a water flow rate of no more than 2.5 kg/s, while the limit of the WCTC
normal operation for a set flow rate is 12 kg/s.

A series of calculations has been carried out to assess the temperature modes of the fuel rods during the
reactor operation at a design capacity of 10 to 60 MW. When setting the boundary conditions, the conservative
cooling conditions were chosen. The water temperature at the FA inlet was assumed to be 55 °C, which is the
limit value of the WCTC normal operation. The water flow for cooling was chosen according to the energy
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balance equation (2) in such a way that the water temperature at the FA outlet was of maximum permissible
value of the WCTC normal operation, equal to 95 °C.

Figure 7 shows the dependence of the calculated values of the water temperature at the FA outlet, the
maximum temperatures of the fuel core and the fuel rod cladding at the reactor operating power at the level
from 10 to 60 MW at the specified coolant flow rates through the WCTC.
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Fig.7. Dependence of the fuel rod temperature on the reactor operation power at a set water flow rate.

As Figure 7 shows, the maximum calculated temperature of the fuel core under the specified cooling
conditions does not exceed the limit of the WCTC normal operation equal to 146 °C. The temperature limit of
the WCTC normal operation for the surface of the fuel rod is 110 °C. The maximum calculated surface
temperature of the fuel rod slightly (2 °C) exceeds the limit value of the WCTC normal operation only if the
reactor is operating at a power level of 60 MW and the WCTC water rate is 12 kg/s.

To analyze the calculated results, it is necessary to take into account that the emergency protection settings
of the reactor are set by the personnel according to the appropriate start-up program for each experiment and
under the standard conditions of conducting the experiments at a power level of up to 10 MW for the coolant
temperature values and are 50 °C at the reactor inlet and 95 °C at the outlet.

4. Conclusions

As a result of the computational studies using the three-dimensional computer model of the FA of the
IVG.1M reactor, the temperature distribution of fuel rods and coolant has been determined under the stationary
reactor operating modes at various power levels from 1 to 10 MW. The good consistency of the calculated
results with experimental data has confirmed the adequacy of the calculation model and the chosen calculation
method.

In a series of the calculations, the temperature modes of the operation of the fuel rods have been
determined in the range of the design capacity from 10 to 60 MW with the minimum values of the coolant
flow, providing the coolant temperature within the values of the WCTC normal operation. The calculation
results show that under the set cooling conditions, the temperature modes of the operation of the fuel rods
correspond to the values of the WCTC normal operation.

The computer model can be used for determining the characteristics of the IVG.1M reactor core under
various operating modes, as well as for analyzing the thermohydraulic processes in the FA. The disadvantage
of the model is that the model geometry does not allow determining the radial temperature distribution of the
fuel rods in the FA, and also does not take into account the heat transfer from the WCTC outer surface into the
coolant.
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