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Abstract: This article presents the results of an experimental study of the coolant flow in a fuel rod
bundle of a nuclear reactor fuel assembly of a small modular reactor for a small ground-based nuclear
power plant. The aim of the work is to experimentally determine the hydrodynamic characteristics of
the coolant flow in a fuel rod bundle of a fuel assembly. For this purpose, experimental studies were
conducted in an aerodynamic model that included simulators of fuel elements, burnable absorber
rods, spacer grids, a central displacer, and stiffening corners. During the experiments, the water
coolant flow was modeled using airflow based on the theory of hydrodynamic similarity. The studies
were conducted using the pneumometric method and the contrast agent injection method. The flow
structure was visualized by contour plots of axial and tangential velocity, as well as the distribution
of the contrast agent. During the experiments, the features of the axial flow were identified, and
the structure of the cross-flows of the coolant was determined. The database obtained during
the experiments can be used to validate CFD programs, refine the methods of thermal-hydraulic
calculation of nuclear reactor cores, and also to justify the design of fuel assemblies.

Keywords: coolant; hydrodynamic; fuel assembly; reactor core; small modular reactor

1. Introduction

Rosatom, the State Atomic Energy Corporation Rosatom, is currently in the final
stages of developing a modernized ground-based nuclear power plant that will generate
electricity for remote and decentralized areas. For the modernized power unit, specialists
from Rosatom have developed the RITM-200S small modular reactor (Nizhniy Novgorod,
Russia). One of the main components of the reactor is the core. It is subject to increased
demands for durability, energy efficiency, reliability, and safety. The new core uses fuel
assemblies with an increased active part height of 1650 mm to extend the service life. It also
uses fuel rods with a thicker cladding made from a corrosion-resistant alloy [1-4]. New
technical solutions require experimental and computational justification. One of the stages
in the design process for the core includes an experimental study of the hydrodynamics of
the coolant inside the fuel rod bundle within a fuel assembly.

The main results of the thermophysical experiments were obtained by scientific teams
that are part of the State Atomic Energy Corporation Rosatom and are published in [5].
These studies present the results of both experimental and computational research on
critical heat flows in RITM-200 reactor fuel assemblies used in ground-based small modular
nuclear power plants. All experiments were conducted under normal operating conditions
of the reactor.

Also, complex analytical work is being conducted in scientific organizations to analyze
the design and operational features of modernized small modular reactors. The works
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in [6-9] present the results of analyzing the design of these reactors, identifying their
weaknesses, analyzing their operating modes, and determining paths for their further
modernization and development. It also includes recommendations for improving the
design of the reactor core.

Scientists are mainly involved in the computational and experimental modeling of
coolant hydrodynamics in PWR reactor cores. The main goal of these studies is to determine
the influence of mixing grids and fuel bundle geometry on coolant flow processes. However,
the influence of the geometry of mixing vanes on flow mixing and vortex formation in fuel
bundles has not been thoroughly investigated, making it difficult to accurately assess the
impact of these design features on flow patterns due to the complexity of processes in rod
bundles, including the presence of secondary flows and turbulence anisotropy [10-14].

To identify the main patterns of coolant movement behind mixing grids, various
approaches are used. These include the study of transverse mass transfer using tracer
methods and laser Doppler technology, as well as the measurement of temperature fields
in the coolant flow to gain a better understanding of dynamics [15,16].

In these studies, the focus is on the coolant flow within the fuel assembly, specifically
the area behind the mixing grids. This area is represented by normal cells, formed by
the arrangement of fuel rods, without any more complex cells such as peripheral regions,
central displacer regions, or corner regions.

Accurate knowledge of the hydrodynamics of the coolant can help to improve the
accuracy of results from thermohydraulic calculations for cores when justifying their
reliability. Therefore, the aim of this work is to experimentally determine hydrodynamic
characteristics of flow in fuel element bundles [17-26].

The results of experimental studies of the coolant hydrodynamics at the inlet and
outlet, as well as in the fuel rod bundle of the fuel assembly for the core of the ground-based
small modular reactor, are not available in the open press, which also confirms the relevance
and scientific novelty of the results presented in this article.

2. Research Facility and Experimental Model

The flow of water coolant was simulated using airflow, based on the theory of hydrody-
namic similarity, with the same Reynolds number in the range of 90,000 to 100,000 relative
to the natural reactor unit. The open-circuit aerodynamic research facility consists of
an airflow injection system and an experimental model equipped with a measurement
system [27-31].

The experimental model is designed as a transparent hexagonal channel whose walls
imitate the cover of a standard fuel assembly. The model’s fuel bundle replicates the
geometry of a fragment of a standard fuel assembly’s fuel rod bundle and consists of fuel
rod simulators and burnable absorber rods. In the fuel bundle, there are three spacer
grid simulators installed. These simulators have a complex design, consisting of plates of
different thicknesses and shapes. The central displacer simulator is located in the inner
shells of the grids. The position of the grids in the model is based on their standard location,
which has been enlarged by a scale factor. Six stiffening corners, which connect the grid
simulators, are fixed to their outer shell and follow the geometry of the structural element
of a standard fuel assembly (Figure 1). The scale factor for all elements in the experimental
model is 5.8. By increasing the size of the design compared to the standard fuel assembly;
we can reduce the impact of the probe sensors on the flow pattern. This solution also allows
us to achieve a Reynolds number of 90,000 during low airflow velocities.
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Figure 1. Model of a fuel rod bundle fragment: (a) External appearance of the experimental model,
(b) Arrangement of structural elements in the experimental model channel.

3. The Representativeness of the Study

When performing hydrodynamic similarity, it is possible to choose the optimal design
of the experimental model and recalculate the flow characteristics obtained during experi-
ments for the natural conditions of coolant flow. This is achieved by ensuring geometric,
kinematic, and dynamic similarity between the model and actual construction.

Geometric similarity is maintained by matching the geometric dimensions of the
experimental model and the real object, taking into account scale factors.

The dynamic similarity of the flow of fluid in geometrically similar objects can be
observed due to the close values of the Reynolds number. The maximum Reynolds number
in the experimental model is 90,000, and in the reference object, it is 100,000.

The kinematic similarity of flows in geometrically similar objects is observed due to the
proportionality of dimensionless velocities at the corresponding points of the experimental
model and the real object.

The value of the Reynolds number, which was used in the research, corresponds to
the range of self-similarity of flow, which allows us to use experimental data to study the
flow of water coolant. The start of the self-similar zone is defined by a Reynolds number of
35,000. All measurements were taken at an average air velocity of 36.2 m/s at the entrance
to the model with a Reynolds of 90,000

Additionally, the representativeness of the experiments is proved by the agreement
between the hydraulic resistance coefficients of the test grids and those of standard design
elements, which have identical Reynolds numbers.

4. Experimental Methodology

The hydrodynamic properties of the flow within a fuel bundle were studied using the
pneumometry approach and the technique of impurity injection.
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A multi-hole pressure probe has been used to measure the velocity vector in an
experimental model. The sensitive part of the probe consists of five steel capillaries with
a diameter of 0.8 x 0.1 mm, located in two perpendicular diametric planes. The rest of
the capillaries are placed inside a steel tube that serves as the probe holder. The central
capillary is cut at a 90-degree angle to its axis, while the four lateral capillaries are cut at a
45-degree angle (Figure 2).

Figure 2. Multi-hole pressure probe.

To measure the magnitude and direction of the velocity vector, a pneumatic probe is
sequentially positioned at specific points on the experimental fuel assembly model using
a coordinate system. In this process, pressure values in each capillary of the probe are
recorded using piezoelectric pressure sensors.

Flow velocity components were measured with an accuracy of not more than
7.5% error.

The structure of transverse flows was investigated using the injection method with
the addition of propane. This gas was injected at a specific flow rate into areas located in
front of the third grate along the flow path. After injection, the distribution of the added
substance in the volume of the model was monitored using an infrared gas analyzer. The
gas flow rate was maintained with an accuracy of +0.25%. The impurity concentration
levels were determined using a gas analyzer with an error of +1.5% or lower.

The size of the measuring area is determined by the large number of cells of various
shapes and by the geometry of the spacers, which intersect in various ways. This area
occupies one-third of the cross-sectional area of the fuel bundle and has a significant
number of impurity entry points (Figure 3). The flow velocity components and impurity
concentrations were measured across the entire area of interest using a uniform grid of
measurement points. Along the length of the rod bundle, measurements were taken at
10 sections behind the simulator of the third spacer grid. The distance between these
measurement points increased as the distance from the grid increased (Figure 1). This
choice of measurement area size and placement of impurity injection points allows us to
characterize the overall flow structure.

The analysis of the coolant flow was conducted based on contour plots of the dimen-
sionless impurity concentration and the flow velocity. The values of the dimensionless
axial (W,/Way) and tangential (Wyy, /Way) velocities were obtained by dividing their local
values at a point by the value of the average flow velocity at the inlet of the experimental
model (Way). The values of the dimensionless impurity concentration (C/Cp) are calculated
by dividing its local value (C) at a given point by the maximum value of the impurity con-
centration in the injection region immediately in front of the spacer grid (Cyp). To estimate
the flow disturbances caused by the structural elements in the experimental model, we
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used the value L/dy,, where L is the distance from the measurement point to the structure,
and dy, is the hydraulic diameter of the model.

Border of
measuring area

Contrast agent
injection area

— Grid cover

— Grid stiffner
Grid stiffening corner
Grid plate

Figure 3. The location of the measuring area and contrast agent injection zones in the cross-section of
the experimental model.

5. The Results of the Study on the Hydrodynamics of the Coolant Using the
Pneumometry Technique

In the field of regular cells, transverse flows were formed behind the plates and grid
stiffeners at the points of their contact with the fuel elements at a distance of L/d}, ~ 1
(Figure 4) from the spacer grid. Behind the stiffeners, the dimensionless tangential velocity
was 0.17-0.22, and behind the plates, it was two times less, which is due to their smaller
thickness. The transverse flow maintained its structure up to a distance of approximately
three times the hydraulic diameter (L/d}, ~ 3.1) from the plates.

ny/Wav

Figure 4. Dimensionless tangential flow velocity at a distance of L/dy, ~ 1 from the grid simula-
tor plates.

At the faces of the fuel assembly cover and the stiffening corners, where there were
no grid plates, the transverse flow was oriented from regular cells towards the outer
edges. However, at the intersection of plates, the direction of transverse flow is reversed.
Dimensionless tangential velocities ranged from 0.08 to 0.13 in the first case and 0.11-0.14
in the second case. In the case without plates in the cells, the transverse flow stopped at
L/dy = 7.5. In the case of the plates intersecting cells, it stopped at a distance of L/d}, ~ 5.
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Near the central displacer, transverse flow moved across the surface of the displacer
in a circular pattern, as well as within a field of regular cells located at a distance of
L/dy &~ 2 from the plates. These transverse flows were measured throughout the entire
research area. In transverse flows moved around the central displacer, the dimensionless
tangential velocity ranged from 0.13 to 0.16. In transverse flows directed into the field of
regular cells, the dimensionless tangential velocity ranged from 0.11 to 0.13 (Figure 5).

WXy/Wav

0.25
0.22

0.19
- 0.16
- 0.13
0.11
1 0.08

0.05

0.02

0

Figure 5. Dimensionless tangential flow velocity at a distance of L/dy, ~ 2 from the grid simula-
tor plates.

In regular cells, with no grid plates in the center, the structure of the axial velocity
profile had a uniform structure. The dimensionless axial velocity at distances L/d}, ~ 1
and L/dy, = 10 from the plate ranged from 1.1 to 1.2 and from 0.9 to 1, respectively. In
regular cells with intersecting plates in the center, the axial flow was non-uniform. The
dimensionless velocity ranged from 0.5 to 0.9. Behind the grid plate profiles, in areas where
they contacted fuel elements and between fuel rods, axial flow velocity was minimal. The
highest velocities were found in free areas of cells. At the points of the local minimum
and maximum, the dimensionless axial velocity ranged from 0.5 to 0.7 and 0.8 to 0.9,
respectively. Homogenization of the axial flow velocity in the field of regular cells occurred
at a distance of L/dy, ~ 10 from the grid (Figures 6 and 7).

0.25
0.22

0.19
- 0.16
- 0.13
0.11
= 0.08
0.05
0.02

Figure 6. Dimensionless axial flow velocity at a distance of L/d}, ~ 1 from the grid simulator plates.
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Figure 7. Dimensionless axial flow velocity at a distance of L/d}, ~ 10 from the grid simulator plates.

Near the fuel assembly cover, the flow velocity was lower than in the field of regular
cells. The dimensionless velocity at a distance of L/dy, ~ 1 from the plates ranged from 0.3
to 0.9.

The axial flow velocity in the peripheral cells, remote from the stiffening corners, was
influenced by the arrangement of the grid plates. At a distance of L/dy ~ 1 from the grid,
the dimensionless velocity in the cells without plates ranged from 0.8 to 0.9 and with plates
from 0.4 to 0.75. At a larger distance of L/dy, ~ 10, velocities ranged from 0.9 to 1 without
plates and from 0.5 to 0.8 with plates, indicating a lower intensity of flow velocity field
equalization (Figures 6 and 7). The lowest flow velocity in the corner cells with grid plates
in the center ranged from 0.3 to 0.6 at a distance of L/dh ~ 1 and from 0.4 to 0.7 at a distance
of L/dy ~ 10. In the corner cells without plates, the dimensionless axial flow velocity was
higher. At distances of L/dy, = 1, it ranged from 0.6 to 0.8, and at distances of L/d}, ~ 10, it
ranged from 0.8 to 0.9.

The speed of the axial flow was higher near the center of the displacer than at the
periphery. Its dimensionless value ranged from 0.8 to 1.1 at distances L/dy, ~ 1 from the
grid plates and from 0.75 to 0.9 at distances L/dy, =~ 10 (Figure 5).

6. The Results of the Study on the Hydrodynamics of the Coolant Using the Contrast
Agent Injection Method

In the area of regular cells, which are located away from the central displacer tube
and the fuel assembly cover, the transverse flow between the cells and the mixing of the
coolant were low-intensity. The design of the spacer grid plates had a minimal impact on
the process of cooling in regular cells. This is confirmed by the similarity in the distribution
of impurities shown in Figure 8.

The flow in the area of regular cells near the central displacer tube is influenced by
transverse flows from the displacer region. This is confirmed by the asymmetry in the
distribution of the contrast agent, as shown in the contour plots in Figure 9.

In the peripheral cells, where the grid plates intersect, the transverse flow was oriented
within the regular cells. There was no movement of coolant across the surface of the fuel
assembly cover in a transverse direction. No reverse transverse flows were recorded from
regular cells to peripheral cells (Figure 10). In peripheral cells without a plate intersection,
transverse flows were oriented in the opposite direction from regular cells towards the
periphery. Transverse flow of coolant along the surface of the fuel assembly cover was also
observed. The presence of reverse flow from regular cells to the periphery has also been
recorded (Figure 11).
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Figure 8. Contour plots of contrast agent distribution in regular cells: (a) Regular cell with plate
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intersection; (b) Regular cell without plate intersection.

(a)
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Figure 9. Contour plots of contrast agent distribution in regular cells: (a) Regular cell with plate
intersection; (b) Regular cell without plate intersection.
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Figure 10. Contour plots of contrast agent distribution near the fuel assembly cover: (a) Cell with a
plate intersection; (b) Cell without a plate intersection.
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Figure 11. Contour plots of contrast agent distribution near the fuel assembly cover: (a) Cell with a
plate intersection; (b) Cell without a plate intersection.
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(a)
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The flow of the coolant near the central displacer was determined by the transverse
circular flow that was directed along its surface. This circular flow carried away some of
the axial flow of the coolant from the cells near the displacer tube. The structure of the
coolant flow is shown in the contour plot in Figure 12.

Figure 12. Contour plots of contrast agent distribution near the central displacer tube: (a) Cell with a
plate intersection; (b) Cell without a plate intersection.

7. Discussion

In the fuel assembly, the coolant flow is significantly non-uniform due to the complex
geometry of the fuel assembly bundle and spacer grids, as well as the presence of the fuel
assembly cover, central displacer tube, and stiffening corners.

At the fuel assembly cover, the axial flow has the lowest velocities. The local minimum
of the axial velocity is recorded in the areas around the stiffening corners. The average
dimensionless velocity ranges from 0.3 to 0.7. The process of equalizing the axial flow
velocity between the corner areas and the areas of regular cells is slow.

Behind the grid plates, the axial flow in the area of regular cells is non-uniform. The
alignment of the axial flow structure in regular cells occurs at a distance of L/dy ~ 10 from
the grid plates.

At the central displacer tube, the axial flow velocity decreases, and its dimensionless
value ranges from 0.75 to 0.9. This is due to the transverse flow directed towards the field
of regular cells.

In the axial flow structure, three different regions can be identified with velocity
values that differ by 25-30%. These are regular cells, the displacement region, and the
peripheral region.

The arrangement of the grid plates has a significant effect on the structure of the axial
flow in all areas of the fuel rod bundle and on the formation of transverse coolant flows
only in the peripheral area near the fuel assembly cover.

The identified features of the coolant flow should be taken into account when justifying
heat engineering reliability using one-dimensional calculation codes.
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It is necessary to modernize one-dimensional calculation codes by increasing the num-
ber of cell types and considering the non-uniformity of flow through fuel bundle regions
as well as different cell types. Additionally, it is important to update the coolant mixing
matrix based on results from experimental studies using a contrast agent injection method.
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