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Abstract

This article presents an experimental study on the hydrodynamics of coolant flow within
the pressure vessel of a small modular reactor (SMR) cooled with water, including areas
such as the annular downcomer, bottom chamber, and core-simulating channels that are
being developed for use in land-based nuclear power plants. This paper describes the
experimental setup and test model, measurement techniques used, experimental conditions
under which this research was conducted, and results obtained. This study was conducted
at the Nizhny Novgorod State Technical University (NNSTU) using a high-pressure aero-
dynamic testing facility and a scale model that included structural components similar to
those found in loop-type reactors. Experiments were performed with Reynolds numbers
(Re) ranging from 20,000 to 50,000 in the annular downcomer space of the test model. Two
independent techniques were used to simulate the non-uniform flow field in the pressure
vessel: passive impurity injection (adding propane to the airflow) and hot tracer (heating
one of the reactor circulation loops). The axial velocity field at the inlet to the reactor core
was also investigated. This study provided information about the spatial distribution of
a tracer within the coolant flow in the annular downcomer and bottom chamber of the
pressure vessel. Data on the distribution of the contrasting admixture are presented in
plots. The swirling nature of the coolant flow within the pressurized vessel was analyzed.
It was shown that the intensity of mixing within the bottom chamber of the pressure vessel
is influenced by the presence of a central vortex. Parameters associated with the mixing of
admixtures within the model for the pressure vessel were estimated. Additionally, the pos-
sibility for simulating flow with different temperature mixing processes using isothermal
models was observed.

Keywords: flow mixing; nuclear reactor; coolant hydrodynamics; land-based SMR; vortex
dynamics; thermal-hydraulic modeling

1. Introduction

The development of SMRs requires innovative design solutions to ensure both effi-
ciency and safety. Specifically, the Russian project for a ground-based SMR nuclear power
plant using water as a coolant assumes the possibility of partially shutting down the heat
exchange surfaces of the steam generator under normal operating conditions [1]. This
operational strategy inevitably leads to the co-existence of coolant streams with significant
temperature and physical property differences within the reactor pressure vessel.
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The implementation of such operational modes requires a rigorous safety justification.
Traditional, conservative approaches that do not take into account the effects of turbulent
mixing of nonuniform flows within the reactor vessel may lead to unjustified restrictions
on operating conditions and power levels. While the design analysis of new structures and
operating conditions offers an alternative approach, its reliability depends directly on the
accuracy of input data. Critical parameters for ensuring the thermal integrity of the core
include detailed measurements of velocity, temperature, and impurity concentration fields
in mixing areas.

The study of turbulent mixing in complex configurations, which are typical of reactor
vessels, remains an urgent task. International projects such as the European FLOWMIX-R
project at the ROCOM facility have made a significant contribution by creating a database
of high-precision experimental data for verifying CFD methods used in pressurized water
reactors [2-8]. These data have been widely used to validate CFD codes [9-14]. However,
there are still some important limitations. On the one hand, the influence of key physical
parameters on the mixing process (dimensionless concentration and dimensionless flow
velocity) under conditions that correspond to partial shutdowns of heat exchangers has not
been studied in sufficient detail. On the other hand, additional research is needed to scale
the results from model installations to full-scale reactor systems.

The wide range of CFD techniques (different sampling methods, grid generation
methods, and turbulence models) results in significant variations in predictions even for
the same conditions, highlighting the complexity of the modeling process and the crucial
role of experimental validation. Experiments on large-scale reactor vessel models provide
a powerful tool for characterizing complex flow structures and simulating non-uniform
temperature fields at the core entrance due to mixing flows.

The aim of this study was to collect detailed experimental data on the hydrodynamics
and turbulent mixing in an annular downcomer of the test model under conditions that
simulate a partial shutdown of the heat exchange surface. To conduct a comprehensive
analysis, we used both isothermal and non-isothermal methods of measurement, followed
by a comparative analysis of the results. This allowed us to assess the suitability of the
isothermal approach for modeling temperature mixing.

2. Experimental Setup
2.1. Aerodynamic Test Facility

One of the phases of a comprehensive research project aimed at investigating the
hydrodynamic aspects of coolant flow interactions within a nuclear reactor’s annular down-
comer involved an aerodynamic experiment performed on a high-pressure, aerodynamic
test bench at NNSTU (Figure 1). This bench is an open-loop aerodynamic facility consisting
of the following key components:

1.  High-Pressure Centrifugal Fan: Provides the motive force for the airflow.

2. Surge Tank: Dampens flow pulsations and ensures stable inlet conditions.

3. Flow Distribution System: A system of geometrically identical pipelines branching
from the surge tank outlet; inner diameter is 100 mm.

4.  Test Section: Includes the scaled reactor pressure vessel test model.

5. Instrumentation and Data Acquisition System: Measures flow parameters.
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Figure 1. Experimental facility: (1) surge tank, (2) flow distribution system, (3) test section, and
(4) instrumentation and data acquisition system.

The symmetric flow distribution system ensures uniform flow delivery and precise
control of individual circuit flow rates to the model inlets. During steady-state opera-
tion, fluctuations in key operating parameters (flow rate and pressure) were maintained
below 3%.

2.2. Scaled Annular Downcomer Test Model

The test section features a non-transparent, scaled model (1:5) of a water-cooled SMR
pressure vessel (Figure 2), replicating essential geometric features relevant to downcomer
hydrodynamics, as follows:

1.  Inlet Configuration: Four radial nozzles positioned at 90° intervals with inner diame-
ters of 100 mm.

2. Annular Downcomer: Outer\inner diameters of 400\270 mm.

3. Bottom Chamber: Formed by an elliptical bottom head and the lower core
support structure.

4. Core Simulator: Consists of 19 vertical flow channels. Calibrated orifices installed at
the inlet of each channel provide precise hydraulic resistance, simulating the pressure
drop characteristics of a reactor core.

5. Upper Outlet Chamber: Collects flow exiting the core channels.

Air enters via the radial nozzles, flows downwards through the annular downcomer,
turns 180° into the bottom chamber, flows upwards through the core simulator channels,
and exits via the upper outlet chamber.
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Figure 2. Test model. (a) Scheme of the test model: (1) annular downcomer area, (2) bottom chamber
area, and (3) core simulator area. (b) Cross-sectional view with channel numbers: (1) inlet nozzles,
(2) annular downcomer, and (3) core simulator. These colored arrows represent different inlet flows.

3. Methodologies and Devices

Two independent methodologies were used to study turbulent mixing processes
within the downcomer under simulated partial heat exchanger shutdown operating modes.

3.1. Isothermal Tracer Gas Method (Case 1)

The purpose of this method was to simulate mixing flows with different scalar prop-
erties (concentration) under isothermal conditions. Propane (C3Hg) was introduced as
a passive indicator gas into one input circuit. The concentration fields of the indicator
downstream were measured.

Control and measuring devices were as follows:

1.  Indicator feed: Controlled by a precision flow meter Bronkhorst El-Flow F-201CV
with an accuracy of £0.5% of readings.

2. Concentration measurement: Non-dispersive infrared gas analyzers ADK-03P.
The system was calibrated using certified reference mixtures; measurement error:
<#£15 ppm by volume.

3.  Maximum tracer concentration < 0.15% vol (1500 ppm). Tracer-to-main-flow
ratio < 0.05 (5 L/s tracer and 0.1 m?/s main flow per circuit), ensuring negligible
impact on flow hydrodynamics (density change < 0.1%).

3.2. Non-Isothermal Heat Tracer Method (Case 2)

In this study, the main focus was investigating the flow of mixing with significant
differences in temperature and density. Heated air was supplied to one inlet circuit.
Resulting temperature fields were measured.

Control and measuring devices were as follows:

1.  Heating and low control: Precision flowmeter (accuracy: £0.5%) and electrical heaters.
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2.  Temperature measurement: Type K thermocouples with a diameter of 0.5 mm and
NTC 2K thermistors. These devices were individually calibrated to an accuracy of
£0.2 °C using the temperature calibrator ELEMER-KT-650K. During the experiment,
data were collected using a digital multimeter A34980 from Keysight Technologies.
This device uses a thermal insulation and compensation design to provide precise
temperature control for high-resolution scanning probe microscopy.

The temperature difference between the cold and hot streams during the experiment
was approximately 40 °C. This is why the density difference between the two streams was
approximately 12-15%. This can be seen in the example of actual operating conditions at
the Russian SMR nuclear power plant, where there was a partially damaged heat exchange
surface. In this instance, the temperature of the primary coolant entering the reactor core
was 277 °C and the temperature at the outlet from the core was 313 °C. Therefore, the
difference in density between coolants at these different temperatures was approximately
10-15%.

3.3. Sensor Locations

In each of these cases, sensors were installed at the same locations in the test model
(Figure 3). The first row was located 270 mm from the inlet of the nozzles. In total, there
were three sensor levels in the experimental model, spaced 230 mm apart. Each level had
18 sensor installation points, so at each level, the sensors were positioned 20 degrees apart
from each other in the azimuthal direction. Additionally, each sensor level was rotated
13 degrees relative to the previous one. The sensitive parts of the sensors were placed in
the center of the annular gap of the downcomer.

(@) (b)

Figure 3. Sensor locations of the test model: (a) location of test measuring levels and (b) relative

positions of sensors in three planes.

3.4. Velocity Field Characterization

The flow rate was measured in the pipeline system before the test model in order to
confirm the operating parameters, as well as directly within the experimental model to
measure the axial bulk velocity field using a core simulator.

A thermoanemometer (E+E elektronik, Engerwitzdorf, Austria) E + E OmniPort 30
equipped with a LogProbe 60 sensor was used to measure the airflow velocity in sections
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of the pipe before the test model. This device has a resolution of 0.2 m/s £ 2% of the
measured velocity.

Inside the experimental model, the airflow velocity was measured in the lower el-
liptical bottom and in the channels simulating the core. For this purpose, the sensitive
part of the Pitot-Prandtl tube was wound through the upper drain chamber of the test
model sequentially into each of the 19 channels simulators of the core. These Pitot—Prandtl
tubes had a small diameter on the sensitive part (diameter 4 mm), so their installation as
imitation channels did not significantly affect the flow of the coolant. These devices were
also individually calibrated using a high-precision calibrator (StreamLine Pro by Dantec
Dynamics A/S, Skovlunde, Denmark). This ensured the measurement accuracy of the
sensors was within £2% of the measured velocity.

3.5. Test Matrix and Operating Conditions

The Reynolds number (Re) was varied across 20,000, 30,000, and 50,000 based on the
downcomer hydraulic diameter, controlled by the fan speed. The maximum total flow rate
was 0.4 m3/s for the Re = 50,000 operational mode. The main flow temperature was 20 °C,
and the maximum pressure drop across the model was <4 kPa (Ma < 0.12, confirming the
incompressible flow assumption).

For each of these operational modes, we conducted

1. One isothermal tracer gas experiment (propane injection into one loop).
2. One non-isothermal experiment (heating one loop to AT =~ 40 °C, which represents
the temperature difference between the cold and hot loops).

4. Representativeness of Experimental Studies

One of the key issues raised by these studies is the possibility and correctness of
modeling the processes of non-isothermal mixing of highly turbulent liquid flows on
simple isothermal models using the contrast admixture method.

The use of the impurity diffusion technique in experimental research allows the in-
vestigation of temperature and concentration field distributions in the coolant stream
using isothermal aerodynamic models. The addition of an admixture to the main flow
has been extensively employed in studies of thermal-hydraulic and mass transfer pro-
cesses [15-17]. The theoretical foundation for this technique is based on similar types of
differential equations for heat and mass transfer.

In a moving, highly turbulent fluid flow, temperature and concentration fields away
from the boundaries are influenced by the velocity field. This velocity field is governed by
hydrodynamic equations and is affected by the generation of large vortices determined by
the channel’s geometry.

The main question addressed in this paper is the validity of using isothermal tracer
methods to model non-isothermal mixing processes in highly turbulent flows. This ap-
proach is based on the Reynolds analogy between heat and mass transfer, which is expressed
through a generalized scalar transport equation [18-22].

d . .
g(pcb) + div(pu®) = div(,rrgrad®) + Se, 1)

where p and u are the fluid density (kg/m>) and the fluid velocity (m/s) of the flow,
®—transported scalar, I'yy is the diffusion coefficient (m?/s), and S,—source term for
this scalar.

This equation for these specific cases will change.

- For the heat transfer:
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P=T: Lepf = amor + aturp = Acff, 2)
where T—temperature, a,;—effective thermal diffusivity, a,,,—molecular thermal diffusiv-

ity, and ay,,,;—turbulent thermal diffusivity.

- For the mass transfer:

b = C : Ffff = Dmol + Dtu}’b = Deff/ (3)

where C—volume fraction, D g—effective mass diffusivity, D,,—molecular mass diffusiv-
ity, and Dy, ;,—turbulent mass diffusivity.

The equivalence of thermal and concentration fields requires the simultaneous fulfill-
ment of three conditions, as follows:

1.  Turbulent transport similarity:

Prip = SChurp, (4)
Viurb — Yturb
Aturb Dyurp”

where Pry,,,—turbulent Prandtl number, Scy,,,;,—turbulent Schmidt number, and vy,,;,—
turbulent viscosity.

2. Dominance of turbulent diffusion:
For a highly turbulent flow (Re >> 10%) far from the walls, the following condition applies:

Bury >> Amol | Beff B Ay, Arrb 5)
Dtyrb >> Diol Deff ~ Drurp Drurp

3.  Negligible buoyancy effects:

1.5-10°
Rizg~7<0.l, (6)

Re* ~ (5.10%)>

where Ri—Richardson number, Gr—Grashof number, and Re—Reynolds number; and

_ gPBBAT ul

Gr , Re = (7)

2

where g—acceleration of gravity (m/s?), I—linear scale, f—thermal expansivity, AT—
temperature difference (°C), v—kinematic viscosity coefficient (m?/s), and u—velocity
(m/s).

The value of the Richardson number being less than 0.1 suggests that the influence
of buoyancy forces on the turbulent structure is negligible. Therefore, under these condi-
tions (high Re, low Ri), the transport and mixing of scalars (heat and mass) are primarily
governed by turbulent diffusion mechanisms, while the overall flow dynamics remain
dominated by the mean velocity field and Reynolds number. The effective diffusion coef-
ficient is primarily influenced by the turbulent component, which is determined by flow
parameters rather than flow properties.

The experiment provided data on the distribution of moving flow velocity, as well as
a description of the temperature field and concentration of admixtures in different areas
of the model. These results are presented below in the form of dimensionless relative
concentrations, temperatures, and velocities.
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The dimensionless concentrations and dimensionless temperatures were calculated

using the following formulas:
c — Crpi
(P _ meas min , (8)
Cmax — Cmin
t — i
9 — meas min , (9)
fmax — fmin
where max and min are the maximum and minimum admixture concentrations/flow
temperature and meas is the measured current admixture concentration/flow temperature.
The values ¢ or 6 can be considered to be the scalar of ¢ in Equation (1).
The dimensionless velocity is determined in the following way:
Wi

= , 10
Wave (10)

where w; is the axial velocity in the current channel simulating the core and wg. is the
cross-section-averaged velocity.

5. Results

During the investigation into the flow patterns of the coolant as it moves through
the annular downcomer from the inlet nozzles to the core simulator, several important
observations were made, as follows:

- Swirling Motion: In all experimental conditions, a hot temperature spot and propane
impurity were detected in the region opposite the injection point, confirming the
presence of swirling flow during its passage through the annular downcomer. The
downcomer’s geometry caused significant flow deflection, with angles ranging from
~120° at a Reynolds number of 20,000 to 170° to 180° at other Reynolds numbers.
This deflection led to a helical motion of the coolant, as seen in contrast distribution
charts (Figures 4 and 5). All measurements were taken under steady-state conditions
(fluctuations < 3%).

)

\\// q 0.5
4
0.3
0.2
0.1
- 0
0 60 120 180 240 300 360

0.4

O @ O (df-

7 0.7

i 106

The azimuth rotation angle of the downcomer, ©
(a)

Figure 4. Cont.
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Figure 4. A chart of the flow-mixing process in the annular downcomer area at a Reynolds number of
30,000. The red circle is the inlet loop with the admixture: (a) Case 1 and (b) Case 2.

Ld L T T Li L 1 {P
a00 4
] 0.6
-) O @ O (P
TOO 1 0.7
&oo } | 0.6
k) U L]
500 U N
0.4
400
300
200 |
|
100
0 &0 120 180 240 300 360

The azimuth rotation angle of the downcomer, ©
(a)

Figure 5. Cont.
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Figure 5. A chart of the flow-mixing process in the annular downcomer area at a Reynolds number of
50,000. The red circle is the inlet loop with the admixture: (a) Case 1 and (b) Case 2.

Contrast Jet Dynamics: The opening angle of the contrast jet ranged from 15° to 20°,
highlighting the stability of flow redirection within the annular downcomer regardless
of any influence from the type of admixture during the mixing process.

Toroidal Vortex Formation: A sudden change in direction at the outlet of the annular
downcomer into the bottom chamber, which has a large volume geometry, triggered
the formation of a toroidal vortex. This phenomenon is consistent with previous
studies [22].

Axial Vortex Effect: The admixture dimensionless value maps (Figure 6) show a
shift in the position of maximum concentration as the coolant moved from the outlet
of the annular downcomer to the core-simulating channels. The angle of rotation
of the contrasting spot in the bottom chamber, relative to the outlet of the annular
downcomer, ranged from 50 to 60 degrees for all tested Reynolds numbers, regardless
of the type of admixture used. This shift may have been caused by the formation of an
additional axial vortex in the bottom chamber.

Non-uniform Mixing: Both propane and hot jet experiments demonstrated incomplete
mixing of the contrast admixture. Significant variations in relative concentration
were observed at the core channel inlets. For example, at Re = 30,000, the minimum
relative concentration (0.05) occurred in channel 8, while channel 12 exhibited a peak
concentration of 0.44.

The measurement of velocity in the core simulation channels allowed us to identify

two main areas with different velocity distributions (Figure 7), as follows:

Central Channels: The flow velocities in the seven central channels were consistently
below the average across the cross-section.

Peripheral Channels: The flow velocities in the outer row exceeded the average
cross-sectional value.
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Figure 6. A chart of the flow-mixing process in the bottom chamber area. The dark red leg is the inlet
loop with the admixture: (a) Case 1, Re = 30,000 and (b) Case 2, Re = 50,000.
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Figure 7. Distribution of axial velocities in the channels of the core simulator Re = 50,000.

These differences in velocity were linked to variations in the pressure field in the
bottom chamber. The pronounced total pressure drops at the inlet of the core simulator,
caused by a dominant central vortex, was crucial in shaping this hydrodynamic asymmetry.

Generalized experimental results, which include quantitative measurements of veloc-
ity and pressure, are presented in Table 1.
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Table 1. Comparison of results of all experimental modes.
Reynolds Number
Characteristic 20,000 30,000 50,000
Admixture Heat Admixture Heat Admixture Heat
Flow rate through the
experimental model of 0.16 0.16 0.24 0.24 0.40 0.40
air, m3/s
Additional ad13’111xt}1re flowrate, 20 ) 30 } 50 )
dm?/min
Flow rotation angle inside annular 120 120 180 180 180 180
downcomer, deg
Flow rotation angle at the bottom
chamber of the test model, deg 60 60 60 60 60 60
Maximum of relative admixture
concentration/temperature at the 0.44 0.45 0.44 0.46 0.47 0.46
entrance of the core simulator (14) (14) (12) (12) (12) (12)
(channel number)
Minimum of relative admixture
concentration/temperature at the 0.08 0.07 0.05 0.06 0.05 0.05
entrance of the core simulator (8 (8) (8) (8) (8) (8)

(channel number)

6. Conclusions

This experimental study provided valuable insights into hydrodynamic behavior and

mixing mechanisms through its investigation of coolant flow-mixing phenomena in an

SMR model, employing both isothermal and non-isothermal approaches. The mathematical

foundation rested on the equivalence of turbulent Schmidt (Scy,,) and Prandtl (Pry,)

numbers. Principal findings and conclusions are summarized below.

(1) Flow Swirling and Mixing Dynamics

The annular downcomer area was dominated by swirling motion, with observed an-
gles ranging from 120 degrees to 180 degrees under varying experimental conditions.
An additional 60° flow rotation was consistently induced in the bottom chamber,
independent of the Reynolds number.

Convective turbulent transfer in the annular downcomer emerged as the primary
driver of interloop mixing, underscoring the limited efficacy of mixing devices in
the bottom chamber.

(2) Dependence on Reynolds Number

Increasing the Reynolds number from 20,000 to 50,000 had a negligible impact
on the key turbulent mixing parameters, such as the maximum and minimum
relative concentrations and temperature, the contrast jet opening angle (between
15° and 20°), and the flow deflection in the bottom chamber.

However, there was some sensitivity in the swirling angle in the downcomer to
the Reynolds number, particularly within the range between 20,000 and 30,000.

(3) Validation of Isothermal Modeling Approach

The remarkable coincidence of dimensionless concentration (isothermal) and tem-

perature (non-isothermal) distributions provides strong experimental validation,

as follows:
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4)

©)

(6)

Isothermal tracer experiments with a passive scalar accurately simulated non-
isothermal mixing for reactor hydrodynamics under conditions of a high
Reynolds number (Re > 10%) and weak buoyancy (Richardson number Ri < 0.1).
This equivalence demonstrates that turbulent scalar transfer (mass and heat) is
governed by a single dominant mechanism in these flows.

Differences in molecular diffusion processes are compensated for by the sim-
ilarity in turbulent transport, confirming that Scy,, = Pryp holds under the
specified conditions.

Method Limitations
The Reynolds analogy (Sciyb = Priup) breaks down

Where molecular transfer dominates if the molecular Prandtl number differs
significantly from the molecular Schmidt number.

In flows with strong buoyancy effects (Ri > 0.1) where stratification distorts the
turbulent structure.

Project Design Changes

To optimize coolant mixing in SMR designs that require a uniform flow prop-
erty distribution, additional mixing devices should be placed in the annular
downcomer rather than in the bottom chamber of the pressure vessel.

Further Research Directions

The consistency of mixing characteristics across the tested Re range suggests
findings may be scalable; however, validation at significantly higher Reynolds
numbers is required.

Detailed characterization of the velocity field, particularly within the downcomer,
is essential. To this end, an optically transparent experimental model of the
pressure vessel is currently under development for future LDV studies.

The experimental dataset generated in this study—detailing velocity, concentra-
tion, and temperature fields under controlled high-Re and low-Ri conditions—
provides a benchmark for validating CFD codes applied to coolant mixing in
SMR downcomer geometries.
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NNSTU  Nizhniy Novgorod State Technical University
ROCOM  Rosendorf Coolant Mixing Model

SMR Small Modular Reactor
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