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DESCRIPTION OF THE RESEARCH PROJECT

23.1. Scientific background, problem identification and objective of the proposed research
Scientific background

Heat transfer between solids and fluids (liquid or gas), or between different fluids, or between
different phases of the same fluid, has been studied extensively for more than a century. For given
fluids, the local heat transfer rate depends on physical quantities (pressure, temperature, fluid
velocity, and others) as well as on the fluid conduits or enclosures (tubes, vessels). Besides, ranges of
possible physical conditions are wide, possibly causing large variations of heat transfer rates that may
strongly influence the behaviour of entire systems, not only quantitatively but also qualitatively.
Given the possible wide range of both geometrical and physical conditions, heat transfer predicted in
some situations by using existing models cannot always be considered reliable without proper
validation based on experiments.

The proposed project deals with the specific case of heat transfer in small and modular nuclear
reactors (SMRs) involving passive safety systems.

Problem identification

Although fundamental principles of heat transfer have been established, phenomena during some
specific cases still cannot be modelled accurately. In particular, in the nuclear industry, heat transfer
has been modelled for conventional nuclear power plants, whereas much smaller systems have
mostly not been addressed yet, due to lack of necessity. Thus, it has not been sufficiently verified yet,
whether models, developed for conventional plants, may be suitable for some conditions that may
occur in smaller systems. In particular, the modelling of phenomena with a small driving force (a
specific feature of passive systems) has proved to be challenging for computer codes used so far for
simulations.

The development of SMRs in the past decade has resulted in many proposed concepts [1]. Even if we
limit ourselves to light water(LW) SMRs, there are still many different options, so a specific design
will not be singled out. However, despite these differences, passive safety systems are found in many
LW SMRs, as they have the potential to offer a high level of safety by being able to ensure safety
functions with a limited amount of electrical energy, system support and human actions [2-4]. The
combination of low residual power and reliable passive system should lead to a significant reduction
in the probability of core meltdown or radiological release to the environment. Among their safety
functions, passive systems can remove heat from the reactor core, control the primary coolant
inventory and maintain the integrity of the primary circuit. Thus, for successful and reliable
simulation of accident mitigation in such SMRs, heat transfer models, implemented in computer
codes, should be validated and eventually further developed. This refers both to descriptions on the
local scale as well as on the system scale.

Objective of the proposed research

The objective of the proposed research is to model experiments representing parts of passive safety
systems that are planned to be used in small and modular reactors (SMRs) to remove heat during an
accident. The most critical gaps in modelling of heat transfer in passive safety systems will be
identified, which should lead to further development and improvement. The modelling will be done
both on the local scale as well as on the system scale. The developed models will be used in the
future as building blocks of digital twins of developed SMRs.

On the system scale, state-of-the-art thermal-hydraulic system codes have been validated against
expected operating reactor phenomena (observed in experiments). The validation should be
extended to LW SMR passive systems phenomena based on representative experimental data.



Public call for co-financing of research projects in 2025

On the local scale, the situation should be less uncertain, as models are based on either fundamental
physical laws or universally accepted constitutive relations (such as Newton's law of viscosity or
Fourier's law of heat conduction). Nevertheless, the integration of local conditions over entire
systems may still result in inaccurate predictions, thus necessitating validation based on
experimental results as well.

Among the phenomena involving heat transfer that were identified as the most challenging for
modelling passive safety systems, the following will be considered;

— steam condensation in a conventional safety condenser tube,

— reactor pressure vessel external cooling,

— gravity-driven injection from accumulators.

23.2. State-of-the-art in the proposed field of research and survey of the relevant literature
(see list of references at the end)

As the three considered phenomena have been extensively investigated, both as basic phenomena as
well as phenomena that occur in large systems, a comprehensive state-of-the-art and survey of all
the relevant literature would be beyond the scope of the proposed project. For this reason, the
review is limited to safety systems.

Steam condensation in a conventional safety condenser tube

Condensation in a vertical tube is very often considered in studies of heat removal systems.
However, most works (at least those that deal with such systems as part of safety systems) deal only
with entire heat exchangers [5-8]. Nevertheless, some passive-safety-systems-related works deal also
with the detailed analysis of condensation in the tube and heat transfer on the tube outer wall
(specifically, with the effects of tube inclination) [9-10]. Thus, works that would consider
condensation in detail (be it on the system or local scale) in the specific case of safety systems are
lacking. No reference was found dealing with the specific case of condensation in a safety condenser
tube in some proposed SMR design.

External cooling of reactor pressure vessel

The issue of external cooling of the reactor pressure vessel lower plenum has been investigated at
least for some 30 years. Relatively recent theoretical works are described in refs. [11-18]. However,
all these works (and others found in the literature) deal with conditions typical for conventional size
nuclear power plants. No reference was found dealing with external cooling of a reactor pressure
vessel in some proposed SMR design.

Gravity-driven injection from accumulators

The development of new accumulator concepts does not consist in revolutionary new designs but of
gradual modifications. However, the proposed advances are related to conventional nuclear power
plants [19-24], and none of them proposes gravity-driven injection. Also, none of the works found in
the literature deals explicitly with a new accumulator concept to be applied to SMRs.

23.3. Detailed description of the work programme

The experiments that represent parts of passive safety systems will be modelled using the following
types of computer codes:

— Computational Fluid Dynamics (CFD) codes that use local instantaneous description of the fluid,
be it in conduits or vessels or compartments. These simulations will enable the application of the
codes to some parts of SMRs where highly heterogeneous or multi-dimensional phenomena
could be expected. Presently, the use of the open-source CFD code OpenFoam is foreseen.
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— System computer codes that use one-dimensional instantaneous description of the flow in
conduits and volume-averaged descriptions of fluids in large vessels or compartments. These
simulations will enable the codes to be applied when simulating accidents in entire SMRs.
Presently, the use of the thermal-hydraulic system code RELAPS is foreseen.

Experimental results will be available through the participation of the proposing research
organisation in the European project "Ensuring Assessment of Safety Innovations for SMR" (EASI-
SMR, 2024-2028), coordinated by Electricité de France. The participation in the EASI-SMR project is
not only qualitatively smaller than the proposed work (only simulations of condensation and RPV
external cooling with a CFD code will be performed), but also quantitatively (more than five times
smaller) and represents only the basis for the presently proposed project.

The specific work programmes for the phenomena, listed at the end of section 23.1., are now
presented.

Steam condensation in a classical safety condenser tube

A passive system for heat removal may involve a two-phase natural circulation loop featuring a
safety condenser-type heat exchanger submerged in a pool. Heat exchange in the condenser tubes
involves both condensation and cooling heat flow on the two-phase circulation loop side, and
heating heat flow (and boiling) on the heat sink side. Heat exchange by boiling in the outer tube wall
is extremely efficient, but natural circulation in a volume is complex to model and reproduce by
thermal-hydraulic codes, and two-phase thermal-hydraulic CFD codes are not sufficiently validated
for such systems. Uncertainties in film condensation models, heat exchange between vapor and
liquid phases (film on tube inner wall), and convective liquid exchange in the pool leads to a final
uncertainty in the modelling of the two-phase natural circulation loop. It is therefore necessary to
separate the physical parameters characterizing condensation and cooling, on the one hand, from
the physical parameters and models characterizing boiling and overall heating of the pool, on the
other.

Two sets of experiments, performed in the SACO facility (Framatome GmbH, Germany), shown
schematically in Figure 1, will be simulated to study the steam condensation at passive conditions in
single tubes with dimensions characteristic of those of a safety condenser:

— Experiments covering the full range of steam pressures and temperatures likely to be generated
in an SMR safety loop for the most referent deterministic transient design basis accidents. This
experimental campaign will cover a series of set points, in a large range of saturated steam
pressure and temperature, for the comparison of heat transfer flux between thermal-hydraulic
system code simulation and experimental measurements. These experiments will be performed
in the COSAC condensation tube.

— Experiments that will provide complementary high-resolution data to the previously mentioned
experiments, for a limited range of steam pressures and temperatures for validation of system
and CFD codes related to film condensation, with and without the presence of non-condensable
gases. These experiments will be performed in the PRECISE condensation tube (to be provided by
the Paul Scherrer Institute, Switzerland).

Detailed specifics of the condensation experiments are currently being planned within the European
EASI-SMR project.

Reactor pressure vessel external cooling

An experimental program has been set at UJV Rez (Czechia) with the main purpose to investigate
specific physical behaviour of cooling systems during in-vessel retention (IVR) conditions (that is, the
conditions when the reactor pressure vessel (RPV) remains whole and the reactor core melt remains
in the vessel lower plenum), for pool boiling and thermosiphon configuration. A schematic of the
experiment is shown in Figure 2.
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Figure 1. Schematic of SACO experimental setup
to study steam condensation in a vertical tube.
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Figure 2. Experimental setup for investigation of reactor pressure vessel
external cooling during in-vessel melt retention.

Possible boundary conditions to be set for this experimental program are:
— heat flux profile along reactor pressure vessel outer surface;
— geometry of deflector plates (distance form RPV, overall height, inlet part geometry);
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— parameters of coolant — pressure range, temperature;
— water level inside experimental channel.

Detailed specifics of the cooling experiments are currently being planned within the European EASI-
SMR project.

The purpose of the simulation will be to simulate the cooling rate of the reactor pressure vessel wall
element, determined in the experiment. The emphasis will be on the simulation with a CFD code,
using two-dimensional modelling. However, a system code will also be used to investigate the
possibility to simulate an accident in an entire SMR.

Gravity-driven injection from accumulators

During a loss-of-coolant accident, the primary water inventory decreases and safety injection
systems are usually actuated to maintain sufficient level in the vessel reactor, able to ensure a
flooded reactor core. In some SMR designs, such passive systems are not classic accumulators with a
pre-pressurization of nitrogen, commonly known and used in PWR concepts, but gravity draining
accumulators (although this concept is actually also used in some PWRs). The interest of such passive
system (that is, gravity-driven) is to inject water during a loss-of-coolant transient with no
dependence on the depressurization rate of the primary circuit.

The GRADAC experiment (Lappeenranta University of Technology, Finland), schematically shown in
Figure 3, consists in reproducing and thermo-hydraulically modelling the behaviour of an emergency
injection system in the event of a loss-of-coolant-type accident. The experiment that will address the
primary inventory control consists in reproducing the initial pressurization phase of the primary
system until equilibrium is reached. Two tanks represent the reactor vessel and the accumulator, and
two connecting lines will permit pressurization of the accumulator and injection in the vessel. The
condensation of injected steam on the cold free liquid surface will also be studied and modelled, as
will the thermal absorption of the upper metal walls.

— 1. Pressurization mode

Sparger design

Gravity
accumulator
model

2. Gravity injectionJ
mode
model

Figure 3. Schematic of GRADAC experiment
on gravity-driven accumulator injection.

Four tests are planned, with the first one to be carried out with an unpressurized cold facility. The
aim of the experiment is to test how the gravity-driven accumulator injects water. Different sparger
designs will be tested with three experiments to optimize steam distribution in the accumulator
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plenum, to minimize the direct impact of the steam jet on the liquid surface, and to cause surface
disturbances likely to break up the upper warmer liquid layer that reduces the effect of free-surface
condensation.

Detailed specifics of the gravity-driven injection experiments are currently being planned within the
European EASI-SMR project.

The purpose of simulations will be to assess the capability of system codes to simulate the gravity-
driven accumulator injection in actual SMRs. The simulation of the entire system over a longer period
is beyond the capabilities of CFD codes. However, the liquid surface disturbances in the accumulator
will be separately simulated with a CFD code to investigate the breaking up of the warmer liquid
layer. The obtained results might then be incorporated in the modelling with the system code.

23.4. Available research equipment over 5.000 €

High Performance Computer cluster with a total of 5500 computing cores (25 TB RAM, 900 TB disk
space), co-owned by research teams of Reactor Engineering Division and Reactor Physics Division of
the Jozef Stefan Institute. Fifteen (15) nodes available with GPGPU architecture.

Installed (and used) software for Computational Fluid Dynamics analyses:

— Open source CFD codes: PSI-Boil (Paul Scherrer Institute, Switzerland), OpenFoam and Code-
Saturne (Electricité de France);

— Commercial CFD suite ANSYS (CFX, Fluent).

23.5. Project management: Detailed implementation plan and timetable

The detailed implementation is related to the schedule of the European project EASI-SMR through
which the experimental results will be available. However, preliminary models of experimental
facilities will be developed based on already available data.

The planned work in all considered topics will (in general, except in some specific cases) follow the

same pattern:

— development of preliminary model from already available data,

— preliminary simulations assuming generic initial and boundary conditions (the term "generic"
designates ad-hoc conditions that are within the ranges of similar experiments, described in the
literature),

— refinement of model based on data received with experimental results,

— simulations applying experimental initial and boundary conditions,

— comparison between experimental and simulation results,

— analysis of possible modelling deficiencies and eventual modelling improvement.

Steam condensation in a conventional safety condenser tube

The specificity of this topic is that simulations with a thermal-hydraulic system code will be
performed for both considered tubes (COSAC and PRECISE), whereas simulations with the CFD code
will be performed only for the tube for which detailed measurements will be available (PRECISE).
Preliminary simulations will be performed only with the system code. In addition to the already
stated purposes, the dual simulation of experiments in the PRECISE tube will be an opportunity for a
direct comparison of capabilities of system and CFD codes.
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Task Period
(months)
o Development of preliminary COSAC tube model for system code M1-M3

e Preliminary simulation of condensation in COSAC tube using system code with
prescribed generic conditions

o Development of preliminary PRECISE tube model for system code M4-M6
e Preliminary simulation of condensation in PRECISE tube using system code with
prescribed generic conditions

e Refining of COSAC tube model for system code and simulation of performed M7-M9
experiments

e Comparison between experimental and simulation results

e Analysis of possible modelling deficiencies and eventual model improvement

e Refining of PRECISE tube model for system code and simulation of performed M10-M12
experiments

e Comparison between experimental and simulation results

e Analysis of possible modelling deficiencies and eventual model improvement

e Development of PRECISE tube model for CFD code M13-M18

e Simulation of condensation experiments in PRECISE tube using CFD code

e Analysis of possible deficiencies of PRECISE experiment modelling with CFD code M19-M24
and eventual model improvement

e Comparison of all simulation results with other results from EASI-SMR project M31-M36

Responsible researchers: Matej Tekavcic, Iztok Tiselj

Reactor pressure vessel external cooling

The specificity of this topic is that simulations with a CFD code will be performed first. Namely, the
simplified descriptions of system codes are much more suitable to the phenomena in tubes than to
phenomena in vessels. Thus, simulations of experiments on heat transfer on the wall, immersed in a
pool, with the system code will be performed after getting familiar with the phenomena, based on
CFD simulations. Preliminary simulations will be performed only with the CFD code. As for
condensation, the dual simulation will be an opportunity for a direct comparison of capabilities of
system and CFD codes.

Task Period
(months)
e Development of preliminary model of IVR wall facility for CFD code M7-M12

e Preliminary simulation of boiling on IVR facility wall surface using CFD code with
prescribed generic conditions

e Refinement of IVR facility model for CFD code and simulation of performed M13-M18
experiments

e Comparison between experimental and simulation results

e Analysis of possible modelling deficiencies and eventual model improvement

e Development of model of IVR wall facility for system code M19-M24
e Simulation of performed experiment in IVR wall facility using system code
e Comparison between experimental and simulation results

e Comparison of all simulation results with other results from EASI-SMR project M31-M36

Responsible researchers: Janez Kokalj, Ivo Kljenak
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Gravity-driven injection from accumulators

The specificity of this topic is that the system is much too large for simulations on a local scale (using
the CFD code). On the other hand, simulations of the liquid surface disturbances that may break up
the upper warmer liquid layer should be performed on the local scale (using the CFD code) but
cannot be directly simulated with the system code. However, the possible modelling of the influence
of the disturbances in the input model for the system code will be investigated.

Task Period
(months)
e Development of preliminary model of GRADAC facility for system code M13-M18
e Preliminary simulation of GRADAC experiment with prescribed generic conditions
o Refinement of GRADAC model for system code and simulation of performed M19-M24

experiments
Comparison between experimental and simulation results
Analysis of possible modelling deficiencies and eventual model improvement

Development of liquid surface model for CFD code M25-M30
Simulations of steam impact, surface disturbance and breakup of warmer liquid
layer with CFD code

Investigation of possible modelling in system code to consider the effects of surface | M31-M36
disturbances

Comparison of all simulation results with other results from EASI-SMR project M31-M36

Responsible researchers: Andrej Prosek, Leon Cizelj
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