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ABSTRACT

GEN-IV Lead-cooled Fast Reactors are recognized as an economically competitive solution with
intrinsic safe operation. ENEA is a member of the FALCON Consortium, which has the goal to
construct the Advanced Lead-cooled Fast Reactor European Demonstrator (ALFRED) in the 2030s.
In this framework, computational tools are required to support the design and safety assessment of
new facilities and reactors. Computational Fluid Dynamic (CFD) codes are able to reproduce local
phenomena (e. g., thermal stratification, fluid mixing and local distributions) by solving directly the
three-dimensional Navier-Stokes equations, but at the price of high computational cost. Instead, System
Thermal-Hydraulic (STH) codes solve one-dimensional equations and are more suited for system-scale
analyses.
The goal of this work is to develop, validate and apply a simulation tool able to reproduce the TH
behavior of Heavy Liquid Metals (HLMs) through the coupling between STH and CFD codes. The
tool aims to exploit the advantages of the two families of codes and adopt a multi-scale approach
for improved simulation at component level within system analysis, with an acceptable computational
time. The coupling technique is based on FORTRAN user routines implemented in Ansys CFX, i.e. the
master CFD code,. The STH code used in this activity is RELAP5/MOD?3.3. The user routines take care of
data exchange, RELAPS execution, and error checking. The coupled simulation tool is adopted to
reproduce experimental data on a forced-to-natural-circulation transition test, carried out on the NACIE-
UP facility, with LBE as working fluid. Limitations of the present analysis and plans for future
improvements will be discussed.
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Coupling, CFD, STH, HLM, NACIE
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1. INTRODUCTION

The need for sustainable and safe energy sources requires the development of innovative technologies. In
the nuclear field, the research sees GEN IV reactors as one of the answers for economically competitive
solutions with intrinsic safe operation: among them, Lead-cooled Fast Reactors (LFRs) are considered as
one of the most promising designs [1]. ENEA and the partners of the FALCON consortium are carrying on
an R&D program for ALFRED, the 300 MWth pool-type European LFR demonstrator. The program is
mainly based on experimental facilities devoted to the testing and improvement of the design of ALFRED
components and to increase the Technology Readiness Level (TRL) of the proposed solutions [2].

Computational tools are required to support the design and safety assessment of pool-type experimental
facilities. CFD codes, as Ansys CFX, and System Thermal-Hydraulic (STH) codes, as RELAPS, are
currently adopted for thermal-hydraulic (TH) analyses. The goal of this work is to develop, apply and
validate a simulation tool able to reproduce the TH behavior of Heavy Liquid Metals (HLMs) through the
coupling between STH and CFD codes. The tool will exploit the advantages of the two families of codes
and will adopt a multiscale approach for improved component simulation within system analysis [3].

During the past decade, a coupled approach has been implemented with different codes [4], adopting
various STH codes as RELAPS, ATHLET, TRACE, and CFD codes as Fluent, Ansys CFX, STAR-CCM+,
with application to both GEN-III and GEN-IV technologies. Examples of previous works on the topic are
reported in [5, 6,7, 8, 9].

In this work, the STH code RELAP5/Mod3.3 has been coupled with the Ansys CFX commercial code,
through a novel approach that adopts in-house developed tools for the data post processing and exchange,
completely managed by the Ansys CFX code. The work presented in this paper is the first step towards the
validation of the coupling architecture against an experiment performed in the NACIE-UP facility, located
at the ENEA Brasimone Research Center. A coupled tool has already been developed and applied to the
NACIE-UP facility [10] but in that case Ansys Fluent was used as the CFD code. The tool is written in
Python and Fortran.

The first validation exercise of the tool is realized through the post-test analysis of experimental data
released in the framework of the IAEA international benchmark CRP 131038 “Benchmark on Transition
from Forced to Natural Circulation Experiment with Heavy Liquid Metal Loop”. The application of this
coupled tool intends to increase the maturity and confidence in adopting CFD-STH coupling, to support the
design, transient analysis, and safety assessment of LFR.

2. NACIE-UP FACILITY
2.1. NACIE-UP Facility Description

NACIE-UP [11] is a Lead-Bismuth Eutectic (LBE) cooled rectangular loop with an overall height of 7.7
m. It is composed by an electrical Fuel Pin Bundle Simulator (FPBS) in the bottom left part, an expansion
vessel at the top left, and a double wall tubes Heat Exchanger (HX) at the top right with the gap between
the LBE and the water (secondary coolant) filled with AISI 316L powder and pressurized air. LBE is moved
by gas lift. A schematic drawing of the facility is shown in Figure 1. The facility is equipped with several
thermocouples monitoring the temperatures of the loop, with focus on the FPBS. The mass flow rate is
measured by a prototypical Thermal mass Flow Meter (TFM) developed in ENEA in collaboration with
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Thermocoax, which is based on the energy balance between the power delivered by the instrument to the
fluid and the temperature variation across the electrical heater.

The FPBS is composed of 19 wire-spaced electrical rods, arranged in a triangular lattice with a pitch-to
diameter ratio of about 1.28. The pin diameter is equal to 6.55 mm, while the wire diameter is 1.75 mm and
it is helicoidally twisted around the pin with an helical pitch of 262 mm. Each pin is 2000 mm long with an
active length of 600 mm. In the “pre-active” length about ~8-10% of the overall power is provided to the
fluid. The pins are kept in position by a grid downstream the FPBS. The bundle is contained in a hexagonal
wrapper. The drawing is reported in Figure 2. Instrumentation in the FPBS is located on Plane 1, Plane 2
and Plane 3, respectively at 38, 300 and 532 mm from the beginning of the active length, and on the Pin3
wall every 43.7 mm after the Plane 1 [11].

The expansion vessel must accommodate the thermal expansions of the LBE and keeps the cover gas
pressure at the required set point. It is equipped with two level sensors that fix the LBE level during the
filling of the facility.

The HX is a shell and tube type, composed of 7 double wall tubes, with the LBE flowing tube side from
the top to the bottom of the component. There are two parts composing the shell side: a “low power section”
(0-30 kW), where the secondary fluid moves in cross flow with respect to the LBE, and a “high power
section” (30-250 kW), where the water flows shell side in counter-current with respect to the LBE. The
secondary side is a closed loop working with pressurized water at 16 bar, equipped with a circulation pump,
a pressurizer, and an air cooler. In the experiment considered for the benchmark, only the “high power
section” of the HX has been used to facilitate the numerical modelling of the facility. The double wall of
the HX is filled with stainless steel powder and pressurized air, with the thermal conductivity that can be
evaluated through the following formula [12]:

Kpowder = 0.3 + 0.005 - (T — 200) (1)

where T is in °C and k is in W/(m'K).

Figure 1. Schematic drawing of the NACIE-UP primary loop
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Figure 2. NACIE-UP FPBS layout (left) and cross section view (right)

2.2. Description of the ADP10 Experimental Test

The experimental test (named ADP10) analyzes the transition between an initial steady state in forced
circulation, when the fluid flow is enhanced by the gas injection in the riser line, to a second steady state
during which natural circulation is established. The transition starts when the gas injection is stopped
leading to a sudden reduction of the LBE mass flow rate, therefore the natural circulation is the only mean
to drive the LBE flow. Since the FPBS power (uniformly distributed among the 19 pins) remains constant
during all the test, the LBE temperature downstream the FPBS increases, whereas the upstream one
decreases.

In the first steady state, the gas is injected at a constant flow rate of 10 NI/min. Water in the secondary side
is kept at 16 bar, with a constant temperature at the HX inlet of 170°C, and the volumetric flow rate is 10
m?/h. At t=0, the gas flow rate drops to zero in 1 s, while all the other parameters remain constant. After
the transition, a new steady state condition is achieved, and it is kept for more than 30 minutes.

The CFD stand-alone model is adopted for the analysis of the two steady states while the STH and coupled
simulation reproduce the entire transient. In the following, the CFD results are presented only for the first
steady state, since the scope of the paper is to present the coupled tool results.

3. NACIE-UP NUMERICAL MODELS
3.1. ANSYS CFX Simulation

3.1.1. Description of the CFD numerical model

The CFD domain is limited to the 600 mm of the active region of the FPBS because of the high
computational cost of the simulation. The simulated domain comprehends the LBE [13] fluid region, the
external solid wrapper, the wires and the external 1 mm of the pins, all considered as AISI 316L [11].To
limit the number of nodes, the mesh has been decomposed in different bodies both axially and radially, to
achieve a structured mesh on each region. The cost of this operation is the high number of interfaces, which
also limits the number of partitions in which the coupled simulation could be run to keep under control the
time needed for interface interpolation.

At the FPBS inlet, a fully developed velocity distribution is imposed. The selected turbulence model is the
SST k — w [15] with a constant Pr, of 1.5 (from a sensitivity, negligible differences are found in the range
1.5 — 2). On the external wall of the solid structure, an adiabatic condition is imposed. The fluid boundary
layer at the wall is resolved with a y*~ 1.
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A grid independence study (Table I) has been carried out to evaluate the number of nodes that represents a
compromise between accuracy and computational time consumption. The Coarse improved mesh (Figure
3) of 4.5 M of nodes starts from the Reference one, varying the element the near wall treatment and the
element size that control the mesh in the radial direction and post-producing the mesh merging closed nodes
between different bodies. This mesh (shown in Figure 3) has been selected due to the need of reducing as
much as possible the mesh dimension, reaching discrepancies lower than 10%, value in the range of typical
error of the turbulence model.

Table I. Grid independence study of the FPBS CFD model

Coarse Coarse Reference Radial ref Axial ref
improved
n° of nodes [M] 4.2 4.5 6.4 33.5 29.3
Ap [mbar] 28.4 31.1 31.4 33.6 338
AT in-out [°C] 80.1 80.3 80.3 80.3 80.4
T point [°C] 319.0 321.2 322.5 323.1 323.7

Table II. CFD steady state boundary condition [11]

Steady state
Parameter Data o a[%]
my pr [kg/s] 2.56 0.28 11
Q act [W] 27000 | 1053 3.9
Tinrpsl°Cl 231.3 1.5 0.6%

Figure 3. Coarse improved mesh

3.1.2. Steady state results

The comparison between CFD and experimental data of the initial steady state in forced circulation
concerns the surface averaged temperature variation through the heating region of the FPBS that is well
reproduced by the code, and the local temperature in 67 Thermo-Couples (TCs) position. The experimental
boundary conditions are reported in Table II, where ¢ indicates the uncertainty of the measurement
instrument.
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Only the results of some TCs in each of the three instrumented planes are reported from Figure 4 to Figure
6, and the axial variation on the wall embedded TC of Pin 3 in Figure 7.

The temperatures errors exceed the value of 1 °C intrinsic in the TCs measurement. While the values in
planes 1 and 2 are of the same order of magnitude, the ones in the third plane are more than 2 times higher.
The highlighted difference between CFD and experimental data is visible also in Figure 7, where the
expected linear trend of the temperature of the TC of Pin 3 is represented by the code, while around 450
mm from the start of the active length the experimental values slightly flex. Possible reason for this behavior
could be found in a non-uniform heat production in the pins at the end of the active length, which could
explain the deviation from the linear trend visible on the last points of Figure 7.

Figure 4. TCs temperature comparison on

Plane 1

Figure 6. TCs temperature comparison on
Plane 3
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Figure 7. Pin 3 wall embedded temperature

comparison

Table II1. Mean and maximum temperature difference between CFD and experiment

Difference between Bulk TC Wall TC
experimental and
CFD Mean Max Mean Max
Plane 1 2.2°C 4.0 °C 1.6 °C 3.0°C
Plane 2 1.3°C 2.6 °C 1.5 °C 3.2°C
Plane 3 5.6°C 9.4 °C 6.3 °C 11.4°C

NURETH-20 @ August 20-25, 2023, Washington, D.C.

3643

Al :5101083Y P3]00J [eI3 PINbI]



Al :$10}9€3Y Paj00] [e}aly pinbry

3644

CFD - STH Code Coupling for the Thermal Hydraulic Analysis of NACIE-UP Experimental Facility

3.2. RELAPS5 Simulation
3.2.1. Description of the RELAPS numerical model

A model of NACIE-UP facility has been realized through the RELAP5/Mod3.3 code, properly modified to
implement the HLMs thermo-physical properties. The model is constituted by PIPE components that model
the fluid region, connected by SINGLE JUNCTION components, while the solid parts are modelled through
heat structures. The mesh size spans between 5 cm in the active regions, and a maximum value of 12 cm in
the non-active ones, with a smooth transition between the minimum and the maximum values. The
nodalization is reported in Figure 13 (left).

Since RELAPS allows the user to insert Reynolds-dependent friction and form losses coefficients, different
correlations have been used in the components. For the localized pressure drops, formulas have been taken
from Ref. [16], while for the FPBS the Cheng and Todreas correlation for wire-wrapped tube bundles [17-
18] have been used. RELAPS5 allows the friction factor to be inversely proportional to Re in the laminar
region, while an exponential relation might be selected in the turbulent region. In the transition region,
identified by RELAPS in the Re range between 2200 and 3000, the friction factor in the result of a linear
interpolation between the two regions [19]. Therefore, the actual correlation has been approximated by the
following equations in the Re range of interest, with the calibration coefficients reported in Table IV, and
the graphical comparison is shown in Figure 8.

_ 64 .
( fo = pors if Re < 2200
8250 .
fur = (375 =22 (fr3000 — fu.2200) + frz200  if 2200 < Re < 3000 @
fr=A+B-Re € if Re > 3000

Table IV. Coefficients for the calibration of the FPBS pressure drops in the RELAPS model

Constant Ds A B C
Value 0.45 0.021 31.66 0.856
f[-] —Cheng-Todreas —RS5 mod
020 1 \ \Ei R:S tranq'ition
S laminar, \ RS turbolent
0.15 r .

0.10 f VM
1
0.05 | ©T 1 !
laminar! : : C-T transition
| | | Re [-
0.00 Il 11 1 1 1 1 1 1 1 € [ ] J
0 2000 4000 6000 8000 10000

Figure 8. Cheng and Todreas vs RELAPS correlations for wire wrapped tube bundles
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3.2.2. Results

The steady state has been achieved through a 5000 s of transient simulation with constant boundary
conditions. The boundary conditions are reported in Table V. The boundary conditions for the heat loss
calculation have been set to 8 W/(m?K) and 10°C as wall heat transfer coefficient and room temperature,
respectively.

Table V. Boundary condition for ADP10 test

Parameter Unit Value
Gas mass flow rate NI/min 10
Water mass flow rate m*h 10
Water inlet temperature in the HX °C 170
Power provided in the active zone \\ 27000
Power provided in the non-active zone W 2236
Power provided by the TFM \ 1915

The instant in which the argon injection is stopped is the Start of the Transient (SoT) and it is assumed to
be at t=0 s. The thermal power provided by the FPBS remains constant, as well as the water temperature
and mass flow rate. As shown in Figure 9, the LBE mass flow rate rapidly drops at ~1 kg/s as soon as the
gas injection is stopped, and after ~1500 s, a new steady state establishes after the transition to the natural
circulation regime. Despite Reynolds-dependent pressure drops coefficients have been inserted in the
numerical model, the mass flow is higher compared to the experiment in the second steady state, while in
the first one the quantities show very good agreement. The discrepancies could be reconducted to errors in
reproducing pressure drops at low Re. Another source of uncertainty can be addressed to the powder
conductivity in the HX double wall tubes, which can impact on the temperature, and thus on the density of
the downcomer, affecting the natural circulation.

Figure 10 shows that the FPBS inlet temperature is well predicted by the code, as well as the HX outlet
temperature. Due to the higher mass flow rate predicted by the code, the temperature difference across the
components is lower compared to the experimental one. In fact, the LBE temperature at the FPBS outlet
(and HX inlet) is lower than the experimental value. The comparison of the RELAPS results with the
experimental data has been performed only with the integral values since local temperatures in the FPBS
cannot be well predicted by STH codes.

3 T T
PN —Exp
|
——RELAP5
E VYT
2
= 2
2
k)
(=
© 1.5
@©
1S
1
0.5

0 1000 2000 3000 4000 5000 6000
time [s]

Figure 9. Exp vs RS LBE mass flow rate
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Figure 10. Exp vs RS LBE temperatures at FPBS (left) and HX (right) inlet and outlet

3.3. ANSYS CFX - RELAPS Simulation

3.3.1. Coupling Tool Description

The coupling between ANSYS CFX and RELAPS has been realized through FORTRAN77 routines that
are called in specific “time-locations” of the ANSYS CFX run, which is the master of the coupling process.
These routines must guarantee the synchronization between the codes during the coupled simulation
execution and the data exchange. The coupling strategy is based on a two-way connection, with partitioned
and sequential solution. The time advancing scheme adopted is explicit (Figure 11) and the spatial domain
approach is non-overlapping. Other details are reported in Table VI, in which the classification follows the
guidelines of Ref. [4].

Table VI. Coupled methods classification ANSYS CFX RELAP5
Code Integration Partitioned Solutions | ----=-- NITIAL CONGITIONS |~ INITIAL GONDITIONS
Coupling Execution In-line approach tn Bun 4} Run
. . . EXTRACT RESULTS EXTRACT RESULTS
Synchronization Sub-cycling approach | ------- INTIAL GONDITIONS 2~ | 5 MITIAL CONDITIONS ™
Information Exchange . . taii Run Run
T Sequentlal couphng EXTRACT RESULTS EXTRACT RESULTS
ye = 0\ @@ - @ | === INITTAL CONDITIONS 2|~ INfTIAL CONDITIONS
- . . . !
Spatial Domains Non-overlapplqg domain s s $
Numerical Scheme Explicit

Figure 11. Explicit numerical scheme

The routines are divided in one User CEL (CFX Expression Language) Function and three Junction box
routines, the latter are briefly described in the following:

e jbr userinput: called before the start of the first timestep, this routine read from a .dat file the data
needed to run the coupling, in particular the file name and path, the number and the name of Ansys
CFX variable to be passed to RELAPS and vice versa;

o jbr userinput sott: called after the start of the each timestep, this routine read the RELAPS variable
to be passed to Ansys CFX;

e jbr endofthetimestep: called at the end of the each timestep, this routine modifies the RELAPS
input file inserting the results of the Ansys CFX timestep, run the RELAPS timestep and process
the created .rst file to extract the variable to be passed to Ansys CFX in a .dat file, append the last
result to a .pl¢ file and reduce the dimension of the .7s¢ to avoid the manipulation of big files.
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The User CEL Function, called set_cfx_bc, sets the boundary condition of the Ansys CFX timestep stored
in the memory during the jbr _userinput sott routine and is called autonomously by the code. The routines
take advantage of in-house developed executable, written in python, for the RELAPS input modification
and post processing.

Eventually the results are collected in the Ansys CFX file in the .z7n format and in the .pl¢ file for what
concerns the RELAPS5 domain.

In Figure 12 a schematic of the code diagram is reported.

Figure 12. Coupling Scheme between Ansys CFX and RELAPS

3.3.2. Description of the Numerical Model and the Coupled Simulation Set Up

For the coupled simulation, the RELAPS model has been modified removing the active part of the FPBS
and inserting time dependent volumes (TMDPVOL) and time dependent junctions (TMDPJUN), where the
boundary conditions from the CFD calculation are imposed. A preliminary RELAPS steady state
calculation with the “open loop” model has been performed to prepare a restart file to be used for the
coupled simulation. The steady state values of the boundary conditions adopted for the “open loop” are
those obtained with the entire loop.

During the coupled run the two-way exchange of information regards:
e the outlet mass flow rate, the outlet temperature and the pressure drop inside the active length of
the FPBS, that are passed by Ansys CFX to RELAPS5 through the TMDPJUN 261, the TMDPVOL
260, and the TMDPVOL 250, respectively;
e theinlet mass flow rate and the inlet temperature in the FPBS from RELAPS to CFX, to be imposed
at the inlet of the CFD model.
The pressure imposed at the TMDPVOL is calculated by the sum of three contributions:
e the CFD pressure drop;
e the pressure head;
e the pressure of the RELAPS5 control volume 105 at the previous timestep, which center corresponds
to the outlet of the CFD domain.

NURETH-20 @ August 20-25, 2023, Washington, D.C. 3647

Al :s10}9€3Y Paj00] [e}aly pinbry



Al :$10}9€3Y Paj00] [e}aly pinbry

CFD - STH Code Coupling for the Thermal Hydraulic Analysis of NACIE-UP Experimental Facility

This calculation allows to set the relative pressure to zero at the outlet of the CFD model, with an impact
in reducing the momentum equation residuals.

The CFD inlet mass flow rate corresponds to the RELAPS value at the outlet of the “open loop” by applying
a velocity map correspondent to a fully developed flow.
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Figure 13. Nodalization of the NACIE-UP loop: closed loop (on the left) and open loop (on the right)

3.3.2 Results

The simulations have been carried out varying the timestep from le-3 s to 2e-2 s for Ansys CFX and, in
turn, for the exchange of information; the RELAPS code always runs with 1/10 of the coupling timestep,
to improve stability of the STH code.

After 10 s coupled simulation, a steady state conditions establishes after the start of the variable exchange
between codes. At this moment, the gas injection is stopped and the transient is triggered. All the cases with
different time steps exhibit an oscillating behavior of the mass flow and pressure between 5 and 15 s. To
verify the impact of the CFD model on the stability, the same simulations have been carried out with a
hexagonal porous media, instead of the fluid and solid regions, maintaining the external wrapper. The
pressure drops curve of the porous media has been calibrated with the RELAPS5 correlations. It has been
found out that also in this case the oscillations persist. Other runs with the CFD detailed model have been
performed (i) changing the reverse flow coefficients in the RELAPS junctions to dump eventual pressure
waves, (ii) avoiding CFX to pass the mass flow rate value to RELAPS, but the results are characterized by
the same oscillating behavior. Except for a single case, adopting the CFD detailed model, the oscillations
diverge bringing to the failure of the simulations.
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In Figure 14 and Figure 15 the experimental data are compared with the results obtained with the RELAP5
stand-alone run and coupled simulations with both the porous and full geometry CFD models. It is shown
that the results of the coupled simulations almost overlap the RELAPS stand-alone results. In the analyzed
time frame, the coupled simulation does not show significant improvements in reproducing the
experimental test, meaning that the RELAPS and CFX results do not strongly differ and that the
discrepancies with the experimental data can be addressed to the modelling of the FPBS. This consideration
is strengthened by Figure 16, where it is showed that negligible discrepancies in reproducing the pressure
variation in the FPBS between CFX and RELAPS.

3 : ‘ ; : 420
—Exp
25 ——RELAPS i 400 -
— —— Coup Full Geom
2
> 2t ——Coup Poro i 380t
=
Z15¢ £, 360
% =
g 1r 340 —Exp
£ ——RELAP5
05¢f 320 - ——Coup Full Geom| |
——Coup Poro
0 . ‘ ‘ . 300 . ‘ ‘
1220 1240 1260 1280 1300 1220 1240 1260 1280 1300
time [s] time [s]
Figure 14. Code to code to experiment mass flow Figure 15. Code to code to experiment FPBS outlet
rate comparison temperature comparison
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Figure 16. Code to code FPBS static pressure Figure 17. Coupled tool to experiment TC12 and
drop comparison TC49 temperature comparison

On the other hand, with the coupled simulation it is possible to compare the temperature variation in the
TCs location in time with appropriate boundary conditions.

Also, for the local temperature results the behavior is similar to the one showed for the FPBS outlet
temperature, whereas a change in the derivative could be noticed when the second mass flow rate oscillation
is stabilized (Figure 17). The discrepancies between the mass flow rate affect the CFD values with respect
to the experimental temperatures.

Since the stability problems affect the reliability of tool, the detailed geometry coupled simulation has been
investigated also removing the non-condensable gas from the RELAPS model to avoid sources of instability
in the simulation, since it is an issue of the current version of the RELAPS5/Mod3.3 code, although being
the only one available that allows the use of the non-condensable gases. The model of the expansion vessel
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has been redefined to include only the liquid volume, assuming no relevant variation in the LBE free level.
As momentum source of the loop, a time-dependent junction fixes the LBE mass flow rate and becomes a
single junction at the beginning of the coupled simulation.

The results show the absence of the oscillating behavior of the variables, with a faster decrease of the mass
flow rate due to the instantaneous loss of the momentum source and the absence of the inertia due to
presence of the gas in the first seconds after the stop of its injection (Figure 18). In turn, the temperature
transition in the system is affected with a faster rise and a lower temperature peak (Figure 19).
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Figure 18. Coupled tool mass flow rate w/ and w/o Figure 19. Coupled tool FPBS outlet temperature
gas injection w/ and w/o gas injection

4. CONCLUSIONS AND PERSPECTIVE

The paper presents the first validation exercise of a CFD-STH coupled tool applied to the LBE-cooled loop
facility NACIE-UP. The tool is described together with the stand-alone models of the RELAP5 and Ansys
CFX codes. The CFD steady state stand-alone results show errors in representing the local bundle
temperature of around 2°C on the instrumented Plane 1 and 2 (at 38 and 300 mm from the start of the active
length), while the discrepancies increase in the Plane 3 (562 mm). RELAPS integral parameters (i.e.,
temperatures) and mass flow rate agree with the experimental data during the initial steady state, while
discrepancies can be found during the transition to the natural circulation and in the second steady state.

The coupled tool results show instabilities independent from most of the simulation parameters, but that
could be prevented by avoiding the simulation of the non-condensable gases in the STH code. The obtained
mass flow rate and averaged temperatures are in agreement with the RELAPS stand-alone results, with
small discrepancies in the time-frame investigated. The tool gives a local temperature description in the
FPBS active length, although the results are mostly affected by the error in the mass flow rate calculation.

Further development of the two stand-alone models will help to reduce the differences with the
experimental data, looking for a better representation of pressure drops and heat losses. A new semi-implicit
time advancing scheme will be developed, which is expected to favor the stability of the coupled simulation
and give the possibility to enlarge the timestep and in turn, the timeframe of the simulation to see the effect
of the CFD FPBS model on the natural circulation condition at the end of the transient.
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