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Abstract

FRENETIC is a recently developed multi-physics code for the analysis of lead-cooled fast reactor cores
having the closed hexagonal fuel element configuration, which is the currently proposed configuration for
the DEMO-LFR ALFRED within the framework of the European project LEADER. A first validation of the
thermal-hydraulic module of this code is presented here. The coolant and pin (surface) temperature
computed by the code are compared in this report with data coming from 2 different experimental
campaigns in the CIRCE facility at the ENEA Brasimone Research Centre. The agreement between computed
and measured coolant temperature at different heights in the test section is very good. The computed pin
surface temperature presents on the contrary some disagreement that will require further investigation.
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Introduction

A new multi-physics simulation tool, FRENETIC (Fast REactor NEutronics/Thermal-hydrauliCs), has been
recently developed [1], [2], for the quasi-3D analysis of a lead-cooled fast reactor core with the hexagonal
fuel element configuration, as currently proposed within the framework of the European project LEADER.

The tool, as opposed to popular thermal-hydraulic (TH) system codes like, e.g., Relap5, implements
coupled neutronic and TH models. Its main aim is to provide solutions for core design and/or safety
analysis, in a way which is computationally effective [2].

In the TH module, the hexagonal elements are described by 1D (axial) transient heat advection and
conduction in the coolant, coupled to conduction in the fuel pins; each element is then thermally coupled
to its neighbors in the transverse directions, to obtain the full-core evolution of the distribution of the TH
variables (axial speed, pressure and temperature of the coolant).

Here we present the first validation of the TH model in FRENETIC against data from the ENEA
Integral Circulation Experiment (ICE) [3], using Lead-Bismuth Eutectic (LBE) as a coolant. In ICE a single
hexagonal element is present, including an electrically heated Fuel Pin Simulator (FPS). The evolution of the
temperature computed at different heights of the FPS will be compared with the values measured in two
different campaigns.

Short summary of the thermal-hydraulic model in FRENETIC

The thermal hydraulic model in FRENETIC approximates the 3D problem in the full core geometry as 2D
thermal coupling of 1D advection-diffusion problems solved along each hexagonal assembly. This approach
is justified by the separation of heat transfer timescales discussed in [2]. For each assembly, both the
coolant temperature T and the fuel temperature T; are considered to be uniform (but different from each
other) on the cross section. Then T and T; depend only on the axial position zand on the time t.

Along each assembly we solve the transient 1D mass (Eq. 1), momentum (Eq. 2) and energy (Eq. 3)
balances, for the coolant axial speed v (z, t), pressure p (z, t) and T (z, t), coupled with 1D heat conduction
(Eq. 4) along the fuel pins, for T:(z, t):

%+vg—;+%g—Z:—Fv—gcosﬂ "
g—l;+pcfg—:+vg—};— aa—z(kaa—Zj:CD[HzH (TF,S —T)+ va} (2)
pcv%—f+pcvv%—:+pcvd>T3—:—a%(k%—:J: HZH (TF,S—T)+va (3)
Prc aait" —a%(kF aai - j = HFFH (r-7,,)+ Qf:‘:’ @)

where A is the coolant cross section, ¢ is the fuel specific heat, ¢, is the sound speed, ¢, is the coolant
specific heat at constant volume, F accounts for friction effects

— | |
F = Zf_
Dh (5)
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(f is the Fanning friction factor and D, is the hydraulic diameter), g is the gravity acceleration, H is the
coolant-pin surface heat transfer coefficient, k is the coolant thermal conductivity, k: is the fuel thermal
conductivity, IZ is the pin perimeter, Q. is the linear power generation (W/m) in the fuel, 8 (= 0 here) is
the angle between z and vertical direction, p is the coolant density, T¢, is the pin surface temperature, @ is
the Gruneisen parameter

(2
P (6)

The term H x [Ti4(z, t) — T(z, t)] in (Eqg. 2) and (Eq. 3), and its equivalent in (Eq. 4), describes the heat
transfer between the pin surface at temperature T¢ and the coolant. In the model we implement this term
as H' x [Te(z, t) — T(z, t)] , where H =H x [Tes(z, t) =T(z, t)] / [Te(z, t) = T(z, t)] and use in H" an approximate
value for T, estimated assuming a parabolic radial temperature distribution inside the pin

TF,S(ZI t) = TF(Zr t) - quel(zr t)/AFerinz/(SxkF) (7)
where Qqel(z, t) is the heat generation rate and r,, is the pin radius.

The heat transfer coefficient H used to compute the pin-coolant heat transfer is obtained from the
Nusselt number, whose values as a function of the Reynolds number are reported in Table 1.

Table 1. Reynolds dependence of the Nusselt number.

Re Nu
9157 15.146
19620 17.148
32700 19.157
65410 23.288
130800 | 30.066

This correlation was obtained from CFD analysis [4] and is implemented in the model as a piecewise linear
function.

The thermophysical properties of the LBE coolant are temperature dependent (including the
density, in order to capture buoyancy effects) and taken from [5], while f is taken from correlations
reported in [6].

Experimental setup

In the frame of the THINS (Thermal Hydraulic of Innovative Nuclear System) Large Scale Collaborative
Project (7th Framework Program EU), ENEA assumed the commitment to design, implement and carry out
the large scale integral test called ICE.

The objective of this experiment is to characterize the phenomena of mixed convection and
stratification in a heavy liquid metal pool in the safety-relevant situation, that is during the transition from
nominal flow conditions to the natural circulation typical of Decay Heat Removal (DHR) conditions.

ICE is performed in the CIRCE large scale facility at the ENEA Brasimone Research Centre. CIRCE
basically consists of a cylindrical main vessel (5100) filled with about 70 tons of molten LBE and equipped
with: argon cover gas and recirculation system, LBE heating and cooling systems, several test sections
welded to and hung from bolted vessel heads for separate-effect and integral testing, as well as auxiliary
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equipment for eutectic circulation. The facility also includes an LBE storage tank (S200), a small LBE transfer
tank (S300) and the data acquisition system, see Fig. 1.
The CIRCE main vessel hosts the ICE test section, which consists of the following main components,
see Fig. 2a:
- Downcomer: it is the volume between the test section and the main vessel which allows the
hydrodynamic connection between the outlet section of the Heat Exchanger (HX) and the inlet
section of the feeding conduit.

L1348

L125

=4

Figure 1. Isometric view of the CIRCE facility.

- Feeding Conduit: it is the inlet pipe of the test section which allows the hydrodynamic development
of the upward primary flow rate towards the flow meter.

- FPS: shown in Fig. 2b and Fig. 3, it is the part of ICE on which we focus for the validation exercise
presented here. It provides the Heat Source (HS) for the test and is instrumented with several
thermocouples at different axial and radial locations, as discussed in more detail below. The FPS is
connected in the lower section to the flow meter and in the upper section to the insulation volume
by the coupling flange. In the upper section, the FPS is hydraulically linked to the fitting volume,
ensuring the continuity of the main flow path.

- Fitting Volume: it is placed in the middle part of the test section, allowing the hydraulic connection
between the HS and the riser. It contains a pressure sensor.

- Riser: it is a pipe connecting the fitting volume with the separator. In the lower section, a nozzle is
installed to allow the argon injection.

- Separator: it is a volume needed to connect the riser with the HX. It allows the separation of the
LBE flowing downward into the HX from the Argon flowing in the test section cover gas through the
free surface. Moreover, the separator assures that the overall LBE flow rate flows directly into the
HX (shell — side) before falling down in the downcomer.
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Figure 2. (a) ICE flow path and main components. (b) Zoom on the FPS, highlighting the three sections
containing the thermocouples.

- Heat Exchanger: it corresponds to the heat sink of the system.

A first test campaign has already been completed on ICE in 2011 [3]. Several modifications have
been implemented on the ICE test section, before the second experimental campaign, which started in June

2012. In particular:
- installation of more suitable instrumentation on the main HX, to better evaluate the power

extracted by the component, monitoring the LBE temperature in some sub-channels of the HX,

through the bayonet tubes;
- improvement of the thermal-hydraulic coupling of the main HX with the downcomer, adding a

suitable flow straightener in the lower part of the shell;
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- installation of the decay heat removal heat exchanger into the pool;

- installation of suitable instrumentation for the assessment of mixing and thermal stratification in
the pool;

- instrumentation of the FPS (see Fig. 2b and Fig. 4), aiming at the evaluation of the heat transfer
coefficient in a rod bundle cooled by heavy liquid metal and of the hot spot factor due to the
installed spacer grid along the bundle, by monitoring the evolution of both the LBE bulk
temperature and the pin cladding temperature. For that purpose, sections 1 and 3, see Fig. 2b, are
equipped each with 3 thermocouples measuring the coolant temperature at different locations and
6 thermocouples measuring the pin surface temperature, see Fig. 4, whereas on section 2, in
correspondence of the middle spacer grid, see Fig. 2b, only the pin cladding temperature is
measured.

Rod bundle

Hexagonal
wrapper

Stagnant LBE

Circular wrapper

CIRCE main
vasse| (S100)

Figure 3. Cross section of the lower part of ICE, in correspondence of the FPS.
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Figure 4. Cross section of the hexagonal FPS with installed TCs (red dots) corresponding to section 1, 20 mm
below the middle spacer grid (a), and section 3, 60 mm below the upper spacer grid (b).

Boundary conditions

The computational domain is limited to the heated section of ICE, i.e. the FPS.

The experimental power input, obtained from the calorimetry of the LBE flow in the FPS, is used as
driver of the transient.

As boundary conditions for the flow we impose the LBE mass flow rate and temperature at the inlet
and the pressure at the outlet.

The heat transfer between the HS and the LBE in the downcomer (assumed to be at T = T;,) is also
taken into account, considering the two wrappers and the stagnant LBE (see Fig. 3) as thermal resistances.

At the ends the pins are assumed to be adiabatic in the axial direction.

Results from the first campaign

A first validation has been carried out using data from the full power characterization test performed
during the first experimental campaign [3]. The comparison with the (more detailed) data from the second
experimental campaign will be presented in the next section.

In the first test campaign, the full-power steady-state enhanced circulation test started with the
Argon gas injection through the nozzle installed into the bottom of the riser. After the LBE steady state flow
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rate (~60 kg/s) was established, the power in the HS was ramped up in ~300 s, from 0 to its nominal value
(800 kW); when the full power was reached, also the cooling water supply to the heat exchanger was
started.

The computed LBE temperature at the outlet of the HS (the only thermocouple available in the FPS
during the first experimental campaign) is compared in Fig. 5 with the experimental one, showing a very
good agreement both during the ramp-up transient (starting at time t = 0 s in Fig. 5) and at steady state.
Oscillations in the outlet temperature are due to oscillations in the experimental input power, as seen in
the figure, as well as to oscillations in the mass flow rate, induced by the gas injection system consisting of
a set of gas blowers (volumetric compressor).
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Figure 5. Computed (blue dashed line) vs. experimental (red solid circles) outlet temperatures during the
full power characterization test. The experimental inlet temperature (green solid triangles) and the
experimental input power (blues solid squares) are also reported. The zooms between 300 and 400 s and
between 1300 and 1400 s show that the discrepancy is at most of 1-2 K, except when spikes are present in
the computed solution.

Results from the second campaign

The encouraging results from the previous section constitute the basis for a more detailed validation effort
presented in this section, using the experimental data coming from the second test campaign of ICE. The



scenario analyzed is again a power ramp-up transient, faster than the one in first campaign, see the input
power evolution in Fig. 6. The new instrumentation, described in experimental setup section, includes new
thermocouples (see Fig. 4) and allows the comparison between the computed (average) temperature of the
coolant and the average of the measured (local) coolant temperatures at the FPS outlet (Fig. 6a) and also in
a mid-height section of the FPS (Fig. 6b).

The LBE temperature is captured very well in both sections of the FPS, both during the transient
and steady state phases. For each section, the experimental temperature value plotted in Fig. 6 is obtained
as average of the 3 sub-channel temperature values, i.e. TC-FPS01, TC-FPS02, TC-FPS03 for the mid-height
section and TC-FPS21, TC-FPS23, TC-FPS24 for the top (outlet) section.
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Figure 6. Computed (blue dashed line) vs. experimental (red solid circles) coolant temperature and
computed (green dashed line) vs. average of the experimental (blue solid circles) pin surface temperatures
at outlet (a) and mid-height (b) sections of the FPS, during the full power characterization test. The
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experimental inlet temperature (green solid triangles) and the experimental input power (blues solid
squares) are also reported.

As to the fuel pins, the comparison between computed and measured values is more delicate: the
pin surface temperature is computed in the code assuming a uniform heat generation inside the pin
volume, resulting in a parabolic temperature distribution in the pin cross section. The (electrical) input
power distribution inside the single pins is instead nonuniform, due to the presence of 2 wires for the
electrical power generation (Fig. 7) [6], that induce local peaks in power generation, and this may partly
explain the (relatively small) underestimation of the pin surface temperature seen in Fig. 6.

(Nicke/ Chrome wire) Insulator

Figure 7. Active zone pin cross section [6].

As for the coolant temperature, also the experimental pin surface temperature value plotted in Fig. 6 is
obtained as average of the 3 measured temperature values in each section, i.e. TC-FPS04, TC-FPS05, TC-
FPS06, TC-FPS07, TC-FPS08, TC-FPS09 for the mid-height section and TC-FPS16, TC-FPS17, TC-FPS18, TC-
FPS19, TC-FPS20, TC-FPS22 for the top (outlet) section. Figs. 8-9 show the comparison between computed
surface temperature and all the thermocouple traces at the outlet (Fig. 8) and mid-height (Fig. 9) cross
sections of the FPS, respectively.
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Figure 8. Pin surface temperature measured by the 6 thermocouples on the outlet cross section, compared
with the computed (average) value.
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Figure 9. Pin surface temperature measured by the 6 thermocouples on the mid-height cross section,
compared with computed average value.

The 2 zooms in Fig. 8 show that difference between the hottest and the coldest (measured) pin surface
temperature is ~20 K, while the computed average is slightly (1-5 K) underestimating the lowest measured
temperature. The 2 zooms in Fig.9 show that difference between the hottest and the coldest (measured)
pin surface temperature is ~40 K, while the computed average is bracketed by the highest and lowest
measured temperatures.

The oscillating behavior of the temperature values in Fig. 6 can be explained by oscillations in the
FPS inlet mass flow rate (Fig. 10). This mass flow rate, together with inlet temperature (Fig. 6) and outlet
pressure (Fig. 10), is used in the model as boundary condition.
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Figure 10. Experimental evolution of inlet mass flow rate and outlet pressure, used, together with inlet
temperature, as boundary conditions for the numerical simulation.



Effect of pin-LBE heat transfer

The reason for the discrepancy between computed and measured pin surface temperature might of course
have to do with the heat transfer between pin surface and LBE.

We investigated this effect parametrically by reducing the heat transfer coefficient between the
two by a factor 0.75.

The results in Fig. 11 show that, indeed, this small variation, well within the uncertainty with which
the HTC is known, is sufficient to capture adequately also the pin surface temperature with the simulation.
The agreement between computed and measured coolant temperatures is still good.
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Figure 11. Computed (blue dashed line) vs. experimental (red solid circles) coolant temperature and
computed (green dashed line) vs. average of the experimental (blue solid circles) pin surface temperatures
at outlet (a) and mid-height (b) sections of the FPS, during the full power characterization test, using a heat

transfer coefficient between pin and LBE reduced by a factor 0.75 with respect to Fig.6. The experimental
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inlet temperature (green solid triangles) and the experimental input power (blues solid squares) are also
reported.

Conclusions and perspective

The first validation of the TH model implemented in the recently developed FRENETIC code is presented
against data from the first and second campaign of the ENEA Integral Circulation Experiment, using a
correlation for the pin-coolant heat transfer coefficient obtained through CFD analysis. A good agreement
between the computed and measured dataset is shown, especially in the coolant temperature, in two
different sections of the FPS. Among the possible reasons for the discrepancy between computed and
measured pin surface temperature it was shown that a simple reduction by 0.75 of the heat transfer
coefficient assumed between the two leads to a good agreement.
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Nomenclature

A coolant cross section

Cr fuel specific heat

Cs sound speed

Cy coolant specific heat at constant volume
Comp computed

D diameter

DHR Decay Heat Removal

EU European Union

Exp experimental

f Fanning friction factor

FPS Fuel Pin Simulator

FRENETIC Fast REactor NEutronics/Thermal-hydraullCs
g gravity acceleration

H coolant—pin surface heat transfer coefficient
HTC Heat Transfer Coefficient

HS Heat Source

HX Heat eXchanger
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ICE Integral Circulation Experiment

k thermal conductivity

LBE Lead-Bismuth Eutectic

LEADER Lead-cooled European Advanced DEmonstration Reactor

p pressure

Qsuel linear power generation into fuel

qv volumetric heat generation rate

r radius

T temperature

t time

TCs ThermoCouples

TH Thermal-Hydraulic

THINS Thermal Hydraulic of Innovative Nuclear System

v speed

z axial coordinate

6 angle between z and vertical direction

Ik pin perimeter

P density

) Gruneisen parameter

Subscripts

F fuel

h hydraulic

in inlet

out outlet

s surface
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