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ABSTRACT

The ENEA Brasimone Research Centre since 1999r@ngly
involved in the national and European research raromes
performed in the field of heavy liquid metal tectogy aiming at the
development of critical (LFR) and subcritical (AD@8)clear systems.

In particular, in the frame of the IP-EUROTRANS, th(6
Framework Program EU), ENEA assumed the commitrizeperform
an integral experiment with the aim to reprodueeghmary flow path
of a HLM pool-type nuclear reactor, cooled by LeBismuth
Eutectics (LBE). This new experimental activitynmed ICE “Integral
Circulation Experiment”, will be performed by anpappriate test
section designed to be installed in the CIRCE itgcil

In order to support the ICE activity, as well asamdtterise the
natural and gas enhanced circulation flow reginmes iHLM loop,
qualify test procedures, components nuclear releveamew facility
was designed and built up by Brasimone Researchr&enamed
NACIE “NAtural Clrculation Experiment”.

The paper reports a detailed description of the laod the main
experimental results carried out from the naturatutation tests
already performed on the NACIE loop.

Numerical simulations have been performed in colfaion with
the University of Pisa, adopting the RELAP5/Mod3ystem code
modified to allow for LBE as a cooling fluid.

The aim of the performed post-test calculation®isompare the
code response with the experimental results under ratural
circulation flow regime, allowing to qualify the apted nodalisation
as well as the performance of the code when emglopeHLM loop.

INTRODUCTION

In the last years, wide importance is given to #udivities in
support of the development of systems for the trarmation of
radioactive waste, as can be noticed from the EawgJnion (EU)
projects EUROTRANS [1] (EUROpean research progranfonethe
TRANSmutation of high level nuclear waste in Accater Driven
Systems), which concurs to demonstrate the fedgibfl an ADS-type
dedicated transmuter. Other activities are ongoiitlp the aim to
develop a Generation IV LFR concef@,[like ELSY [3] (European
Lead-Cooled System) project, aimed at showing tbssipility of
realization and operation of a safe and competitag lead-cooled
critical reactor.

In parallel, project dedicated to address spe@Baes have been
and still are carried out, as, for example, con@ige the EU

framework programmes, TECLA (TEChnologies for Lealbys),

dedicated to lead technologies, aimed at asseshimgise of lead
alloys both as a spallation target and as a coéargn ADS, VELLA

[4] (Virtual European Lead LAboratory), aimed at omating the
existing European HLM infrastructures, developingnesgies and
complementarities among the laboratories and tlseareh groups
across the EU

In this framework, several R&D priorities (and phed efforts)
have been defined, focusing on system design, fdelelopment,
HLM technology, materials, component developmeemadnstration
[5,6,7].

In particular large-scale integral tests to chamast the behaviour
of the main systems are necessary especially édidansing process.

An integral system experiment is foreseen in ENEAgere the
circulation of a sector of the primary lead coolanthe reactor pool
will be reproduced. The normal steady state coomiti operating
transients (e.g. pumping system start-up and coneepchanges) and
incidental transients (e.g. transient from forcechatural circulation)
will be experimented.

This experimental activity, named “INTEGRAL CIRCUITAON
TEST”, ICE, will be performed by the ENEA C.R. Bimsne, where
an appropriate test section has been designed foskaled in the
CIRCE facility.

The ICE activity will allow getting detailed inforation about
different topics, as to evaluate the thermal-hylicabehaviour of a
HLM pool system by the analysis of the coupling vilen an
appropriate heat source and a cold sink placedensij to investigate
the behaviour of representative components (i.etoppical heat
exchangers) for the LFR/ADS concepts, to charamethe natural
circulation flow regime in a HLM pool system.

In this frame, the NACIE loop facility has built up carry out
experimental tests needed to characterize thealand gas enhanced
circulation flow regimes, and to qualify componerfier HLM
applications, especially in support of the ICE \tigs .

In fact, since the heat source designed for thed€ivity, named
Fuel Pin Simulator FPS, is based on the use obpyical electrical
heaters, a preliminary characterization of theérihal and electrical
performance is required; this characterization bélaccomplished by
the NACIE loop.

NACIE Loop Description
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As already mentioned, the aim of NACIE loop is &t sip a
support facility able to qualify and characterizamponents, systems
and procedures relevant for HLM nuclear technolagie

Moreover, by this facility it will be possible toedform several
experimental campaigns in the field of the thermalraulics, fluid-
dynamics, chemistry control, corrosion protectiord dheat transfer,
allowing to obtain correlations essential for tresidgn of the nuclear
power plant cooled by heavy liquid metal.

Finally, the possibility to test four prototypicpin simulators as
well as all their ancillary systems and mechanicahnections is
mandatory in order to confirm the design of the te& section.

For this reason the NACIE loop is prepared to hoaseundle
made with four prototypical pin simulators in fidtale to the ones
which will be manufactured for the ICE test section

NACIE is a HLM rectangular loop which basically sists of two
vertical pipes (O.D. 2,5") working as riser and dmamer, connected
by means of two horizontal branches (O.D. 2,5").

The adopted material is stainless steel (AISI 384 the total
inventory of LBE is about 1000 kg; the design terapg&e and
pressure are 550 °C and 10 bar respectively.

In the bottom part of the riser a heat source s&ifed through an
appropriate flange, while the upper part of the dowmer is
connected to an heat exchanger.

The difference in level between the thermal cemtfrehe heat
source and the one of the heat sink was fixed ppootice the same
height that characterises the ICE test section @&b=m).

The loop is completed by an expansion vessel,liedtan the top
part of the loop, coaxially to the riser.

The general layout of the loop is depicted in fegay while the
geometrical data which characterize the NACIE fgcdre reported in
tablel.

Total Vertical Length [mm] 9231
Horizontal Length [mm] 1000
Pipe Inner Diameter [mm] 62.7
Pipe Thickness [mm] 5.16
Expansion Vessel Height [mm] 765
Expansion Vessel Inner Diameter [mm] 254.5
Heat Exchanger Length [mm] 1500
Heat Source Active Length [mm] 1000

Table 1 NACIE Main Geometrical Data

For the NACIE activity two different bundles aragdseen, named
“high flux bundle” and “low flux bundle”.

High Flux Bundle

The high flux bundle consists of four prototypicpins; the
characteristics of the bundle are reported in table

The pins are arranged in a triangular lattice wdthpitch to
diameter ratio of 1.8, as envisaged for the ICEdminThe total
installed power is 100 kW, even if during the testfy one pin will be
active. In figure2, a sketch of the high flux bundle is reported.

The aim of the tests planned using the high fluxdbe is to
characterize the pins, in term of performance ef dlative length as
well as cold length, reliability and thermal fategu

The results carried out should allow choosing th@rarsuitable
technical solution for the pins to adopt in the IQEdle.
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Figure 1. NACIE loop layout

A-type Prototypical Pin

Number 2
Diameter [mm] 8.2
Active Length [mm] 1000
Total Length [mm] 2760
Heat Flux [W/crf] 100
Flux Distribution Uniform
Thermal Power [kW] 25
B-type Prototypical Pin
Number 2
Diameter [mm] 8.2
Active Length [mm] 1000
Total Length [mm] 8380
Heat Flux [W/cr] 100
Flux Distribution Not-uniform
Thermal Power [kW] 25

Table 2 . High Flux Bundle Characteristics
Copyright © 2009 by ASME

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/28/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



Figure 2. View of the High Flux Bundle

Low Flux Bundle

The low flux bundle consists of three electricaltgdges placed
on triangular lattice with a pitch to diameter catf 1.4; the total
thermal power installed is 30 kW.

The main parameters of the low flux bundle are riggbin the table.

The low flux bundle will be instrumented to allowTB
measurement under natural circulation flow regimenall as under
gas-injection enhanced circulation.

Number 3
Diameter [mm] 19.05
Active Length [mm] 1000
Total Length [mm] 2380
Heat Flux [W/cr] 16.8
Flux Distribution Uniform
Thermal Power [kKW] 10

Table 3 Low Flux Bundle Characteristics

Pumping System

To promote the LBE circulation along the loop, a G technique
will be adopted [8,9,10, 11].

A pipe having inner diameter of 10 mm is houseddmshe riser,
connected through the top flange of the expansiok to the argon
feeding system.

At the other end of the pipe the injection noza@eniounted,
located just downstream the heating section. Tisewgh be injected
in the riser through the nozzle, enhancing theidiquetal circulation.
In the expansion tank the separation between tlasgshwill take
place.

In this way the possibility to have a two phase tmia flowing
through the heat source is avoided.

The gas injection system is able to supply Argawftate in the
range [1-75 NI/min] with a maximum injection presswof 5.5 bar.

Heat Exchanger

The Heat Exchanger (HX) designed for the NACIE l@®p “tube
in tube”, counter flow type; the secondary fluid water at low
pressure (about 1.5 bar). The HX is made by thoeeial tubes with
different thicknesses; the dimensions of tubeseperted in tabla.

STOPPER

OUTLET
WATER

METALLIC
POWDER

LBE FLOW

INLET
WATER

Figure 3 . Scheme of the HX and view of the expansion joint

Inner Pipe Middle Pipe External Pipe
Inner Diameter [mm] 62.68 84.9 102.3
Outer Diameter [mm] 73 88.9 1143
Thickness [mm] 5.16 2.0 6.02
Length [mm] 1500 1500 1500
Material AIS| 304 AISI 304 AISI 304

Table 4 . NACIE HX Pipes Dimension

LBE flows downward into the internal pipe, while t@a flows
upwards into the annulus between the middle anereat pipes (see
figure 3).

The annulus created by the internal and middle,pipat has a
width of 5.95 mm, is filled by stainless steel p@ndThe aim of this
powder gap is to guarantee the thermal flux towarater, since it has
a good thermal conductivity, mitigating at the satinge the thermal
stresses on the pipes due to the differential tabewpansion along
the axis during the operation. In fact, the thrégep are welded
together in the lower part by a plate, while in thgper part only the
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middle and external pipe amonstrained together. In this way the
internal pipe has no axial constraints with the & axial expansion
is allowed.

The annulus containing the powder is closed onttpe by a
“stopper” made by graphite, in order to avoid toevder leakage.

Finally, on the external pipe an axial expansiantji installed to
compensate the different axial expansion between ntiddle and
external pipe (see figure 3)

Moreover, the powder gap allows reducing the thérgnadient
through the thickness of the pipes; in fact, iterthal resistance is
about the 30-50% of the overall one.

The NACIE HX has been designed assuming a therotgl af 30
kW; it is the case of the low flux bundle under tiaural circulation
flow regime.

RELAP NODALIZATION

The scheme of the nodalization adopted for RELAP®ported in
figure 4. It consists of several pipe, branch amagle junction
components aiming at the simulation of the difféfearts of the loop.

The heater power, generated by the prototypicas,piras been
imposed in heating rods. Heat losses have beenrdteoluced in the
analyses and have been adjusted according to fitreniztion coming
from the experiments; in this aim, appropriate hemisfer coefficient
and fluid temperature are imposed outside the pights, also taking
into account the pipe thermal insulation.

Whenever possible, a node each 10 cm of pipe leéagtiroduced
throughout the nodalization.

The time dependent volume 60 and the time deperjdection 55
are considered to allow the simulation of the tegith the assisted
circulation through the injection of the argon lire triser. In this work,
the injected argon flow rate is maintained equaleim.

The time dependent junction 305 is used to fixriplet water flow
rate. The time dependent volume 300 impose the émtyre of the
water at the inlet section of the HX secondary sigkile the time
dependent volume 330 impose the outlet pressure.

In order to simulate the effect of the heating ealpresent on the
external pipe surface along the loop, used to atr@dsolidification of
the LBE when the heater power is off, it is beepased an high HTC
between pipes and the external environment.

The powder gap thermal conductivity was chosen2a8% of the
stainless steel theoretical value, in order to havgood agreement
between calculated and experimental LBE temperdaitonetrends.

PERFORMED TESTS

The experimental activity performed up to now wiNACIE
facility included four different tests concerningtaral circulation. In
particular, the tests have been performed with onlg pin activated,
type B, inside the heating section, with a nomp@ber of 25 kW.

The differences in the heater power for the fowststecan be
observed in figure5. As it can be noted, the electrical power
effectively supplied to the system is about 23.5 fdiMests n. 1, 2 and
4, nearly 95% of the nominal power, while in thette. 4 the power is
very near the nominal value.

Different boundary conditions are instead applied the water
temperature at the inlet section of the HX secondddte and mass
flow rate. In particular, in tests n. 1 and 2 thieti temperature of the
water has been started at around 65 °C and theakstt to about 25

4

°C when an average temperature of LBE of about G56°achieved
along the heat source.
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Figure 4 . RELAP5 Nodalization for the NACIE loop

This behaviour is due to the start of air coolestaied in the
secondary loop. In the case of tests n. 3 and taetemperature of
the water is maintained to about 80°C during adl ime. During the
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transient the secondary pump is active, to avohiling of water

inside the heat exchanger, even if the flow rateeisat a value much % ‘—Test 1
lower than the nominal one (see figéje —Test2
Though the ultrasonic flow meter is not yet ingdllalong the — 20 H1—1
NACIE loop, an estimation of the LBE flow rate undgteady state =3 —Test4
condition could be made applying an energy balawess the heat % ——Test3
source, as in the following: g 15 1
& 5
W=__<HS L 10
Cp,LBE A-I—HS %
5 | st =y
As it can be noted in figurg the estimated flow rate in the steady
state conditions is about 5.5 kg/s.
0 - ‘
30 0 4000 8000 12000 16000 20000
Time [s]
25 | gt | et P b= Figure 7 . LBE flow rate calculated by an energy balance
_ through the HS
_i 20
@ RESULTS
g 15 +
DC' The fluid dynamic behaviour of the system has bsenlated by
a 10 —Test1 K a version of the RELAP5/Mod3.3 code, modified idarto take into
—Test 2 account the LBE fluid properties.
51 —Test3 | In figuress and9 are reported the time trends of the calculated and
J —Test 4 energy balance flow rate, respectively for the test and n. 4. There
0 - ] is a very good agreement between calculated aneriexgntal trends,
0 4000 8000 12000 16000 20000 mainly in the last part of the transient, with telaships closely
i matching with each other. The figures show thathim first phase of
Time [s] the transient the flow rate evaluated by the enbajgnce through the
Figure 5 . Electrical power supplied to the loop, by the pin type-B. heat source is considerably higher than that obthifrom the

calculations. This behaviour is due to the fact tha energy balance
is based on the assumption of steady state conslitio
0.6 In the calculation results can be observed thalLBie flow rate,
when the heater power is off (first phase of tlamsient), is not equal
to zero. This because, before the start of thereaower in the HS
the temperature along the loop is maintained constith the heating
— Testl cables. In the same time water circulate in thermsaary side of the
—Test2 |7 heat exchanger causing a not negligible heat exgharetween
—Test3 primary and secondary loops.
[ —Test 4 | The presence of LBE circulation in the loop durthg first phase
of the transient is confirmed by the experimentahd of the inlet and
Fl_ib'l J_’ outlet HX temperatures, reported in figurss and 11. In fact, both

rF_:—‘. = calculations and measures show a temperature eitferof the LBE

o
[

o
[N
!

Water Flow Rate [kg/s]
o o
w IN

|

between inlet and outlet HX section also in thetfiphase of the

analysed transient, when the electrical power edpto the heater

0.0 section is zero, though we will aspect that thevfi@te is slightly

- ‘ ‘ overestimated by the code.
0 4000 8000 12000 16000 20000 There is a very good agreement between calculated a

Time [s] experimental trends with relationships closely thatg with each

Figure 6 .Time evolution of the water flow rate in the HX secondary side. chef for both the time trends in the HX and in#®, as shown in the

figures12 and13.
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Figure 8 . Comparison between calculated and “energy balance”
LBE flow rate for the test n. 1.
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Figure 9 . Comparison between calculated and “energy balance”
LBE flow rate for the test n. 4.
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Figure 10 . Comparison between calculated and measured
temperatures in the inlet and outlet HX sections for the test n. 1.
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Figure 11 . Comparison between calculated and measured
temperatures in the inlet and outlet HX sections for the test n. 4.

440

400 -

360 L
320 f
280
240 _'V

—T_out (calculated)

200 ‘ | |
0 4000 8000 12000 16000

Time [s]

—T_in (experimental)

Temperature [°C]

—T_in (calculated)
—T_out (experimental)] |

Figure 12 . Comparison between calculated and measured
temperatures in the inlet and outlet HS sections for the test n. 1.
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Figure 13 . Comparison between calculated and measured
temperatures in the inlet and outlet HS sections for the test n. 4.
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CONCLUSIONS

The NACIE heavy liquid metal loop was designed bailt-up by
the Brasimone Research Centre to support the I§iE¢etion design.

In fact, due to the high thermal performance regiior the ICE
Heat Source, prototypical pin elements have beafizezl adopting
two different technological solution.

The aim of the NACIE loop is to house a high flunbdle, made
by four prototypical pins and to test and qualtig lements in order
to define which will be the adopted element for G& bundle.

Preliminary experimental tests have been perforrbgd the
NACIE loop, testing the Data Acquisition Systeme tRower Supply
System and starting the thermal characterizatiothef prototypical
pins. In particular, feeding only one pin, steadiates natural
circulation tests have been run with a thermal paf@5 kW.

The preliminary results show that the NACIE looph&é@our
agrees with the design specifications and thattteemal behaviour of
the prototypical pin matches with the numericaludations performed
by the supplier.

After the high flux bundle qualification tests, @M flux bundle
will be installed on the NACIE loop and a new exp@ntal campaign
will start. Its aim is to characterize the natucaiculation and gas
enhanced circulation flow regimes in a HLM loop. v&=l
experimental data on natural circulation heat fiemsoefficient in a
rod bundle assembly will be available, covering Kmewledge gap
existing in this field. Finally, several operatibnand accidental
transients will be simulated, allowing to establish reference
experiment for the benchmark of commercial codesrmémployed in
HLM loop.

Concerning the simulations, RELAP code provide gaesilts for
the LBE flow rate and LBE temperatures inside thepl Taking
correctly into account inertia of the thermal stwies, the RELAP
code is also able to reproduce in a good way tiestent of the flow
rate in the circuit. As soon as the flow meter vk installed in
NACIE loop, better comparison will be possible marfarly in the
initial transient phase of the tests.

The performed activity encourages further develapme In
particular, assisted circulation test, with argajedtions, will be
conducted and experimental data analysed with #mesRELAPS
nodalization.

NOMENCLATURE
Roman Letters

G specific heat [J/(kgK)]
D diameter [m]

f friction factor

g gravity (m/g)

q’ heat flux [W/nf]

& heating power [W]

T Temperature [°C]

w fluid velocity [m/s]

W mass flow rate [kg/s]
Subscripts

HS Heat source

LBE Lead Bismuth Eutectic

Abbreviations

ADS
ICE

FPS
HLM
LFR

Accelerator Driven System
Integral Circulation Experiment
Fuel Pin Simulator

Heavy Liquid Metal

Lead Fast Reactor

Acronyms

CIRCE
EUROTRANS

ELSY

NACIE
TECLA
VELLA

Circolazione Eutettico

EUROpean research programme for the
TRANSmutation of high level nuclear waste in
Accelerator Driven Systems

European Lead-Cooled System

Natural Circulation Experiment

Technologies for Lead Alloys
Virtual European Lead Laboratory
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