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Abstract

Within the framework of IFMIF design activities, a research campaign has been launched it 8846
Department of Energy, Information Engineering and Mathematical Models (DEIM) of the University of
Palermq in close cooperatiorwith ENEABrasimone to theoretically investigate the thermmechanical
behaviour of the IFMIF Target Assembly (TA) undernaminal steady state conditiong.his research
campaign is thelevelopment of the study performed in 28land it is placed inthe framework of the
activities of the ENE#esearchcontract ref.11768/2016- CIGZDD1B3BBB@imed to promote and support

the theoretical investigation of the Target Assembly, properly integrated with its support framework and
the Lithum inlet pipe, thermemechanical performances under nmominal steady state loading scenario
envisaged for itln particular,the investigaton of some nonnominal steady state scenasdoreseeingthe

failure of one of the two accelerators and the charf the beam fooprint size, have been taken into
account. Rrticular attentionhas been paido the potential onset of significant deformations, which may
deeply change Lithium channel taut inducing flow instability, cause interferences with the Tidstdule

or generate a misalignment between deuteron beams and Lithium footprint. Moreover a stress
linearization procedure has been performed in order to assess the fulfiiment of the(GEi@ictural safety
rules within the most critical regions of the dain investigated.

A theoreticalcomputational approach based on the Finite Element Method (FEM) has been followed and a
guoted commercial FEM code, qualified for the numerical simulation of themachanical behaviour of
solids and already widely adopteditiin the international scientific community involved in fusion
technology, has been adopted to perform the study.

Results have shown that, from the thermal point of view, no particular concerns seem to arise for the
components investigated and the natu@nvective heat transfer between the vacuum vessel atmosphere
and the support framework neinsulated surfaces allows a significant coofimgthe whole TA.

Furthermore, mechanical results have shown that BD&afety rules for level A criteria haveuksd to be
generally fulfilled with comfortable margins except forathone relevant to theimmediate plastic flow
localizationin a particular heavily stressed region located approximately on the iptatie middle section,
suggesting the potential need a backplate design revision.



ENEN

RICERCA DI SISTEMA ELETTRICDO

v

1 Introduction

The International Fusion Materials Irradiation Facility (IFMIF) is a joint effort of the international scientific
community within the framework of the Fusion Materials Implementing Agreement of the International
Energy Agency. It is mainly devoted to tesd qualify candidate materials to be used in fusion reactors,
allowing, in particular, the development of a material irradiation database for the design, construction,
licensing and safe operation of the DEMOnstration fusion reactor [1].

IFMIF mainly casists of two 40 MeV continuous linear accelerators which deliver two 125 mA current
beams of deuterons on a flowing liquid Lithium target, wherki Btripping reactions take place, providing

an intense neutron flux of ~1®m?s? characterized by an engy spectrum peaked at 14 MeV, which
enables materials testing up to a damage rate of 50 dpa/y [1]. With the aim of having a stable liquid Lithium
flow, a target system, consisting in a Target Asseribhy) properly integrated with a Lithium loop, has
been designed. It is mainly devoted to house the beam footprint, to remove the 10 MW heat power
released by deuteron beams and to produce a stable Lithiur@gaetnmthick with a wave amplitude less

than 1 mm at a speed of £20 m/s [2]. A detailed descriptionf ¢he Lithium loop layout may be found in

[1,2].

Within the framework of IFMIF design activities, several research campaignbéanegerformedn these
years at the Department of Energy, Information Engineering and Mathematical Models (DEIM) of the
University of Palermpin close cooperationvith ENEABrasimoneto theoretically investigate the thermo
mechanical behaviour of the IFMIF TA under both steady state and transient conditiéhsABa further
development of the study reported in {4, a regarch campign has been launched in 2086 DEIM,
within the framework of the activities of the ENE#searchcontractref. 11768/2016- CIGZDD1B3BBBO0
aimed to promote and support the theoretical investigation of the TA, properly integrated with itogupp
framework and the Lithium inlet pipe, therrmmechanical performances under two noominal steady
state loading scenarios envisaged for it.

In particular, the thermemechanical behaviour of the IFMTA integrated with its support framework and

the ertire Lithium inlet pipe, has been investigatadien one of the two 5 MW accelerators fails and the
beam footprint size changes. Particular attention has beeidl a to the potential onset of significant
deformations, which may deeply change Lithium channelolaty inducing flow instability, cause
interferences with the Test Module or generate a misalignment between deuteron beams and Lithium
footprint. Moreover a fress linearization procedure has been performed in order to assess the fulfilment
of the SDEC structural safety rules within the most critical regions of the domain investigated.

A theoreticalcomputational approach based on the Finite Element Methd&M}-has been followed and a
guoted commercial FEM code, qualified for the numerical simulation of themachanical behaviour of
solids and already widely adopted within the international scientific community involved in fusion
technology, has beeadoptedto perform the study.

Results obtained are herewith presented and critically discussed.

2 IFMIF TARGET SYSTEM

IFMIF Lithium target system is mainly intended to remove the 10 MW heat power deposited by the
deuterium beams, to allow a stable Lithium jet @8n thick, with a wave amplitude less than 1 mm at a
speed of 10- 20 m/s, to control impurity levels, to guarantee a sufficient safety with respect to Lithium
hazard and Tritium release from the Lithium loop and, and last but not the least, to achievegine=d
system availability during plant lifetime [2]. The concept of the IFMIFetaygstem is reported irigure 1.

It mainly consists of the Target Assembly (TA) and the Lithium Od@pformer is devoted to provide a
fast, reliable and stable flowfd.ithium, mainly characterized by a jet thickness of 25 £ 1 mm, a flow
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velocity of 1@20 m/s and a Lithium temperature ranging from 200 to 300 °C, with a reference inlet value of
250 °C [&]. The latter is articulated in a main loop and purification l@mal it is intended to feed Lithium

to the TA by ElectroMagnetic Pumps, routing it through the Heat eXchange system and the Lithium
purification loop, consisting of one cold and two hot traps.

TA and Lithium Loop are connected each other by means of aseDisconnecting Systems (FDSs), two
located in the TA Lithium inlet pipe and one devoted to attach the TA Lithium outlet duct to the Quench
Tank.

4——— Li Flow Direction

Li Target Heat Exchanger

Nozzle /
D Beam ] Neutron

@ T Purification System

Quench Tank

Cold trap T Y-Hot trap
V-Ti-Hot tran

Figure 1. Concept of IFMIF target system.

2.1 Target Assembly

The Target Assembly (Figs3)2 made of reducectivation steel (EUROFER), is approximately 2.5 m tall and
600 kg heavy. It has to be located in the test cell as close as possible (~2 mmMHightReix verticalTest
Module (HFTM)being supported by arms laying on a proper support framework. Ihijaonsists of a
flow straightener, a nozzle, a baplate, a target chamber, a frame, drain baffles and flangdemore
detailed description of its lagut may be found in [1,2].

The flow straightener, located inside the inlet nozzle, is providedhange Lithium flow regime from
turbulent to laminar.

The inlet nozzle is placed at the exit of the straightener to realize a stable Lithium flow. In particular, since
the IFMIF target nozzle is required to contract Lithium flow with a contraction ratidofrom 1.5 m/s to

15 m/s, and no nozzle exists with a contraction ratio higher than 4 which operates at the required high
speed of 15 m/s, a two steps contraction Shima type nozzle has been selected. It is characterized by
contraction ratio values of #br the first nozzle and 2.5 for the second nozzle and it allows the transverse
component of flow velocity to remain under the prescribed limit (£0.1m/s).

The backplate (BP) is the most heavily loaded TA component (Fig. 4). It is devoted to house the bea
footprint, resulting to operate, in IFMIF, under severe conditions of neuradiation damage (~50 dpayy

[5]. Its expected lifetime under irradiation is estimated to be less than 1 year and, although the required
replacement period will be defined neidering irradiation effects on material properties, it should be
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significantly shorter than 11 months. Therefore, the reference TA design is conceived with a remotely
replaceable backlate.

A curved profile has been envisaged for the bplgte in the eam footprint region in order to allow
thanks tocentrifugal forces arising within Lithium flpwhe pressure of the liquid Lithiurto be increasel
and, consequentlyalso thesaturation temperature, avoiding the risk of vaporization under the 10 MW
power deposition due to the interaction with deuterons.

Two design options are currently under investigation as far as IFMIF TAlbéelks concerned. The first

option is based on the scalled integralTA which is conceived to be replaced during the planned
maintenance stages of the system. The second option foresees a removable BP, so that it can be easily
replaced using a remote handling device without removing the whA@eThis latter concept, proposed by

ENEA, is based on the adoption of a&b f f SOR 2.2ty Sdi¢ RSaA3Iy> GKAOK- 02y aA
plate that can be inserted to and removed from the TA fixed frame by mebaslidingskate mechanism

[6]. The TA arms are connected to the support framework (Fig. 5), made of EUROFER steel tyo, direc
fixed to the vacuum vessel ground by means of a proper bolt system. The support framework allows the
sliding of one of the TA arms during the nominal operational phase in order to allow the TA deformation
and maintain the alignment between the deuterbeams and the Lithium footprint.

Figure 2. IFMIF Target Assembly.
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Figure 4IFMIF Target Assembly baglate (Front and back views).
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Figure 5. TA support framework.

2.2 Lithium Loop

The Lithium Loop is articulated in a main loop and a purification loop. Its design specifications are reported
in Table 1. Further details may be fouid [1,2]. The main loop stably supplies liquid Lithium of the
adequate flow rate and temperature to the TA. It mainly consists of the quench tank, the overflow tank, the
Lithium dump tank, the organic dump tank, the main electromagnetic pump and two hedtaagers.
There are, in addition, a trace heating system (to maintain the temperature throughout the loop above the
melting point of the Lithium at all times the liquid Lithium is present in the loop), thermal insulation, valves,
electromagnetic flow metes, instrumentation and connections to vacuum and argon headers [2]. Among
the main loop components, in order to investigate the thermmechanical performances of the IFMIF
Target Assembly, attention has been paid to the Lithium inlet pipe, made of EUR@EERIevoted to
supply Lithium to the inlet nozzle straightener. The Lithium inlet pipe is articulated in two sections,
connected each other by means of twast Disconnecting SystentEDSpand a gimbal expansion joint

(Fig. 6).

Table 1 Main Lithium loop specification3]f

Lithium inventory 9n’
Lithium flow rate 130 I/s (maximum)
Lithium flow velocity 10¢ 20 m/s (at the target section)

250¢ 300 °C (nominal conditions)

Lithium temperature ¢ 350°C (emergency)

400 °C (desiglimit)

10° Pa (at vacuum interface in the target chamber)

Lithium pressure 12 kPa (maximum value at BP interface)

10° Pa (target quench tank under operation)
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joint

Lithium inlet
pipe

Figure 6. Lithium inlet pipe.

Each FDS permits to easily and quickly connect and disconnect base and removable flange by simply acting
(by remote) on only one screw. The seal is the heart and most delicate item of the FDS project, and it is
ensured by a metallic gasket operating byahpressure mode.

Apart from the removable flange and the gasket which are removed together witfi #héhe rest of the

FDS is attached to the fixed part of the Lithium loop. The FDS is equipped with a leak detection system,
used to get an alarm in caghke liquid Lithium would flow out of the two flanges connected. A more
detailed description of FDS, leak detection system components and of the detachment system functioning
is reported in 7).

The gimbal expansion joint is able to compensate angular meme&rbetween the flanges of the two inlet

pipe sections. It is aimed to compensate thermal expansions during IFMIF normal operation phase and
misalignments during target system installation. Further details on the gimbal expansion joint foreseen for
the Lthium inlet pipe may be found irv].

The purification loop consists of a cold trap and two hot traps, to remove various impurities, and of
auxiliary supportingequipment Major impurities are Protium (H), Deuterium (D), Tritium (T), 7Be, activated
corrosbn products and other species (C, N, O) [2].

10
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3 TA thermemechanical analysis

Within the framework of the IFMIF R&D activities and in close cooperation with -BNEE#none, a
research campaign has been launched at DEIM to theoretically investigateh#mmo-mechanical
performances of the IFMIF TA, whether endowed with the bayonet type replaceableplzaekintegrated
with its support framework and the Lithium inlet pipe.

The research campaign, funded by EMEf&simone with theresearchcontract ref. 11768/2016- CIG
ZDD1B3BBBas represented the further development of previous activities performed at DEIM in
cooperation with ENERBrasimone in the past years. The present research has been aimed to assess the TA
thermo-mechanical behaviour under twaifterent non-nominal steady state scenarios, in order to verify
whether the components might safely withstand the thermmmchanical loads it undergoes without
incurring in significant deformations, which may warp Lithium channel inducing flow instabditge
interferences with the Test Module or generate a misalignment between deuteron beams and Lithium
footprint. Attention has been focussed also on the fulfilment, in the most critical area of the domain
investigated, of the SDICT structural safety cetia. The research campaign has been performed adopting a
theoreticathnumerical approach based on the Finite Element Method (FEM) and a qualified commercial
FEM code has been used to perform the study.

3.1 Steady state loading scenarios

Thereference nominal steady state scenathmat the TA integrated with its support framework and the
Lithium inlet pipe, is envisaged to experiensemainly characterized by Lithium flowing within the Lithium
inlet pipe and through the TA, where it entdt®e Lithium straightener at 250 °C and at a static pressure of
~60 kPa, up to the outlet nozzle, where it reaches ~300°C and a static pressur'é B&,1Prior to be
discharged in the quench tank][ During this phase, deuteron accelerators remains urfdéirpower
irradiation conditions (two 125 mA current beams), allowing heat power to be deposited by deuterons,
neutrons and photons within Lithium coolant, TA components, support framework and Lithlieinpipe.

The loading scenarios assessed in thisymaign of research represent a deviation from the reference
conditions and they concern two nemominal steady statescenarios, named A and B, in whtble loss of

one of the two deuteron acceleratois taken into account. In the loading scenario A thespnce of only

one accelerator has been considered, while as far as scenario B is concerned, the loss of one accelerator
together with the halving of the beam footprint si£E0 x 5 cm2has been investigated.

The neutron swelling induced within the strucal material has not been taken into account in the present
research campaign, because it has been aimed to investigate exclusively the {imachanical response
of the structure duringsome deviations fronthe nominal steady state operational phase.

3.2 TheFEM model

A realistic 3D FEM model, reproducing the TA integrated with its support framework and the Lithium inlet
pipe, has been developed and a mesh independency analysis has been performed to select an optimized
spatial discretization which allows acate results to be obtained saving calculation time. A mesh
composed of ~4@0° nodes connected in ~1.8B) linear tetrahedral elements has been selected, whose
views are reported in Figs-14. The so formed spatial discretization allows numerical simulations to be
carried out in about 4 hours. The two FDS and the gimbal expansion joint of the Lithiumpeléiapie not

been directly modelled, but their mechanical effects have been simulated imposing, for the former, an
appropriate contact model that permits to consider the flanges tightened by the FDS as perfectly tied while,
for the latter, a proper kinemati model, that allows the coupling of the rotational and translational
displacements of the two Lithium inlet pipe sections connected by the gimbal expansion joint.

According to the IFMIF Comprehensive Design Report [1] and its subsequent modificaguastred the
EU TA concept, EUROFER steel has been assumed as the TA, support framework and Lithium inlet pipe
structural material. Lithium flowmg onto BP and outlet nozzle surfadess been modelled too in order to

11
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properly simulate its thermal interacth with TA. To this purpose a flow velocity at the inlet nozzle exit
amounting to 15 m/s has been adopted. Materials have been considered homogeneous, uniform and
isotropic. Their thermamechanical properties have been assumed to depend uniquely on teryseras

indicated in 8-12] and, in particular, EUROFER mechanical behaviour has been simulated adopting a linear
elastic model.

Target Assembl

Lithium inlet
pipe

Support framework

Figure 7. FEM model.

Figure 8. FEM modeTarget Assembly lateral view.
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Figure 9. FEM model. Target Assembly front view.

Figure 10. FEM model. Particular of the bptke.
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