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1. Introduction

The exploitation of nuclear fusion reactions is ¢ime most attracting methods to produce
electricity in a sustainable way. In fact, the foekded in the two most promising reactions is
deuterium and tritium, two isotopes of the hydrogemich are, in a first approximation,
infinite.

For this reason the international scientific comityuis from long time involved in a
Research and Development (R&D) program aimed adéwelopment of a nuclear fusion
power plant able to produce electricity in a comtins and reliable way. During the last
decade of the 2Dcentury different international facilities havensin the scientific feasibility
of the fusion reaction (JET, JT-60, TFTR) adoptiagreactor based on the magnetic
confinement of the plasma, the so called TOKAMAKcept.

Subsequently, the efforts of the international rstifie community have been focused on
two further projects, ITER and DEMO, with the airhdemonstrating the engineering and
commercial feasibility, respectively, of the nucldasion reaction. Concerning ITER, it is
under construction in the site of Cadarache (Fraaod it should start the first operations by
the end of 2025, while as far as DEMO is conceriiaslin a pre-conceptual phase.

It is important to underline that the operationahditions in which the components of
these reactors are foreseen to operate, in terinstbfthermal and neutronic irradiation field,
will be extremely severe. Although the behaviourstrfictural materials under irradiation is
studied from long time in fission power plants, thach higher dose levels foreseen in fusion
power plants rise the necessity of investigatiregrthehaviour in a fusion relevant irradiation
scenario.

Therefore, it has been decided to develop and hailcility able to reproduce the
operative conditions typical of a fusion reactaonfr both thermal and neutron irradiation
point of view. The International Fusion Materiatgeatiation Facility (IFMIF) is the result of
this joint effort between Japan and the EU in tlaankework of the Broader Approach (BA)
agreement [1].

IFMIF is an intense accelerator-based D-Li neusoarce that will provide high energy
neutrons at sufficient intensity to reproduce ira#éidn conditions relevant to a fusion power
reactor in order to test and qualify candidate melgeto be used in these reactors, allowing,
in particular, the development of a material ireditin database for the design, construction,
licensing and safe operation of DEMO [2].

IFMIF mainly consists of three sub-systems: theebarators, the lithium target system and
the test facility. Two linear accelerators provide® 125mA deuteron beams at the energy of
40 MeV that, interacting with a flowing film of ligd lithium, generate an intense flux of high
energetic (14 MeV) neutrons [2]. The samples ofamals, located in the test facility, are



irradiated at different dose levels and high terapge in order to investigate their behaviour
when operating in fusion relevant conditions.

The IFMIF sub-system where the deuteron beamsaicttevith the flowing lithium film is
the lithium target system and, in particular, tbenponent named Back-Plate (BP). It appears
clear that the assessment of the thermo-mechabiebhviour of the BP and all the
components of the Target Assembly (TA) linked tplays a key-role in the design of the
machine.

Concerning the TA, and the BP in particular, twasige options are currently under
investigation [3-4]. The first option is based twe so-called integral Target Assembly, where
the replacement of the BP is foreseen to be exeétiyte remote “cut and re-weld” operation.

The second option foresees a removable BP, sdt ttet be easily replaced using a remote
handling device without removing the whole Targes@mbly. This latter concept, proposed
by ENEA, is based on the adoption of a so-called ‘Bfayonet’ design, which consists in a
replaceable Back-Plate that can be inserted toemdved from the TA fixed frame by means
of a sliding-skate mechanism [5].

In these last years, the assessment of the theracbanical behaviour of both the BP
configurations has represented a challenging 0], highlighting the necessity of further
efforts in order to set-up a geometric layout cf A able to ensure the fulfilment of the
design criteria.

It is in the framework of these activities thatyidg the Ph.D. course of the XXIX Ciclo in
Energia e Tecnologie dell'Informazione - curriculUfisica tecnica e Ingegneria Nucleare
(Energy and Information Technologies - curriculum Applied physics and Nuclear
Engineering), held at the University of Palermo, and in thanfework of a fruitful
collaboration between the Department of Energyrimition Engineering and Mathematic
Models (DEIM) of the University of Palermo and tieNEA-Brasimone, the thermo-
mechanical behaviour of the Target Assembly of IFMhdowed with the replaceable BP has
been widely-investigated under different loadingrerios.

The work, divided in three main phases, has follbvaetheoretical-numerical approach
based on the Finite Element Method (FEM) and thetefuFEM code Abaqus v.6.14 has been
adopted [13].

The first phase of the study has aimed at the getfla FEM model of the IFMIF Target
system mock-up present at the ENEA-Brasimone reseaantre and at the simulation of the
pre-heating phase of the IFMIF start-up transie@nario [14]. This phase of the start-up
scenario is foreseen to raise the Target systemderature up to the operational value of 250
°C as much uniformly as possible by means of afketectric heaters placed on its external
surfaces. In order to achieve this goal, a trandiearmal campaign of analysis has been
carried out and a time-dependent load profile lier ¢lectric heaters has been found out. The
obtained results will be used &x-post validate the Target system mock-up FEM model set-



up.
In the second phase, the thermo-mechanical behagfailne IFMIF TA under the steady

state nominal scenario has been assessed. Theoataome of this analysis has been that the
BP is not able to safely withstand the loads ofdperational scenario it undergoes.

Therefore, in the third phase of the study an opttion strategy for the BP has been set-
up and several geometric configurations have bessessed. The thermo-mechanical
performances of the most promising one have beeesiigated under the nominal steady
state scenario and in a transient analysis in wtiieheffect of the volumetric swelling strain
has been considered.

The method and boundary conditions adopted, asaseihe results obtained are herewith

reported and critically discussed.



2. ThelFMIF project

The assessment of the thermal, physical and mezdigmoperties of materials candidate
to be adopted as structural materials for the pdafaning components in the DEMO reactor
and in future fusion power reactors is the maik t&d/IF has to comply.

In order to achieve this important goal, this fitgihas the objective of providing a neutron
flux as close as possible similar to a D-T fusidasma neutron flux, in terms of both
intensity and neutron energy distribution.

IFMIF will supply this neutron flux by means of twi@5 mA deuteron beams accelerated
at the energy of 40 MeV [15] and interacting witHaving film of liquid lithium, according
to:

7Li(d,2n) " Be (2-1)
SLi(d,n) " Be (2-2)

As stated before, the IFMIF plant can be dividethiee main sub-systems: the accelerator
facility, the lithium target facility and the tefstcility.

2.1. Theacceerator facility

The accelerator facility foreseen in IFMIF is corapd of two acceleration lines, each one
consisting in a set of different components (Fig.)2Each line is composed of a cyclotron, a
Radio Frequency Quadrupole (RFQ), a Linear Acctder@Linac) and three Energy Beam
Transport systems, at Low (LEBT), Medium (MEBT) ddidh (HEBT) energy, respectively.
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Figure 2-1. Schematic view of the IFMIF acceleratgstem.



A 140 mA deuteron beam at the energy of 100 kegeserated in the cyclotron and
successively guided to the RFQ through the LEBT.[T&e energy of the beam is then risen
up to a value of around 5 MeV, even though someggriesses in the line are foreseen and a
current value of 125 mA is expected. At this paire MEBT system transfers the beam to the
Linac where the beam is accelerated in 4 steps tigetnominal value of 40 MeV. Finally the
HEBT transfers the deuteron beam to the targeesysthere it is collimated and its shape is
adapted to the target one. The two so obtainecedmubeams, at the power of 5 MW each,
interact with the target of liquid lithium with aangle of 9°, in order to mainly produce
neutrons forward-directed, where they can intemsith the samples of the materials to
irradiate.

2.2. Thelithium target facility

The second sub-system we find in IFMIF is the lithitarget facility. This section, mainly
consisting in the Target Assembly (TA) and the iuth Loop (LL), it is intended to remove
the 10 MW heat power deposited by the deuteriunmiseto allow a stable lithium jet with a
wave amplitude less than 1 mm at a speed of 10 m&) to control impurity levels, to
guarantee a sufficient safety with respect to dmhihazard and Tritium release from the
Lithium Loop and, last but not the least, to achi¢he required system availability during
plant lifetime [16]. A schematic view of the lithtutarget facility is reported in figure 2-2.
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Figure 2-2. Schematic view of the lithium targetiliéy.



The TA is devoted to provide a fast, reliable aridbke flow of lithium, mainly
characterized by a jet thickness of £08. cm, a flow velocity of 10-20 m/s and a lithium
temperature ranging from 200 to 300 °C, with aneziee inlet value of 250 °C [16,17]. The
LL is articulated in a main loop and a purificatimop and it is intended to feed lithium to the
TA by ElectroMagnetic Pumps (EMPs), routing it thgb the Heat eXchange (HX) system
and the lithium purification loop, consisting ofeonold and two hot traps.

Target Assembly and Lithium Loop are connected eattler by means of three Fast
Disconnecting Systems (FDSs), two located in theliiAum inlet pipe and one devoted to
attach the TA lithium outlet duct to the Quench RK.an

The Target Assembly (Figs. 2-3, 2-4), made of redactivation steel (EUROFER), is
approximately 2.5 m tall and 600 kg heavy. It hadé located in the test cell as close as
possible (~2 mm) to the high flux vertical test mlaj being supported by arms laying on a
proper support framework. It mainly consists ofawfstraightener, a nozzle, a Back-Plate, a
target chamber, a frame, drain baffles and flangesore detailed description of its lay-out
may be found in [2,16].

Figure 2-3. IFMIF Target Assembly.
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Figure 2-4. IFMIF Target Assembly exploded view.

The flow straightener, located inside the inletziezis provided to change lithium flow
regime from turbulent to laminar, while the inl@zzle is placed at the exit of the straightener
to realize a stable lithium flow. In particularnse the IFMIF target nozzle is required to
contract lithium flow with a contraction ratio oD1from 1.5 m/s to 15 m/s, and no nozzle
exists with a contraction ratio higher than 4 whagerates at the required high speed of 15
m/s, a two-step contraction Shima type nozzle hesnbselected. It is characterized by
contraction ratio values of 4 for the first nozaled 2.5 for the second nozzle and it allows the
transverse component of flow velocity to remainemithe prescribed limit (x0.1m/s).

The Back-Plate (BP) is the most heavily loaded Bfponent (Fig. 2-5) and it is devoted
to house the beam footprint, resulting to operate]FMIF, under severe conditions of



neutron irradiation damage (~50 DPA/year) [17]. dected lifetime under irradiation is
estimated to be less than 1 year and, althoughetingred replacement period will be defined
considering irradiation effects on material progsitit should be significantly shorter than 11
months. Therefore, the reference TA design is dgadewith a remotely replaceable Back-
Plate.
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Figure 2-5. IFMIF Target Assembly Back-Plate (Frantl back views).

A curved profile has been envisaged for the BaektePin the beam footprint region in
order to allow centrifugal forces arising withirthium flow to increase its pressure and,
consequently, its saturation temperature, avoitlegrisk of vaporization under the 10 MW
power deposition due to the interaction with dearer

Two design options are currently under investigatis far as IFMIF TA Back-Plate is
concerned. The first option is based on the sadaihtegral Target Assembly which is
conceived to be replaced during the planned maamiss stages of the system. The second



option foresees a removable BP, so that it candsdyereplaced using a remote handling
device without removing the whole Target Assembifis latter concept, proposed by
ENEA, is based on the adoption of a so-called B&ytimet” design, which consists in a
replaceable Back-Plate that can be inserted torambved from the TA fixed frame by
means of a sliding-skate mechanism [5].

The TA arms are connected to the support frame\{eitk 2-6), made of EUROFER steel
too, directly fixed to the test cell ground by measf a proper bolt system. The support
framework allows the sliding of one of the TA arch&ing the nominal operational phase in
order to allow the TA deformation and maintain #iggnment between the deuteron beams
and the lithium footprint.

Figure 2-6. TA support framework.

The Lithium Loop is articulated in a main loop amgburification loop, being designed to
operate for 20 years. Its design specificationgegperted in table 2-1. Further details may be
found in [16,18].

The main loop stably supplies liquid lithium of tadequate flow rate and temperature to
the TA. It mainly consists of the target quenchkiahe surge or overflow tank, the lithium
dump tank, the organic dump tank, the main elecuigimetic pump and two heat exchangers.
Most of the piping and tanks are constructed otemisic 304 stainless steel. There are, in



addition, a trace heating system (to maintain #mperature throughout the loop above the
melting point of the lithium at all times the liguiithium is present in the loop), thermal
insulation, valves, electromagnetic flow meterstimmentation and connections to vacuum
and argon headers [16].

Among the main loop components, in order to ingadé the thermo-mechanical
performances of the IFMIF Target Assembly, attentias been paid to the lithium inlet pipe,
made of EUROFER steel, devoted to supply lithiumthe inlet nozzle straightener. The
lithium inlet pipe is articulated in two sectioregnnected each other by means of two FDSs
and a gimbal expansion joint (Fig. 2-7).

FDS

Gimbal expansion

joint

Lithium inlet
pipe

Figure 2-7. Lithium inlet pipe.

Each FDS permits to easily and quickly connectisc@hnect base and removable flanges
by simply acting (by remote) on only one screw. Beal is the heart and the most delicate
item of the FDS project, and it is ensured by aathetgasket operating by axial pressure

10



mode. Apart from the removable flange and the gasWach are removed together with the
Target Assembly, the rest of the FDS is attachetthedfixed part of the Lithium Loop. The
FDS is equipped with a leak detection system, tigegkt an alarm in case the liquid lithium
would flow out of the two connected flanges. A maketailed description of FDS, leak
detection system components and the detachmeenhsyshctioning is reported in [19].

The gimbal expansion joint is able to compensatpian movements between the flanges
of the two inlet pipe sections. It is aimed at cemgating thermal expansions during IFMIF
normal operation phase and misalignments duringetasystem installation. Further details
on the gimbal expansion joint foreseen for thalditiinlet pipe may be found in [19].

The purification loop consists of a cold trap amdb thot traps, to remove various
impurities, and of auxiliary supporting equipmemajor impurities are Protium (H),
Deuterium (D), Tritium (T),'Be, activated corrosion products and other spegesN, O)
[16].

Table 2-1. Main Lithium loop specifications [19].

Lithium inventory 9m
Lithium flow rate 130 I/s (maximum)
Lithium flow velocity 10 — 20 m/s (at the targetsen)

250 — 300 °C (nominal conditions)

Lithium temperature < 350°C (emergency)
400 °C (design limit)
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)

2.3. Thetest facility

The test facility consists in the modules devotetidusing the samples of the materials to
be irradiated and all other areas and devices #@blenanage the specimens after the
irradiation. In particular, in IFMIF there are fgeen three different irradiation modules, the
High (HFTM), the Medium (MFTM) and the Low Flux TeModule (LFTM) [20]. The
HFTM (Fig. 2-8) is basically a vessel with 12 iri@tbn rigs containing the encapsulated
specimens at the desired irradiation temperatudecaoled by helium gas flowing through
narrow gaps of typically 1 mm width between thewiglls. The specimens are all of reduced
size and they are immersed in a NaK bath [21]. adiation damage intensity in the range
between 20-50 DPAly is foreseen to be reachedsmtbdule.

11
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Figure 2-8. Section of the HFTM module.

The MFTM is a module where it is foreseen to penfon situ creep fatigue and tritium
release tests, as well as test on liquid breedeerraks, while the LFTM is a region where
diagnostic components, ceramic and superconduntatgrials could be tested [21]. All these
modules, together with the TA, are contained inteést cell (Fig. 2-9), a concrete building
endowed with cooling channels in which helium Jiilw assuring the removal of the heat
power deposited by neutrons and gammas interagtitig the structural materials. A steel
liner covers the inner walls of the test cell ird@r to avoid the happening of the highly
energetic reactions between lithium and concretage of a lithium leak.

Shicld Plug

High Flux

Test Module Low Flux

Irradiation
Tubes

Figure 2-9. View of the test cell.
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During the IFMIF/EVEDA phase of the project severabck-ups and prototypes of
different section of the facility have been set-[B2]. Results obtained from these
experimental activities will be carefully assesaad the most promising design solutions will
be adopted to achieve the final IFMIF design, whidh be developed during the next phases
of the project. One of them is the mock-up of tAMIF target system at ENEA-Brasimone,
which is foreseen to experience the pre-heatingsglad the IFMIF start-up transient. In
particular, the experimental campaign is mainlgmuted to the determination of a pre-heating
strategy able to gradually rise the target systemperature up to the values foreseen in the
IFMIF operational phase, in order to avoid the rgeance of intense thermal stresses that
could jeopardize the TA geometry and the lithiuowflichannel.

13



3. IFMIF target system mock-up thermal analysis

The determination of a strategy able to assureadugd heating of the IFMIF TA is one of
the main goals of the experimental campaign foresseENEA Brasimone on the target
system mock-up. In order to gradually and homogesigaiise the mock-up temperature up
to the target value of 250 °C a proper time-depenttad profile has to be set-up for the
electric heaters applied onto the mock-up extesndhces.

In the framework of this activity and of a fruitfabllaboration existing between the ENEA
and the Department of Energy, Information Engimegand Mathematic Models (DEIM) of
the University of Palermo, a theoretical-numericainpaign has been launched at the DEIM
in order to set-up a proper load profile for thectlic heaters. The research activity has been
performed adopting the Finite Element Method (FEAMY using the quoted FEM code
Abaqus v.6.14 [13].

The experimental campaign foreseen at the ENEA#BI@®e research centre will be used
to ex post validate the FEM model set-up, even though ordynfthe thermal point of view.

3.1. ThelFMIF target system mock-up

In order to qualify the design of the IFMIF targststem, a mock-up of the European
concept of the target system has been realizedN&AEBrasimone [23]. It realistically
reproduces the most recent design of the IFMIFetasystem, properly integrated with its
support framework and the entire Lithium inlet pipacluding the following main
components (Fig. 3-1):

 the Lithium inlet pipe;

» the gimbal expansion joint;

» the FDSs;

* the Beam Duct;

* the Inlet Nozzle;

» the Back-Plate;

* the Interface Frame;

» the Target Chamber;

* the Outlet nozzle;

» the Support Framework.

The Inlet and Outlet Nozzles, the Target Chamber laterface Frame form the so called
Target Assembly (TA). The TA is supported by theg& Chamber arms laying on the
Support Framework, directly fixed to the groundrbgans of a proper bolt system, and it is
welded to the Lithium inlet pipe. Regarding struatumaterials employed for the mock-up

14



construction, it has been realized using AlISI 3te@lsfor the Back-Plate (BP) and AISI 304
steel for all the remaining components [23], ddfgty from the IFMIF target system in

which the European reduced activation ferritic/mmasitic (RAFM) steel EUROFER has been
selected as structural material for almost allatmponents.

Inlet nozzle

Back-Plate
Lithium ~%
inlet pipe ™

expansion
joint
I

Outlet
nozzle

& B3 ya

Support
framework

Figure 3-1. The mock-up of the IFMIF target systeaized at ENEA Brasimone.

Differently from the IFMIF target system design,etimock-up realized at ENEA
Brasimone is endowed with only one FDS in the uthiinlet pipe region. Moreover, the
presence of the accelerator system has been tatceadcount by constructing a double pipe,
connected to the Target Chamber by a proper bstesy, which represents the Beam Duct
foreseen in IFMIF.
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It has to be underlined that the mock-up of thgdasystem does not reproduce the whole
IFMIF Lithium Loop, except for the Lithium inlet pe. In fact, the target system mock-up
does not foresee the presence of the liquid lithioemng envisaged to allow the achievement
of two main goals: the validation of the remote diang devices devoted to perform the
maintenance operations on the target system amgpineduction of the electric heaters action
foreseen during the initial phase of the IFMIF &rgystem start-up.

As far as the remote handling procedures are coadd24-25], they play a fundamental
role in IFMIF maintenance phase, due to the higbedate predicted in the test cell housing
the target system. In fact, nuclear activation tieas will take place between neutrons,
generated within the beam footprint region, andcstiral materials nuclei, making the test
cell internals hostile to human presence. Thereftire periodic BP substitution and any
maintenance activity foreseen for the target systeust be executed using robotic devices
governed by remote. Hence, experimental campaigihdevcarried out on the target system
mock-up in order to validate all the remote-govdrmevices and the pertinent operating
procedures, devoted to execute the BP insertiore@mdval from the fixed interface frame of
the Target Assembly, as well as the FDSs tighteaimg) detachment mechanical operations
[24-25].

As far as the reproduction of the IFMIF start-ugagcerned, and in particular the first of
the three sub-phases in which it is articulatednerh pre-heating phase [14], a proper set of
electric heaters is necessary to perform the pagifigeof the structure before lithium begins
to flow into the target system, in order to avdie insurgence of particularly intense thermal
gradients between lithium, that enters the targstesn at 250 °C, and the structure at room
temperature. In fact, large thermal gradients ntayirate particularly intense stresses within
the structure, jeopardizing the seal of the gasketposed between the BP and the frame. For
this reason, particular attention should be paithécthermal field arising within BP at the end
of the pre-heating phase, since it is the mosicaticomponent of the entire target system.
Therefore an excessive temperature difference leetvtlee BP lithium channel surface and
the lithium flow should be avoided in order to nmize the thermal induced stress within the
component.

Furthermore, during the pre-heating phase, thdraldteaters action needs to be properly
tuned adopting a purposely set up time-dependead [wofile, in order to avoid a non-
homogeneous increase of the temperature withirsttiueture that may cause the insurgence
of high thermal gradients between adjacent compsné&ior these reasons, the experimental
activity performed on the target system mock-umeal at reproducing the pre-heating phase,
will be mainly focused onto the testing of electhieaters action and the mapping of the
thermal field arising within BP.

It is obvious that the execution of the experimeatdivity aimed at reproducing the TA
pre-heating phase has to be based on the knowladgepurposely set up electric heaters

16



time-dependent load profile, able to increase tleekyup temperature within the different
components as much uniformly as possible duringtiige pre-heating phase of the transient
operational start-up.

3.2. TheFEM model

A realistic 3D model of the IFMIF target system rkap set-up at ENEA Brasimone has
been developed. The model reproduces the Targetnfidg integrated with its Support
Framework and the entire Lithium inlet pipe. An oxew of the 3D geometric model is
reported in figures 3-2 and 3-3.

It has to be noted that the two FDSs, the gimbphagion joint of the Lithium inlet pipe
and the Beam duct, foreseen in the target systeok+mo design (Fig. 3-1), have not been
directly included in the 3D geometric model.

Target
Assembl % Back-Plate

Bend Lithium
inlet pipe

Straight
Lithium inlet

pipe

Support
7z X framework

Figure 3-2. Mock-up 3D geometric model. Generalrowesv.
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Figure 3-3. Mock-up 3D geometric model. Target Assly and Back-Plate lateral view.

Nevertheless, their thermal effects have been sited) as explained in the following,
imposing appropriate thermal boundary conditionsl aontact models. This simplifying
assumption leads to a substantial reduction ingevfitalculation time without incurring in a

significant loss of information.

A mesh independence analysis (details of the BP Faddlels in Tab. 3-1) has been
preliminarily performed on the BP, since it is thest critical component, in order to select an
optimized spatial discretization which allows aater results to be obtained saving
calculation time. The mesh adopted for the firsMFEodel was not sufficiently accurate,
while results obtained with the last two models everery similar. Since the requested
calculation time in case of FEM model number threes ~5 times greater than FEM model
number two, this last FEM model has been seledd¢tareference one.

Table 3-1. Characteristic values of different BRVFBRodels.

Approximate mesh size [m]  Model Node number| Element numk
0.020 1 55265 251657
0.010 2 86491 409208
0.005 3 192370 968198

er

A mesh composed of about 5°1fAodes connected in about 22lhear tetrahedral
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elements, listed within FEM code libraries, hasrboieally selected for the whole model. The
most representative views of the selected spasaleatization are reported in figures 3-3-

6. The so formed spatial discretization allows nricaé¢ simulations to be carried out in about
24 hours.

Figure 3-4. Mock-up FEM model. Target Assembly &arttium inlet pipe exploded view.

Figure 3-5. Mock-up FEM model. Particular of thepBart framework.
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Materials

The structural material thermo-physical properhiase been assumed to depend uniquely
on temperature, as indicated in [26-28]. The thepingsical propertie values at the room

temperature of 20 °C are summarized in tables &&® &3, while temperature-dependent

According to the design of the IFMIF target systeock-
laboratories, AISI 304 steel has been assumedeakatiget Assembly,

Lithium inlet pipe structural material. As far adsetBack-Plate

considered to be made of AISI 316 steel.

3.2.1



behaviour of the thermo-physical properties of adered materials, normalized at the room
temperature value, can be deduced from Figureardi3-8.

Table 3-2. AISI 304 steel thermo-physical properae20°C [26].

AISI 304 STEEL

A 14.28 W/m K
Cro 472 Jlkg K
0, 1.5310° K*
Po 7930 kg/m3
1.6
1.5
->p/p,
1.4 B Cp/Cpy
M,
1.3 L,

0 100 200 300 400 500
T [°C]

Figure 3-7. AISI 304 steel temperature-dependesriib-physical properties.

Table 3-3. AISI 316 steel thermo-physical properae20°C [27-28].

AlS| 316 STEEL
Ao 15 W/m°C
Coo 452 J/kg°C
v 1.5410° K™
Po 7950 kg/ni
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Figure 3-8. AlISI 316 steel temperature-dependesriib-physical properties.

Thermal interactions, loads and boundary conditions

The following thermal interactions, loads and baanydconditions have been assumed to
simulate the TA, integrated with its support franoekv and Lithium inlet pipe, thermal
behaviour under the pre-heating phase of the gahscenario:

thermal interactions;

heat transfer between Target Chamber and Beam duct;
time-dependent heat fluxes;

internal irradiation;

external irradiation;

TA and Support framework natural convective cogling
heat transfer between BP and High Flux Test Module.

Thermal interactions between frame and BP have Isganlated by a thermal contact
model which foresees the following functional degemce of the heat flux between two
coupled nodes i and jj gon their temperatures; and T:

o, =H(T-T) -

where H represents the thermal conductance bettheetwo interacting components, which
has been set to 2000 W/m? °C [29]. As to the gingbgdansion joint simulation, a proper
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coupling thermal model between straight and bericilmn inlet pipe sections has been taken
into account. All the other components of the mdule been considered as a continuum
from the thermal point of view.

Thermal interactions between Target Chamber (T@)B@am duct have been simulated
by imposing, according to [9,19], an effective thal conductance coefficient equal to 15.8
W/m2 °C on the TC flange surface (red surface ig. B-9) and a non-uniform bulk
temperature, I, analytically derived from a 1-D simplified modelf the beam duct
conductive-radiative heat transfer. This tempemtaue has been purposely set-up since the
Beam duct cannot be considered in thermal equilibriwith the containment vessel
atmosphere. In particular, this 1-D model has baéewveloped to analytically find out the
dependence of the Beam duct temperature spatifilleprb(x,To), on TC flange temperature,
To, SO to obtain the functional dependence of theeafientioned bulk temperature on the
corresponding TC flange temperatug ds T(To)=T(L,To) (Fig. 3-10).

Figure 3-9. Target Chamber flange surface.

e

Figure 3-10. Geometric model for the T(k) Ealculation.
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The model is based on the hypothesis that beanrddiettes, with an emissivity of 0.3 [9],
towards the containment vessel atmosphere assun2®d°@€ and that it is thermally coupled
to the TC by means of an effective thermal condwsacoefficient equal to 15.8 W/m?2 °C.

In order to simulate the discontinuous electrictbesaaction in the pre-heating phase of the
start-up transient loading scenario [14], a progedrof time-dependent heat fluxes has been
imposed to the mock-up external surfaces by a melgcset-up FORTRAN routine, on the
basis of the electric heaters spatial arrangenweséen for the experimental campaigns on
the TA mock-up (Fig. 3-11). The values of the Haates have been assumed on the basis of
the technical specifications of the electric heatdevoted to perform the experimental
campaigns on the TA mock-up.

® = 6000 W/m

f

® = 4080 W/m

& ® = 4176 W/m

Figure 3-11. Heat fluxes from electric heaters.
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Since the present study has been devoted to siteuglectric heaters load profile able to
ensure a temperature increase within the stru@srmuch uniform as possible, an iterative
approach has been followed in order to determieentiost appropriate electric heater load
profile.

The iterative procedure has been based on modiitsatof the FORTRAN routine
whenever a specific criterion, described in thelofeing and based on the maximum
temperature achieved within the most critical comgris was not met.

Radiation heat transfer occurring between intewadls of the mock-up has been modelled
adopting the cavity radiation formulation widelysgebed in [30,31]. It is based on the
definition of a proper cavity articulated in mutilyatadiating surfaces, which result to be
composed of collections of element facets.

Assuming that grey body radiation theory holds, stdering only diffuse and,
consequently, non-directional reflection from facahd neglecting radiation attenuation in the
cavity medium, it is possible to derive, under fogher hypothesis of isothermal and iso-
emissive facets, the following analytical expresdior the radiation heat flux,,ghat the i-th
facet receives from the rest of the facets belantprthe same cavity:

G :%Eii j 5JZE< qjl(ej4 '64) (3-2)

where o is the Stefan-Boltzmann constant, i& the area of i-th facet; and g are the
emissivities of the i-th and j-th facetsy I5 the viewfactor between the i-th and k-th facets
ando; are the absolute temperatures of the i-th andgdéts and is given by:

(1-&) =

ij :6kj - A, K

(3-3)

with §; representing the Kronecker’s delta.

Since the mock-up structure is internally dividadsix regions by means of internal plugs,
a proper set of six radiation cavities, each repcoty one of the mock-up internal regions,
has been defined in the 3D FEM model. The differexdiation cavities set-up do not
mutually interact from the radiation heat trangbeint of view, due to the presence of the
afore-mentioned dividing plugs.

The surfaces forming the six radiation cavitiesenbeen highlighted in figure 3-12 using
different colours.

It has to be noted that no radiation has been alibtirough the cavity opening at the top
of the target chamber, since it is envisaged toldsed by the pipe simulating the presence of
the beam ducts, and through the outlet nozzlesextion, since it is envisaged to be closed by
a plug which reproduces the presence of the quamthflange. Emissivity value of 0.3 has
been adopted for all steel walls, as indicate®;ag].

25



B Cavity 1
B Cavity 2

Bl Cavity 3

Bl Cavity 4
Cavity 5

M Cavity 6

Figure 3-12. Radiation cavity surfaces.

Radiation heat transfer occurring externally betwége mock-up un-insulated external
surfaces and the atmosphere of the containmendibgilhas been modelled applying the
following simplified condition to element facets ivh are supposed to be un-insulated during
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the pre-heating phase of the start-up transiemisse
d, =0t (6 -6;) (3-4)

where ¢ ande; are, respectively, the radiation heat flux anddhmssivity of the i-th element
facet, set to 0.3 both for AISI 304 and AISI 31@ile 6, is the absolute temperature of the
test cell atmosphere, set to 293 K. In the prestmdy, all the surfaces housing the electric
heaters have been assumed as not radiating towadsontainment building atmosphere
since the external surface of electric heaterdhiésnally insulated. Radiating surfaces are
highlighted in red in figure 3-13.

Regarding Target Assembly and Support frameworkurahtconvective cooling, the
following Cauchy’s boundary condition has been isgmbto the nodes laying on the mock-up
non-insulated surfaces (Fig. 3-13):

d,=h(T -T) (3-5)

where gis the normal heat flux at the j-th node of theckrap non-insulated surfacesylis

the uniform bulk temperature of the containmentiding atmosphere, set to 20 °C, and h
represents the convective heat transfer coefficighich has been properly calculated and set
equal to 10 W/m2 °C [32].

Figure 3-13. Radiating surfaces.
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Thermal interactions between BP and High Flux Tdetule (HFTM) have been taken
into account positioning a steel plate, heatedhattémperature of 50 °C, in front of the BP.
The 2 mm minimum gap between the two componentdées maintained as well. The heat
transfer occurring between them has been simulbtedmposing a Cauchy’s boundary
condition to the BP external surface directly fagcthe HFTM (Fig. 3-14), given by:

a = h(-ll- - -II-|FTM) (3-6)

where gis the normal heat flux at the i-th BP nodggly is the uniform bulk temperature of
the HFTM, set to 50°C according to [19], and h espnts the thermal conductance between
the two interacting components, which has beennasduo be:

h=2 (3-7)

where) is the thermal conductivity of containment vesswhospherex=0.026 W/m °C for
air at 1 atm and 20 °C) and d represents the gayeba the interacting components.

The value of h has been calculated considering tiatcondition of Nu = 1 can be
assumed in the gap between the BP and the HFTM.

Green surface
d=25mm
h=1.04W/m2°C

Red surface
d=2mm
h=13W/m2°C

Figure 3-14. Back-plate and high flux test modblkermal interaction surfaces.
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3.3. Transient analysisand results

A campaign of thermal transient analyses has beered out to investigate the target
system mock-up thermal behaviour under the preiigeghase of the IFMIF start-up loading
scenario, in order to set-up a load profile for #iectric heaters able to allow a structure
heating as much uniform as possible.

A try&fail iterative procedure based on the analysis ofithe évolution of the maximum
temperature achieved within each component housmelectric heater has been set up in
order to obtain a proper time-dependent load @dél each heater. In particular, the electric
heater load profile has been modified wheneventagimum temperature increase within the
above-said components was not sufficiently uniforMoreover, once the maximum
temperature of a component raised up to the refergalue of 250 °C, the load profile was
further modified in order to keep the maximum terapgre of that component in the range
between 240 °C - 260 °C, allowing the other comptsé be the heated up to the reference
value of 250 °C. Adopting this criterion it has hg@ssible to determine the relevant electric
heater load profiles.

The obtained results have shown that, adoptingdiiig-cycle for the electric heaters, the
steady state conditions are reached after a pefie@20 minutes. Although the heater on the
BP is switched-on for the whole duration of the -peating phase, the maximum BP
temperature is ~220 °C in the region housing teetat heater, while it remains well below
200 °C in the central region of the lithium flowasimel (~125 °C).

The BP electric heater power and shape needs dherafrevision in order to ensure the
achievement of higher temperatures within the BéPtae lithium flow channel in particular.

A strategy based on a different lay-out of the teledeaters, as well as an higher temperature
value for the set point could be investigated iteorto reach a temperature of at least 200 °C
on the BP lithium flow channel and avoid the rigkithium solidification.

Results in terms of maximum temperature time distions are shown in figures 3-13-

18, while the thermal field arising at the endlod pre-heating phase is shown in figures 3-19
and 3-20. The electric heater load profiles havenbeported in tables 3+3-7.
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=o=Target chamber
=@-Outlet nozzle
=-Inlet nozzle
——Straight Lithium inlet pipe
=o=Bend Lithium inlet pipe
~@=Back-Plate
~@-FDS Flange Superior
~A-FDS Flange Inferior

T

0 20 40 60 80
t [min]

Figure 3-15. Maximum temperature vs time. 0-80 rt@su
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=&=Target chamber
100 =@-Outlet nozzle
=i-Inlet nozzle
=#=Straight Lithium inlet pipe
=¢=Bend Lithium inlet pipe
=@-Back-Plate

~@-FDS Flange Superior
~A-FDS Flange Inferior

80 100 120 140 160
t [min]

Figure 3-16. Maximum temperature vs time. 80-160utas.
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=o=-Target chamber
=@-Outlet nozzle
=A-Inlet nozzle
=#=Straight Lithium inlet pipe
=¢=Bend Lithium inlet pipe
=@-Back-Plate

~@-FDS Flange Superior
~A-FDS Flange Inferior

160 180 200 220 240
t [min]

Figure 3-17. Maximum temperature vs time. 160-240utes.
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=o=Target chamber
=@-Outlet nozzle
=A-Inlet nozzle
=#=Straight Lithium inlet pipe
=¢=Bend Lithium inlet pipe
=@-Back-Plate

~@-FDS Flange Superior
~A-FDS Flange Inferior

240 260 280 300 320
t [min]

Figure 3-18. Maximum temperature vs time. 240-320utes.
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Figure 3-19. TA thermal field - t = 320 minutes.
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Figure 3-20. BP thermal field - t = 320 minutes.
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Table 3-4. Electric heater load profile. 0-80 masut

Straight | Bend
Time Target | Outlet Inlet | Lithium | Lithium
[min] | chamber | nozzle | nozzle inlet inlet
pipe pipe

FDS FDS
flange | flange
inferior | superior

Back-
Plate
0-1
1-2
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10
10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18
18-19
19-20
20-21
21-22
22-23
23-24

24-25
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25-26
26-27
27-28
28-29
29-30
30-31
31-32
32-33
33-34
34-35
35-36
36-37
37-38
38-39
39-40
40-41
41-42
42-43
43-44
44-45
45-46
46-47
47-48
48-49
49-50
50-51
51-52
52-53
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53-54
54-55
55-56
56-57
57-58
58-59
59-60
60-61
61-62
62-63
63-64
64-65
65-66
66-67
67-68
68-69
69-70
70-71
71-72
72-73
73-74
74-75
75-76
76-77
77-78
78-79
79-80
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Table 3-5. Electric heater load profile. 80-160 uté@s.

Time
[min]

80-81
81-82
82-83
83-84
84-85
85-86
86-87
87-88
88-89
89-90
90-91
91-92
92-93
93-94
94-95
95-96
96-97
97-98
98-99

99-100
100-101
101-102
102-103
103-104
104-105

Straight | Bend

Tar get Outlet Inlet | Lithium | Lithium
chamber | nozzle nozzle inlet inlet
Dipe Dipe

FDS FDS
flange | flange
inferior | superior

Back-
Plate
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105-106
106-107
107-108
108-109
109-110
110-111
111-112
112-113
113-114
114-115
115-116
116-117
117-118
118-119
119-120
120-121
121-122
122-123
123-124
124-125
125-126
126-127
127-128
128-129
129-130
130-131
131-132

132-133
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133-134
134-135
135-136
136-137
137-138
138-139
139-140
140-141
141-142
142-143
143-144
144-145
145-146
146-147
147-148
148-149
149-150
150-151
151-152
152-153
153-154
154-155
155-156
156-157
157-158
158-159
159-160
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Table 3-6. Electric heater load profile. 160-240utes.

Straight | Bend EDS EDS

Time Tar get Outlet Inlet | Lithium | Lithium Back-
[min] | chamber | nozzle | nozzle inlet inlet .flfange fIange Plate
vipe sipe | inferior | superior

160-161
161-162
162-163
163-164
164-165
165-166
166-167
167-168
168-169
169-170
170-171
171-172
172-173
173-174
174-175
175-176
176-177
177-178
178-179
179-180
180-181
181-182
182-183
183-184

184-185
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185-186
186-187
187-188
188-189
189-190
190-191
191-192
192-193
193-194
194-195
195-196
196-197
197-198
198-199
199-200
200-201
201-202
202-203
203-204
204-205
205-206
206-207
207-208
208-209
209-210
210-211
211-212

212-213
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213-214
214-215
215-216
216-217
217-218
218-219
219-220
220-221
221-222
222-223
223-224
224-225
225-226
226-227
227-228
228-229
229-230
230-231
231-232
232-233
233-234
234-235
235-236
236-237
237-238
238-239
239-240
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Table 3-7. Electric heater load profile. 240-320ates.

Straight | Bend EDS EDS

Time Tar get Outlet Inlet | Lithium | Lithium Back-
[min] | chamber | nozzle | nozzle inlet inlet .flfange flange Plate
Dine sipe | inferior | superior

240-241
241-242
242-243
243-244
244-245
245-246
246-247
247-248
248-249
249-250
250-251
251-252
252-253
253-254
254-255
255-256
256-257
257-258
258-259
259-260
260-261
261-262
262-263
263-264

264-265
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265-266
266-267
267-268
268-269
269-270
270-271
271-272
272-273
273-274
274-275
275-276
276-277
277-278
278-279
279-280
280-281
281-282
282-283
283-284
284-285
285-286
286-287
287-288
288-289
289-290
290-291
291-292

292-293
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293-294
294-295
295-296
296-297
297-298
298-299
299-300
300-301
301-302
302-303
303-304
304-305
305-306
306-307
307-308
308-309
309-310
310-311
311-312
312-313
313-314
314-315
315-316
316-317
317-318
318-319
319-320
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4. IFMIF thermo-mechanical analysis

On the basis of the thermal analysis performedchenEMIF target system mock-up, it has
been set-up a 3D FEM model of the IFMIF Target Ad3slg, whether endowed with the
bayonet type replaceable Back-Plate, integratel itgtsupport framework and the Lithium
inlet pipe.

The research has been aimed at the assessmerg ®Atthermo-mechanical behaviour
under the reference nominal steady state scenariotder to verify if components might
safely withstand the thermo-mechanical loads itemgdes without incurring in significant
deformations, which may warp the lithium channebuaing flow instability, cause
interferences with the Test Module or produce @iptdl misalignment between the deuteron
beams and the lithium footprint.

Attention has been focussed also on the fulfilmadrthe SDC-IC structural safety criteria
in the most critical area of the geometric domawestigated.

4.1. Nominal steady state scenario

The reference nominal steady state scenario repseshe loading scenario the TA,
integrated with its support framework and the Lithiinlet pipe, is envisaged to experience.
In particular the nominal scenario is mainly chéedzed by lithium flowing within the
Lithium inlet pipe and through the TA, where it erst the lithium straightener at 250 °C and
at a static pressure of ~60 kPa, up to the outetle, where it reaches ~300 °C and a static
pressure of 10 Pa, prior to be discharged in the quench tank [28fing this phase, deuteron
accelerators remains under full-power irradiati@mditions (two 125 mA current beams),
allowing heat power to be deposited by deuteromsitrons and photons within lithium
coolant, TA components, support framework and Lithiinlet pipe. The neutron swelling
induced within the structural material has not btken into account in the present research
campaign, because it has been aimed at investigaticlusively the thermo-mechanical
response of the structure during the nominal stetate operational phase.

4.2. The FEM model

A realistic 3D FEM model, reproducing the TA intatgd with its support framework and
the Lithium inlet pipe, has been developed (Fid.) &4nd a mesh independence analysis has
been performed to select an optimized spatial éig@tion which allows accurate results to
be obtained saving calculation time, as alreadgrde=d in 83.2. A mesh (Figs. 4+2-8)
composed of ~4[0 nodes connected in ~1M8° linear tetrahedral elements has been
selected. The so formed spatial discretizatiormadloaumerical simulations to be carried out
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in about 3 hours.

The two FDSs and the gimbal expansion joint of ititeium inlet pipe have not been
directly modelled, since their mechanical effeasénbeen simulated, as widely explained in
the following, imposing, for the former, an appriape contact model that permits to consider
the flanges tightened by the FDS as perfectly tibile, for the latter, a proper kinematic
model that allows the coupling of the rotationatl aranslational displacements of the two
Lithium inlet pipe sections connected by the gimégbansion joint. Moreover, the lithium
flowing on the Back-Plate and outlet nozzle intéswafaces has been modelled too.

Target
Assembly

Lithium
inlet pipe

Support
framework

Figure 4-1. FEM model.
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Figure 4-2. FEM model. Target Assembly lateral view

Figure 4-3. FEM model. Target Assembly front view.
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Figure 4-4. FEM model. Particular of the Back-Plate

Figure 4-5. FEM model. Particular of the Back-Plate
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Figure 4-7. FEM model. Particular of the suppaatriework.
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Figure 4-8. FEM model. Particular of the Lithiuntenpipe.
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4.2.1. Materials

According to the IFMIF Comprehensive Design Rep{iB] and its subsequent
modifications relevant to the EU TA concept, EUR®F&eel has been assumed as the TA,
support framework and Lithium inlet pipe structumnaaterial. Lithium flow has been
modelled too in order to properly simulate its that interaction with the TA. To this purpose
a flow velocity at the inlet nozzle exit amountittgl5 m/s has been adopted [33]. Materials
have been considered homogeneous, uniform andopsotand their thermo-mechanical
properties have been assumed to depend uniquelyngmerature as indicated in [34-38]. In
particular, EUROFER mechanical behaviour has beewlated adopting a linear elastic
model. The temperature-dependent behaviour of deresi material thermo-mechanical
properties can be deduced from tables 4-1, 4-Zrana figure 4-9.

Table 4-1. EUROFER thermo-mechanical propertiéOaC [34,35].

EUROFER

A 27.66 W/m K
Coe 448.0 J/kg K
0, 1.0410° K™

E, 2.0610" Pa

o>

A Mg
051 -Ecplep
<& alay
®- E/E,
0.0 | . . |
0 100 200 300 400 500 600 700

T[°C]

Figure 4-9. EUROFER thermo-mechanical propertieengerature [34,35].
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Table 4-2. Lithium thermo-physical properties [36.38].

Lithium (Temperatures in K)
AT) [W/m K] 38.92625 + 1.2309120° [T
co(T) [kI/kg K] |-7.53810"%T° + 2.48410°02 - 2.75210°T + 5.174
p(T) [kg/m’] 510.0

4.2.2. Thermal interactions, loads and boundary conditions

The following thermal interactions, loads and baanydconditions have been assumed to
simulate the TA, integrated with its framework ddthium inlet pipe, thermo-mechanical
behaviour under nominal steady state scenario:

+ thermal interactions;

+ volumetric density of heat power deposited in ittedm flow footprint region;

« volumetric density of heat power deposited withi, framework and inlet pipe;

« forced convection with lithium;

+ heat transfer between BP and High Flux Test Mo¢dFerM) through helium gas;

+ heat transfer between Target Chamber and Beam duct;

« internal irradiation;

+ external irradiation;

« TA natural convection cooling;

+ support framework cooling.

Concerning the thermal interactions between thdemiit components, the same
assumptions made for the thermal analysis of thekmup of the IFMIF target system,
already reported in § 3.2.2, have been taken ictount.

As to thermal loads, a 40 GW/m3 volumetric densitynuclear deposited heat power (
qs_.;) has been supposed to be uniformly distributedhiwithe beam footprint region of

lithium flow domain (Fig. 4-10) to model heat powdaposition due to interactions between
deuterons and lithium.

Figure 4-10. Detail of lithium flow domain beam fpdnt region.
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Moreover, a volumetric density of nuclear depositeat power (¢) has been assumed
within the TA, the support framework and the Littiunlet pipe in order to properly simulate
the heat power deposition process due to interataf both neutrons arising from D-Li
interactions andy photons produced by (), reactions with the nuclei of their structural
material.

In particular, regarding TA, the non-uniform sphtsstribution of nuclear deposited heat
power volumetric density, calculated by ENEA adogtihe MCNP code [39] (Figs. 4-11 and
4-12), has been assumed and implemented in the FBNel by means of a specific user
subroutine.

Furthermore, since no data for nuclear deposited phewer volumetric density within
support framework and Lithium inlet pipe have bearried out by ENEA, a Hidependence
has been supposed instead. In particular, thewolpformula has been adopted:

m

q"(r)= 4?_;2 (4-1)

mo__

where gy = q5p ../ 200 and r is the distance between a generic pointlaedP centre. The

g'" value at the BP centre has been divided by a fa2®0 in order to obtain a certain
accordance for the nuclear deposited heat powemetric density values at the boundary
between the geometric domain in whicH galues have been carried out by ENEA and the
domain for which §' data was not available and has been calculatedy (4+1). For the
estimation of the factor 200, a parametric analiisis been performed to determine the best
accordance, in the boundary regions, between ENEAajues and those calculated using (4-
1). The so calculated nuclear deposited heat powkmmetric density field within support
framework and Lithium inlet pipe is reported indrgs 4-13 and 4-14.

q"’ [W/m3]

+2.642e+07
+2.454e+07
+2.265e+07
+2.076e+07
+1.887e+07
+1.699¢+07
+1.510e+07
+1.321e+07
+1.132e+07
+9.437e+06
+7.550e+06

+5.662e+06
+3.775e+06
+1.887e+06

+0.000e+00

Figure 4-11. Spatial distribution of heat poweruraktric density within BP.
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q7 [W/m3]

+2.772e+06
+2.574e+06
+2.376e+06
+2.178e+06
+1.980e+06
+1.782e+06
+1.584e+06
+1.386e+06
+1.188e+06
+9.900e+05
+7.920e+05

+5.940e+05
+3.960e+05
+1.980e+05

+0.000e+00

Figure 4-12. Spatial distribution of heat poweruraktric density within TA.
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qs LR} [W/m3]

+3.987e+04
+3.702e+04
+3.417e+04

+3.133e+04
+2.848e+04
+2.563e+04
+2.278e+04
+1.993e+04
+1.709e+04
+1.424e+04
+1.139e+04
+8.543e+03
+5.695e+03
+2.848e+03
+0.000e+00

Figure 4-13. Spatial distribution of heat poweruroktric density within support framework.

q7 [W/m3]

+6.132e+03
+5.694e+03
1 +5.256e+03

+4.818e+03
+4.380e+03
+3.942e+03
+3.504e+03
+3.066e+03
+2.628e+03
+2.190e+03
+1.752e+03
+1.314e+03
+8.760e+02
+4.380e+02
+0.000e+00

Figure 4-14. Spatial distribution of heat poweruraktric density within Lithium inlet pipe.
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In order to simulate the forced convective heatdfer taking place between lithium flow
and the corresponding lithium wetted surfaces, thfferent models have been assumed for
the Lithium inlet pipe and inlet nozzle internalfsges (orange surfaces in Fig. 4-15) and for
the remaining lithium wetted surfaces (blue surgaiceFig. 4-15). As to the former surfaces, a
typical convective boundary condition has been isagbto their nodes, assuming a bulk
temperature equal to the lithium temperature of 280and a convective heat transfer
coefficient equal to 34000 W/m2 °C [40]. This valbhas been concurred with the team
involved in thermo-mechanical activities and ittihe same adopted in similar calculation
performed on the IFMIF TA [6-9]. On the other hamdth respect to the latter surfaces, a
thermal contact model based on Eq. (3-1) has bdepted to simulate the convective heat
transfer between the lithium flow domain and thetipent TA and BP wetted surfaces,
assuming according to [40] a thermal conductanceuamimg again to 34000 W/m? °C, even
if this value has been calculated for the velooit0 m/s [19].

Y \ Detail of Back-Plate

Figure 4-15. Lithium forced convection surfaces.

56



Thermal interactions between BP and HFTM have lhaken into account since they are
separated, at room temperature, by a 2 mm minimam @hey have been simulated by
imposing a Cauchy’s boundary condition to the BRemral surfaces directly facing the
HFTM (Fig. 4-16), given by Eq (3-6).

The uniform bulk temperature of the HFTMyefm, has been set equal to 50 °C according
to [19], while h (Eqg. 3-7) has been calculated adersngA=0.1616 W/m °C for helium at 5
kPa and 50 °C [19] and different values for thesgagtween the interacting components (Fig.
4-16).

Green surface
d=25mm
h = 6.5 W/m°C

Red surface
d=2mm
h = 80.8 W/m°C

Yellow surface

d=from 2 to
25 mm
h=xd

Figure 4-16. Back-Plate and high flux test modbkrmal interaction surfaces.

Thermal interactions between Target Chamber andnBéact have been simulated by
imposing, according to [9-19], an effective conwextheat transfer coefficient equal to 15.8
W/m2z °C on the TC flange surface (red surface ig. E-17) and a non-uniform bulk
temperature, I, analytically derived from a 1-D simplified modef the Beam duct
conductive-radiative heat transfer, purposely getsince, being exposed to nuclear
irradiation, the Beam duct cannot be considerednang in thermal equilibrium with the
containment vessel atmosphere. In particular, thi® model has been developed to
analytically find out the dependence of the beaict temperature spatial profile, T(>)T on
TC flange temperature o,Iso to obtain the functional dependence of thesafientioned bulk
temperature on the corresponding TC flange tempexrd, as T (To)=T(L,To) (Fig. 4-18).
The model is based on the hypothesis that Beam radwlcates, with an emissivity of 0.3,
towards the containment vessel atmosphere assun®d°@€ and that it is thermally coupled
to the TC by means of an effective convective heaisfer coefficient equal to 15.8 WHE.
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Finally, a decreasing heat power density has bappcsed to be released inside the Beam
duct as a consequence of its interaction with e@stand photons arising from the target.

Figure 4-17. TC flange surface.

i
h-p-----

e

Figure 4-18. Geometric model for the T(k) Talculation.

Radiation heat transfer, occurring internally beswdthium flow and the internal walls of
target chamber and frame, has been modelled adoft® cavity radiation formulation
widely described in [30, 31] and already reporte83.2.2.

Therefore, a proper radiation cavity (red surface$ig. 4-19) has been defined. This
cavity includes target chamber, frame and outletzleo internal surfaces, as well as the
lithium flow surface facing the aforementioned anée radiation has been allowed through
the cavity opening at the top of the target chamdiace it is envisaged to be closed by beam
ducts, and through the outlet nozzle exit secamge it is envisaged to be continued with the
guench tank adduction duct. Emissivity values 8f@ahd 0.06 have been adopted respectively
for steel walls and lithium coolant, as indicated9,41].

58



Figure 4-19. Internal radiation cavity (red surfaedateral, top and bottom views).

Radiation heat transfer occurring externally betwtnee TA un-insulated external surfaces
and the inner walls of its containment vessel haenbmodelled according to Eq. (3-4)
applying the radiation condition to element fadgisg on the external surfaces of BP, frame
and the whole target chamber, which are supposeak tan-insulated during the nominal
steady state scenario (red surfaces in Fig. 4-20).

The value of 323 K has been set for BP and frardetian towards the HFTM, as well as
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for the radiation of target chamber towards thet@ioment vessel inner walls, while the
EUROFER emissivity has been set equal to 0.3.

Moreover, results of the preliminary analysis hamwn that, in order to ensure the
thermal field arising within support framework domet overcome the EUROFER limit
temperature of 550 °C, its external surfaces havée un-insulated too. In fact, in case
framework external surfaces are supposed to be lebehpinsulated, the pure conductivity
heat transfer between support framework upper #angnd target chamber arms is not
adequate to remove the heat power deposited wtileirstructure by neutrons apgbhotons,
therefore temperatures higher than 550 °C are gestlifor the support framework. In
consequence of this, support framework externalatath has been assumed and the
simplified condition (3-4) has been imposed to #lements facets lying on its external
surface (in red in Fig. 4-21), setting an emisgivialue equal to 0.3 and a temperature of 323
K for the vacuum vessel internal atmosphere.

Figure 4-20. TA external radiation surfaces.
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Figure 4-21. Support framework external radiatiorfeces.

In order to take into account the heat transfewbeh helium filling the vacuum vessel
atmosphere and TA external radiating surface, avexdive boundary condition has been
imposed to surfaces in red in Fig. 4-20 in ordesitoulate the natural convective heat transfer
taking place between helium and the TA non-insdlaerfaces. The following Cauchy’s
boundary condition has been imposed to the nogasglan the TA non-insulated surface:

o =h(T-Te) (4-2)

where ¢ is the normal heat flux at the j-th node of the A@n-insulated surfacedis the
uniform bulk temperature of the vacuum vessel aphere, set to 50°C according to [19],
and h represents the convective heat transfericieeif, which has been properly estimated to
be equal to 10 W/m2 °C using the Churchill and Cbrrelation [32].

As far as the support framework cooling is concérneo different conditions have been
investigated in order to assess the effects oflifierent framework cooling strategies on the
TA thermo-mechanical performances.
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In the first case taken into account, named Camditi, the natural convection cooling
between framework non-insulated surfaces (Fig. #&id helium has been simulated by
imposing a Cauchy’s boundary condition (Eg. 4-2) vitnich convective heat transfer
coefficient h has been set equal to 10 W/m2 °Cthacdhelium bulk temperaturg,dhas been
imposed to be 50 °C.

In the second case, named Condition 2, the foraet/extion cooling of the support
framework, using the helium filling the vacuum vas$ias been simulated. A value of 1000
W/mz2 °C has been supposed for the convective haadfer coefficient, while the same value
used in Condition 1 has been supposed f@r T

4.2.3. Mechanical interactions, loads and boundary conditins

The following mechanical interactions, loads andrmary conditions have been assumed
to simulate the TA thermo-mechanical behaviour umdeninal steady state scenario:

« mechanical interactions;

« thermal deformations;

« weight force;

+ internal and external pressures;

. tightening screw loads;

- skate-based clamping system loads;

« support framework constraints;

« Lithium inlet pipe constraints;

« TA system constraints;

« Lithium inlet pipe gimbal expansion joint.

Mechanical interactions between frame and BackePlaave been simulated by a
mechanical contact model, which envisages a Couknmipiction interaction, characterized
by a concurred uniform friction factor of 0.74, weas the contact surfaces between TA and
the support framework have been considered asuthrychted. In order to properly simulate
the mechanical interactions between these surfacesgchanical contact model, adopting a
Coulombian friction interaction characterized byraform friction factor of 0.03 [42], has
been implemented. All other components, includesd Ltithium inlet pipe flanges connected
by the two FDSs, have been considered as tied tihermechanical point of view.

As for thermal deformations, the non-uniformly distited thermal deformation field
arising within the model as a consequence of éalal field, obtained for all the investigated
framework cooling conditions, and its isotropicrtnal expansion tensor have been applied to
the model.

The effect of gravity has been taken into accoanttie whole model. In particular for TA,
framework and Lithium inlet pipe a proper mechahitead has been imposed, while
regarding the lithium flow its weight force is incled in the pressure value applied onto all
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TA surfaces wetted by lithium, as reported in thiofving.

According to the results of thermofluid-dynamic bse of lithium flow reported in
[19,43], a non-uniform internal pressure load hesrbapplied to lithium wetted surfaces of
Lithium inlet pipe, nozzles, frame and Back-Plated(surfaces in Figs. 4-22-24). In
particular, the pressure load onto the Lithiumtipigpe wetted surface () has been imposed
as uniform and equal to 60 kPa, while a furtheffaxm pressure load ( of 31.125 kPa,
calculated as the average value between the 6@tkiPa entrance of the inlet nozzle and the
2.250 kPa at its exit, has been imposed to the mbzzle internal surfaces. Moreover,
according to [19], the pressure load onto the BRlele lithium wetted surfacegg has been
assumed to depend linearly on the z coordinatehneg its maximum (~12 kPa) at the beam
footprint centre and decreasing till to l®a at the Back-Plate channel exit, remaining
vanishing along the outlet nozzle channeh(p 0 Pa).

Pp

Figure 4-22. Lithium inlet pipe internal surfaces.
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Figure 4-24. Back-Plate wetted surface.
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Furthermore, a pressure of 5 kPa has been assumeddef containment vessel helium
atmosphere according to [19] and it has been ap@gan external pressure to the whole
external surface of the model.

Mechanical loads exerted by the 8 M10 screws cdmged@P to frame have been
simulated by applying a pressurggnual to 68.963 MPa to the BP surfaces in comtéttt
each screw washer and a BP oriented shear styeg27.232 MPa to the lateral surface of
each threaded hole of the frame (Figs. 4-25 an®)4-Phese pressure loads have been
calculated imposing that the tightening verticacés exerted by screws might induce a force
linear density onto the metallic gasket horizorsagyments equal to a value of 180 N/mm
[19], which is the force linear density value whiehsures the perfect sealing of the contact
between the Back-Plate and the frame during themadracenario.

Mechanical loads exerted by the skates onto BP feamde have been simulated by
applying a pressurecpof 2.369 MPa to the BP supports surfaces in conatt inclined
cams of clamping system (Fig. 4-27) and a pressyid 3.516 MPa to the frame surfaces in
contact with external rollers of each skate (FigR8). These loads have been calculated
imposing that the resultant forces of the clampmpstem might induce a force linear density
onto the gasket vertical segments equal to thgdesaling value of 180 N/mm.

Figure 4-25. Pressurg plong BP surface in contact with screw washers.
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Figure 4-26. Shear stressalong lateral surfaces of frame threaded holes.

Figure 4-27. Pressure jplong BP supports surfaces in contact with inclinams.
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Figure 4-28. Pressurg jalong frame surfaces in contact with skate exteoikers.

As far as support framework and Lithium inlet pipechanical constraints are concerned,
all displacements (uu,, u;) of nodes lying on surfaces highlighted in redrigs. 4-29 and 4-
30, respectively, have been prevented in ordemiaolate the effect of the connection of the
two components to the containment vessel floor.

o, g

Figure 4-29. Support framework constraints.
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Figure 4-30. Lithium inlet pipe constraints.

Regarding TA system constraints, in order to prigpke into account the mechanical
effect of the bellows devoted to connect the T@hwbeam duct, displacements along X and
Z directions of the nodes highlighted in yellow drde (Fig. 4-31), respectively, have been
prevented. Moreover, displacements along Z diractimve been prevented to nodes
highlighted in red in Fig. 4-32, in order to simigldhe effect of the grains devoted to avoid
gap openings between TA and support framework.

Figure 4-31. TC flange constraints.
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Figure 4-32. TA system constraints along Z direttio

Finally, the gimbal expansion joint, designed tmmect the two sections of the Lithium
inlet pipe, has been simulated. In particular, appr kinematic coupling model has been
adopted for the two flanges highlighted in red ifg.F4-33. This kinematic model,
characterized by an angular elastic spring equa#i.® N-m/°, allows the coupling of
translational and rotational displacements of W@ flanges connected.

Figure 4-33. The Lithium inlet pipe flanges conmekcby the gimbal expansion joint.
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4.3. Steady state analysis and results

An un-coupled thermo-mechanical steady state aisags been carried out to investigate
the TA, integrated with its support framework ahd tithium inlet pipe, thermo-mechanical
behaviour under the reference nominal scenarioderdo assess the potential aptitude of this
system to safely withstand the loads it undergoathowt incurring in significant
deformations and yielding-induced structural crifishe structure, with a particular attention
on its replaceable Back-Plate.

Two steady state thermal analyses, one for eachh#ieondition taken into account, have
been carried out to obtain the corresponding thefield distribution. Every thermal analysis
has been followed by two independent steady statéhaemical analyses intended to separately
assess the distributions of total and secondaegsts and to derive that of primary stresses as
the difference.

In order to study the structure thermal behaviattention has been mainly focussed on
the assessment of the spatial distribution ofhiegrhal field. On the other hand, in order to
investigate its mechanical behaviour, attention been paid to the assessment of the spatial
distribution of the Von Mises equivalent stresddfieMoreover, in order to verify that no
significant deformations occur which might warp Bfannel inducing lithium flow
instability and cause an overlapping between BRraat surface and HFTM, a particular
attention has been paid also to the analysis of BRe deformation field and to the
displacements of its surface directly faced toHikd M. Finally, the potential insurgence of a
misalignment between deuteron beams and BP fodtplue to excessive BP displacements
on the plane normal to the beam direction, has beastigated too.

Since the design of TA has to be based on a censiset of rules taking into account, at
the same time, regulation requirements for nucleamponents, the peculiarities of
EUROFER mechanical behaviour and the specific amgraonditions foreseen for IFMIF
environment, a stress linearization procedure legs lzarried out, with the specific aim of
evaluating general or local primary membrane stiessor (R, or R), primary bending stress
tensor (), general or local secondary membrane stressité@gsmr Q ), secondary bending
stress tensor (pand peak stress (F) in some particularly sigaiftqpaths of TA.

Stress values calculated have been adopted toy vettie TA thermo-mechanical stress
state complies with requirements prescribed by 3DQules [44], that are both the most
conservative and comprehensive of all possible damaodes. In particular, in SDC-IC as in
conventional codes, primary stresses are limiteatder to guarantee the components against
M (monotonic) type damages, while secondary steease limited to preserve them against C
(cyclic) type damages, namely the progressive de&ition and the time independent fatigue
[45].

As in similar safety codes, also SDC-IC foreseéfemint operating levels with proper sets
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of rules and stress limits according with loads bodndary conditions that the component is
envisaged to withstand. Loads and boundary comdittgpical of the IFMIF nominal steady
state scenario are classified as Level A, therefoles relevant to this operating level have
been taken into account.

As to this set of rules, in case thermal-activgitbdnomena (thermal creep e.g.) might be
neglected, the following low temperature rules mnposed by SDC-IC code in order to
protect components against M type damages [44]:

RS (T, 01) (4-3)
R+B=KeS (T ®1%. (4-4)
R < min[1.5§ (T PL D)o TP ,1;]) (in local non-overlapping areas) (4-5)
FLS 1.15 (T P & (in local ovapbing areas) (4-6)

where Em is the general primary membrane stress intensﬁy, is the local primary

membrane stress intensitf, + B is the stress intensity of the sum of the aforeimead
tensors Pand B, Keg is an effective bending shape factor dependintherresisting section,
Sn is the allowable stress limit depending on thidehaveraged temperaturg @&nd neutron
fluence®ty, and §min is the minimum tensile yield strength dependinglookness averaged
temperature J and neutron fluenc®t, too.

On the other hand, in case thermal-activated phenanare not negligible, SDC-IC code
imposes the following high temperature rules toédfied too [44]:

U (Ry) <1 (4-7)

ut(pL +%}s 1 (4-8)

t

where K is the so-called creep bending shape factor ansl the creep usage fraction defined
as:

T

that may be calculated adopting the following pthoe based on the division of the
component operating time t into N intervals chosensuch a way that the operating
temperatures and stresses are approximately cotistanghout the interval. In particular, for
each interval j of duration, the highest operating temperaturea$ well as the highest stress

intensitygi reached are calculated. The maximum allowable tgnat any stress?i and
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temperature jTare obtained from the propeyBt) curve, that gives the allowable stress limit
depending on temperature T and on component opeahtiime t [45]. In particular, g ,t)
curve values have been drawn from [46].

As a first approximation, assuming that loads otlex overall operating period are
constant, it may be shown [45] that Egs. (4-7) @a8) reduces to:

P <S(Tt (4-10)

P +%s S (T,1) (4-11)

As it can be deduced from previous considerati8RXC-IC and conventional codes do not
take into account secondary stresses when M typagkes are verified since usually material
ductility allows to accommodate thermal stresses.

Anyway, since materials typically lose their dutgilend become brittle when subjected to
neutronic irradiation, some further rules have bieeiuded in SDC-IC code to properly take
into account this phenomenon [45]. In particulaDCSIC defines two different modes of
potential failure due to the limited ductility ohd materials: immediate plastic flow
localisation and immediate local fracture due tdaastion of ductility [47]. The relevant
rules envisaged from SDC-IC codes are [44]:

P+Q<S(T,®t,) immediate plastic flow localisation -12)

P +R+ Q+ F< S (Te tr immediate local fracture due to exhaustion of ditigt{4-13)

P+R+Q<s g (T ty immediate local fracture due to exhaustibductility (4-14)

where S is the allowable stress intensity dependent akii@ss averaged temperaturgahd
neutron fluencebt,, and G is the allowable stress dependent on r-factorspégature T and
neutron fluencebt of the point under consideration where localiz&@ss arises. Analytical
definitions of r-factor, Sand G functions are reported in [44-47]. It has to beentined that,
given that irradiated EUROFER retains considerahletility after necking, the potential
failure mode due to immediate local fracture is aotissue, while that induced by immediate
plastic flow localisation may be a matter of sesi@oncern [46].

In order to verify if the TA thermo-mechanical ssestate complies with requirements
prescribed by SDC-IC rules with reference to |ekalriteria, proper linearization paths (Fig.
4-34) have been identified at the most heavilyssed areas of the BP, taking into account
also areas where, in spite of not particularly hibn Mises equivalent stresses, high
temperatures have been predicted that may resuilheéncalculation of lower values of
maximum allowable stress intensities.
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Figure 4-34. Stress linearization paths.

The obtained results in terms of thermal field, \Mdises equivalent stress\u) field,
displacement field and SDC-IC safety rule verificas are reported in the following for all
the investigated thermo-mechanical conditions (Fiy85+4-54 and Tables 4-34-6). In
particular, from the thermal point of view, resudtsow that neither the limit temperature for
thermal activated phenomena of 450°C [44] nor thaximum EUROFER allowable
temperature of 550 °C is overcome in both the tleenmechanical conditions taken into
account. As a consequence of this, SDC-IC high &atpre rules (4-10, 4-11) have not been
considered and only low temperature SDC-IC safeitgr@ verifications (4-3, 4-4, 4-12)
have been performed.

A maximum temperature slightly lower than 430 °Cpiedicted in a localized region of
the target chamber at the edge with the frame lma@ack-Plate, in both the assessed thermal
scenarios. In particular, Condition 1 results hslvewn also that the maximum temperature of
80.4 °C reached within the support framework suggisat no further cooling strategies are
necessary for it, except for the natural convectioaling already taken into account in this
loading condition.

As far as the mechanical results are concernednitbe observed that the highest values of
the Von Mises equivalent stress are reached imasreall area, probably due to numerical
singularities within the FEM model. In fact the vdostructure experiences Von Mises
equivalent stress values lower than 550 MPa in lbéhinvestigated thermo-mechanical
conditions. As for the displacement field, the defed (in red) vs. un-deformed (in grey)
configuration of the whole model and a detail af 8P are reported, adopting an isotropic
amplification factor equal to 50 for the deformednfiguration in order to amplify the
structure displacements respect to the initial igométion.

Particular attention has been paid to the potemtiealignment between the deuteron
beams and the BP footprint, the slipping that meguo between the TC arms and the support
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framework and finally to the BP external surfacepthicements, in order to check that no
overlapping with the HFTM surface takes place.

Mechanical results have also indicated that in @mrd 1 the minimum value of the
misalignment (4 and y) between the deuteron beam and the BP footpridtthe lowest
maximum displacement of the BP external surfaceatdwhe HFTM (ymax) are predicted.
As a consequence of this and in addition to abowtioreed thermal results, Condition 1 has
been selected as the reference one. In partidhl@armaximum BP displacement along the
beam direction amounts to 1.081 mm towards the HFTierefore, BP and HFTM contact
can be excluded, being 2 mm their nominal gap @nreemperature.

Finally, SDC-IC safety rules for Level A criteri@sulted to be generally fulfilled with
comfortable margins except for those relevant ® ghtential loss of ductility in particular
heavily stressed paths lying approximately on tRenidddle section along the beam direction,
suggesting the potential need of a BP design x@visi
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Figure 4-35. Condition 1 — Thermal field.
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Figure 4-36. Condition 1 — TA and BP thermal field.
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Figure 4-37. Condition 1 — BP thermal field.
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Figure 4-38. Condition 1 — Support framework thdrfiedd.
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Figure 4-39. Condition 1 — Von Mises stress field.
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Figure 4-40. Condition 1 — TA and BP Von Mises séréeld.
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Figure 4-41. Condition 1 — BP Von Mises stresgifiel
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Figure 4-42. Condition 1 — Support framework Vorsbs stress field.

Figure 4-43. Condition 1 — Deformed vs. un-deforroedfiguration.
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Figure 4-44. Condition 1 — BP deformed vs. un-defeal configuration.
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Figure 4-45. Condition 2 — Thermal field.
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Figure 4-46. Condition 2 — TA and BP thermal field.
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Figure 4-47. Condition 2 — BP thermal field.
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Figure 4-48. Condition 2 — Support framework thdrfredd.
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Figure 4-49. Condition 2 — Von Mises stress field.
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Figure 4-50. Condition 2 — TA and BP Von Mises ss$réeld.
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Figure 4-51. Condition 2 — BP Von Mises stresdifiel

82




Von Mises stress
[MPa]

=

+3.500e+01
+3.250e+01
+3.000e+01
+2.750e+01
+2.500e+01
+2.250e+01
+2.000e+01
+1.750e+01
+1.500e+01
+1.250e+01
+1.000e+01
+7.500e+00
+5.000e+00
+2.500e+00
+0.000e+00

Figure 4-52. Condition 2 — Support framework Vorskt stress field.

Figure 4-53. Condition 2 — Deformed vs. un-deforroedfiguration.
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Figure 4-54. Condition 2 — Deformed vs. un-deforroedfiguration.

Table 4-3. Maximum and minimum component tempeestur

Maximum temperatures [°C]

Condition BP TA Inlet pipe Framework
1 369.4 428.7 250.0 80.4
2 369.4 428.7 250.0 57.3
Minimum temperatures [°C]
Condition BP TA Inlet pipe Framework
1 205.8 69.0 250.0 51.6
2 205.8 51.6 250.0 50.0

Table 4-4. External central BP node displacements.

Condition 4 [mm] u, [mm] U, [mm]
1 -0.224 0.900 0.015
2 -0.260 0.901 -0.180
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Table 4-5. Maximum BP displacement along the bemettion (Y, max)-

Condition Y, max [Mmm]
1 1.081
2 1.083
Table 4-6. SDC-IC low temperature safety rules.
Path AB| Path CD PathEF Path GH Pathi|L
Twmax-path[°C] 286 252 296 367 250
Pm/Sm 0.0040 0.0015 0.0002 0.0006 0.0018
(Pm+Po)/(Ket*Sm) 0.0027 0.0012 0.0003 0.000y 0.0013
(Pm+Qm)/Se 0.6993 | 1.0632 | 0.3038 0.4930| 1.4017
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5. |IFMIF Back-Plate optimization

The performed thermo-mechanical analyses on thelHFMrget Assembly, integrated
with its framework and Lithium inlet pipe, have put evidence that a Back-Plate design
review is needed.

A research campaign aimed at the BP geometric gq#tian has been therefore launched,
in order to identify a BP geometric configuratioblea to safely withstand the loading
conditions represented by the thermo-mechanicatislogypical of the IFMIF nominal
scenario, maximizing the BP lifetime during the tnenic irradiation period.

The research campaign has been articulated in ta&m sections. In the first one, a
parametric approach has been followed in ordersgess the potential influence of some
critical geometric parameters on the thermo-medahmperformances of the BP, focusing the
attention on the stress field arising within BP.tlhe second section, a thermo-mechanical
analysis of the IFMIF TA endowed with the potenidt optimized configuration, selected at
the end of the previous section, has been perfaringtlis analysis, the volumetric density of
nuclear heat power (§ and DPA spatial distributions, purposely calcetaby ENEA by
means of a specific campaign of neutronic analys&s peen adopted, taking into account the
potential IFMIF TA optimized geometric layout.

The whole optimization campaign has been divided five phases. The first four phases
have regarded the assessment of the influencestima¢ geometric parameters have on the
thermo-mechanical behaviour of the BP. The lastsehzas instead dealt with the thermo-
mechanical behaviour of a potentially optimized [@gout, taking into account the effects of
the volumetric swelling strain. Loads and boundeoynditions adopted in the parametric
campaign are those already described in § 4.2.83an2.3.

5.1. Phasel

Phase 1 of the BP design review procedure hasdeddhe IFMIF TA model described in
8§ 4.2 and adopted for the thermo-mechanical analySa the basis of the obtained results
from steady-state thermo-mechanical calculatiorBP alesign review procedure is needed in
order to ensure the fulfilment of the design ciréqarescribed by codes.

Since thermo-mechanical analyses have highlightedtanse stress intensity in the region
of the lithium channel where there is a remarkalilange in the BP thickness, it has been
decided to investigate the influence that two geomparameters have on the BP behaviour.

In Phase 1 of the BP design review procedure, iltegeometric parameters have been
identified in the thicknesses of the lithium chan{Ww) and of the BP[}). As far as the BP
lithium channel thickness increase is concernesl ottiginal thickness, equal to 1.8 mm and
indicated withS in figure 5-1, has been increased to assess theemce of the added
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thickness V) on the overall BP thermo-mechanical performanoeter steady state thermo-
mechanical loading conditions envisaged for it. ha basis of preliminary calculations,
values of 1.2 mm and 2.0 mm, respectively, have lseasidered foyv.

Concerning the BP thickness reduction, the deangasf the original BP thickne$3 from
the reference value of 32.8 mm to 17 mm has bdemntmto account, removing the volume
originally enclosed within the red profile shownfigure 5-2.

Values of the geometric parameters taken into adcaod characterizing the two different
configurations set-up are reported in table 5-1.

I

N 1

Figure 5-1. BP lithium channel thickneéSand added thickness.

Table 5-1. Summary of the BP geometric configuraitaken into account in Phase 1.

Configuration W [mm] D [mm]
1 2.0 17.0
2 1.2 17.0
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D =32.8 mm

D=17.0 mm

Figure 5-2. BP thickness reduction strategy.
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A proper 3D FEM model has been developed for eddfhis two potential TA revised
configurations. Concerning Configuration 1, a meshmposed of 377339 nodes connected in
1414764 linear tetrahedral and hexahedral elembats been considered, while as to
Configuration 2 mesh, 383012 nodes connected 2823 elements have been selected with
the aim to perform steady state thermo-mechanicalyaes ensuring the best compromise
between results accuracy and computational timmgain particular, the TA, Lithium inlet
pipe and framework FEM models are the same alrehdwn in chapter 4, whereas a detail of
the Configuration 1 BP FEM model is reported irufig 5-3.

NN
Y
N
N

s
ettt
AVAVAVAVAVAVAVAVAVAVAYA

VAVAVAY;
VAVAVAY

Figure 5-3. Phase 1. Configuration 1 FEM modehefBP.

Concerning materials, all the TA components, ththitlm inlet pipe and the support
framework have been supposed to be made of the REBROFER steel, whose thermo-
mechanical properties have been discussed in §.&drthermore, the lithium flow has been
directly modelled using thermo-physical properaégady reported in § 4.2.1.

5.1.1. Steady stateanalysis

Un-coupled thermo-mechanical analyses have beeriorped adopting the two
abovementioned 3D revised TA FEM models, propergosved with the potential BP
optimized configurations. Results in terms of thakrrmnd Von Mises stress\y) field are
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reported in figures 5-45-11. A stress linearization procedure has beersesuently
performed along paths already shown in figure 4i34rder the check the fulfilment of the
SDC-IC design rules (Tables 5-2 and 5-3).

Temperature [°C]
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TMaX = 426.9 OC

Figure 5-4. Phase 1.Configuration 1. TA thermdtifie
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Tmax = 370.3 °C

Figure 5-5. Phase 1.Configuration 1. BP thermédi fie
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Tmax = 426.7 °C

Temperature [°C]
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Figure 5-6. Phase 1.Configuration 2. TA thermdtifie
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Figure 5-7. Phase 1.Configuration 2. BP thermédi fie
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Von Mises equivalent
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Figure 5-8. Phase 1.Configuration 1.TA Von Misesiegjent stress field.
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Figure 5-9. Phase 1.Configuration 1.BP Von Misas\aient stress field.
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Figure 5-10. Phase 1.Configuration 2. TA Von Misgsivalent stress field.
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Von Mises equivalent
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Figure 5-11. Phase 1.Configuration 2. BP Von Migsivalent stress field.
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Table 5-2. Phase 1. Configuration 1. SDC-IC safelys verification.

PathAB| PathCD PathEF PathGH Pathl|L

Titax-patn[°C] 2855 | 252.1 | 2747| 369.1] 2534
P/Sh 0.0015 | 0.0011| 0.0004 0.0008  0.0016
(Pr+P)/(Ke*Sm) | 0.0014 | 0.0009| 0.0003 0.0008  0.0011
(Pr+Qnm)/Se 0.2028 | 0.7763| 0.2503  0.7294  0.9042

Table 5-3. Phase 1. Configuration 2. SDC-IC safelys verification.

PathAB| PathCD PathEF PathGH Path|L

Titax-patn[°C] 2835 | 251.7 | 274.6| 369.1] 2521
P/Sh 0.0015 | 0.0013| 0.0003  0.0018  0.0017
(Pr+Po)/(Ke*Sm) | 0.0015 | 0.0011| 0.0002 0.0011  0.0012
(Pr+Qn)/Se 0.2841 | 0.8441| 0.2480 0.7234  0.9850

The obtained results have shown that, from thenthkmpoint of view, the maximum
temperature is reached within lithium flow guideslat is equal to about 370 °C. This value
is probably due to the huge amount of volumetriosity of heat power deposited inside the
lithium flow guides that leads to the insurgencdBf hotspots, in particular within regions in
contact with the TA frame. As it can be observéeé, maximum predicted BP temperature is
lower than 450 °C and therefore the fulfilment bé tSDC-IC safety rules pertinent to the
thermal-activated phenomena has not been checked.

From the mechanical point of view, except for extedy localized hotspots due to
geometric singularities, Von Mises equivalent strealues achieved within BP and TA are
well below 600 MPa in both the investigated confagions. In particular, maximum Von
Mises stress values lower than 320 MPa are pretietthin BP geometric domain in both
configurations.

Finally, regarding SDC-IC level A safety rules Weations, the TA model endowed with
two potentially optimized BP configurations allowsre encouraging results to be obtained.
In fact, as to Configuration 1 results, they shosignificant reduction of the (P+ Q) / &
ratio along all paths considered with respect &ulte carried out from thermo-mechanical
analyses performed on the IFMIF TA endowed with“dregginal” BP layout reported in 84.3.
Since the added thickness of 2.0 mm might appeegssive, in order to avoid a consistent
neutron flux attenuation a further BP layout hasrbeonsidered in Configuration 2 where, as
expected, the reduction of lithium channel additickness from 2.0 mm to 1.2 mm
originates a general increasing of thg, P Q) / & ratio along all paths considered, even
though the pertinent safety criterion still remaweyified. Although SDC-IC criteria are
completely fulfilled, the mechanical behaviour dist configuration does not seem to be
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encouraging in view of the need to take into actdli@ swelling effect. In fact, even though
the safety criterion involving ¢+ Q) / S ratio is met, a value very close to 1.0 is prestict

The obtained results from Phase 1 show the negdssdarry out a further campaign of
parametric analyses, to investigate more deeptietail the influence dd andW parameters
on the BP thermo-mechanical behaviour. This pamnamstiudy has been carried out in Phase
2.

5.2. Phase?2

On the basis of the conclusions drawn from resaoft?hase 1 steady state thermo-
mechanical analyses, a campaign of parametric seslyas been launched within the
framework of the Phase 2 of the BP design revievegulure, in order to optimize its thermo-
mechanical performances under steady state nogonditions already adopted in Phase 1.

Considering results of the previous phase of thedBsign review process, proper ranges
of values of the two geometric parameters takem &amcount have been selected in order to
assess the potential combined effects of the isere&the BP lithium channel thickness and
of the reduction of the BP thickness.

Since Phase 1 analyses have demonstrated thatd#@iveadhickness of 1.2 mm should
ensure the SDC-IC level A design criteria fulfilmemithout significantly affecting IFMIF
neutronic performances, values of ieparameter ranging between 1.0 and 1.7 mm have
been considered.

Concerning thé parameter, since the reduction up to 17.0 mm seerhs a promising
BP design review strategy, as assessed in Phas@yses, values d ranging between 12.8
mm and 17.8 mm have been considered, corresponaiadp reduction from 20 mm to 15
mm, respectively, being the original value equa328 mm.

Within these ranges of values, 8 different valuethe W parameter have been taken into
account while, regarding to tiizparameter, 6 different values have been considerBtiase
2 of the BP design review procedure. Values ofWhandD parameters taken into account
for the Phase 2 parametric campaign of steady atetlyses have been reported in table 5-4.
Combining them, 48 BP different geometric configimas have been identified and they
have been implemented within the IFMIF TA integdateith the support framework and the
Lithium inlet pipe already adopted in Phase 1 ef@# design review procedure.

Consequently, 48 different 3D FEM models, in whibke original BP of the IFMIF TA
integrated with the support framework and the ithiinlet pipe has been properly replaced
with a different potential optimized BP geometrantiguration, have been developed.

Un-coupled steady state thermo-mechanical analyaes been performed, assuming the
steady state loading conditions relevant to thelFFRbminal scenario, already described in §
4.2.2andin § 4.2.3.

For each of the 48 assessed configuration, a dinessization procedure has been carried

99



out and attention has been paid to verify whetheC3C safety criteria (Level A) are
fulfilled along the paths already adopted for threvipus phase of the BP design review
procedure.

Table 5-4. Summary of the parameter values takimnaiccount in Phase 2.

W [mm] D [mm]
1.0 12.8
1.1 13.8
1.2 14.8
1.3 15.8
1.4 16.8
15 17.8
1.6 -
1.7 -

5.2.1. Steady state parametric analysis

Results have shown that, among the 48 configuratiiovestigated, two BP configurations
can be selected (Figure 5-12) as the reference @nase their thermo-mechanical
performances under steady state loading condiaomshe most promising.

Case 18 Case 48

W=1.2 mmJ’ :
D=12.8 mm D=12.8 mm
1< f<—

Figure 5-12. Phase 2. Case 18 and Case 48.
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The first configuration, named Case 18, is chareadd by a BP total thicknesB) of 12.8
mm and an additive thicknes@/( of the lithium channel equal to 1.2 mm, whichdgdo a
total lithium channel thickness of 3.0 mm, while econd one, named Case 48, fores&es a
value of 12.8 mm and W value of 1.7 mm which corresponds to an overtdilidm channel
3.5 mm thick. It has to be highlighted that, asCtase 18 FEM model, a mesh of 360699
nodes and 1375714 linear elements has been sethilp, regarding Case 48, 360794 nodes
connected in 1376247 linear elements have beendsyed.

The obtained steady state results for these twangg@ configurations have been
herewith reported in terms of thermal field (Figd®-5-16), Von Mises equivalent stress
field (Figs 5-175-20) and SDC-IC safety rule verifications (TakBeS and 5-6). Concerning
thermal results, it can be observed that the maxinemperature predicted within TA is
achieved in both cases within the lithium guidesated inside the target chamber. This leads
to the insurgence of a thermal hotspot within tiRerBgion directly in contact with the lithium
guides. This is probably due to the huge amourg’bfdeposited inside the lithium guides
which is transferred, by thermal conduction, to Bie

As far as mechanical results are concerned, eXoep very localized region in which
high values of the Von Mises equivalent stresscateulated due to a geometric singularity,
the stress fields arising within the two models enaracterized by values lower than 500
MPa. Finally, regarding the SDC-IC Level A critefidfilment, the performances of the two
abovementioned configurations are the most encowgagmong those assessed, since they
largely satisfy all the prescribed foreseen rulégnvsubjected to the envisaged steady state
set of thermo-mechanical loads and boundary camditi

Table 5-5. Phase 2. Case 18. SDC-IC safety rulescagion.

PathAB| PathCD PathEF PathGH Path|lL

Twaspatn[°C] 2835 | 251.8 265.2| 3719 252f
P/Sh 0.0017 | 0.0010] 0.000§ 0.0009 0.0014
(Pr+Po)/(Ke*Sm) | 0.0017 | 0.0010] 0.0008 0.0006  0.00d9
(Pt Qnm)/Se 0.1622 | 0.7286| 0.1974 0.8027 0.8926

Table 5-6. Phase 2. Case 48. SDC-IC safety rulescagion.

PathAB | Path CD Path EF Path GH PathjlL

Twaxpath[°C] 284.7 | 2521 265.1| 371.9] 253
P/Sh 0.0014 | 0.0010] 0.000§ 0.0007 0.0013
(Pn+Po)/(Ket*Sm) | 0.0015 | 0.0008| 0.0006 0.0006  0.0048
(Pt Qnm)/Se 0.1292 | 0.7033| 0.1924 0.8028  0.8423
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Tmax = 427.2 °C
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Figure 5-13. Phase 2. Case 18. TA thermal field.
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Figure 5-14. Phase 2. Case 18. BP thermal field.
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Tmax = 427.2 °C
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Figure 5-15. Phase 2. Case 48. TA thermal field.
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Figure 5-16. Phase 2. Case 48. BP thermal field.
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Von Mises equivalent
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Figure 5-17. Phase 2. Case 18. TA Von Mises sfiglsls
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OVM Max — 475.8 MPa

Von Mises equivalent
stress [MPa]
+6.00e+02
+5.50e+02
+5.00e+02
+4.50e+02
+4.00e+02
+3.50e+02
+3.00e+02
+2.50e+02
+2.00e+02
+1.50e+02
+1.00e+02
+5.00e+01
+0.00e+00

Figure 5-18. Phase 2. Case 18. BP Von Mises disdds
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Von Mises equivalent
stress [MPa]
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Figure 5-19. Phase 2. Case 48. TA Von Mises sfiglsls
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ovMm Max = 491.9 MPa

Von Mises equivalent
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Figure 5-20. Phase 2. Case 48. BP Von Mises disdds
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Once selected the two potential optimized BP refezeconfigurations under steady state
loading conditions, transient analyses under tienaboperation loading scenario, taking into
account the mechanical effect of the volumetriclbmgestrain, have been performed, in order
to estimate the BP lifetime under neutronic irréidiain both the two cases. In particular, the
one year operational period under neutronic irtaatieenvisaged for the IFMIF TA has been
simulated, in order to check if the BP is abledtel withstand the thermo-mechanical loads
it undergoes for the whole duration of its nomiopérational phase of one year.

5.2.2. Thetransient normal operation scenario

The thermal loads, interactions and boundary cawdit adopted to simulate the TA
thermo-mechanical behaviour in the transient noroparation loading scenario are exactly
the same taken into account in the normal operaenario already described § 4.2.2.

From the mechanical point of view, the interactiofmads and boundary conditions
considered in 8§ 4.2.3 have been integrated withvtiemetric swelling strain field arising
within TA as effect of a set of complex microscoprocesses that typically take place when
neutrons interact with structural material nucleiparticular, the volumetric swelling strain
field has been carried out imposing a linear depeod of swelling strain on DPA and,
moreover, assuming that after one year of neutraméciation the swelling strain value
achieved at the beam footprint region centre ansotm0.75 %. Therefore, in order to set-up
the volumetric swelling strain field, the DPA spiétilistribution calculated by ENEA in 2013
for BP and TA geometric domains has been adopteite wds to support framework and
Lithium inlet pipe, since no DPA data were avaiéatd 1/f dependence has been supposed,
like done for the volumetric density of depositehpower reported in § 4.2.2.

Since the nominal operational phase lasts for oear,ythe spatial distribution of
volumetric swelling strain reached at its end iporéed in figures 5-21 and 5-22, with
reference to Case 18 FEM model which is chara&édrizy a BP total thicknes®Y of 12.8
mm and an additive thicknes#/Y of the lithium channel equal to 1.2 mm.

Transient analyses reproducing one year of nornpdration have been therefore
performed, assuming a constant volumetric swebingin of 0.75% per year.

The verification of the SDC-IC level A safety crigehas been carried out along the same
paths taken into account in the previous phaskeobptimization procedure.

The obtained results have shown that the safetgriom aimed at the checking of the
immediate plastic flow localisation, which takesoiraccount secondary stresses, is the most
critical one, whereas all the other SDC-IC levetwteria remain fulfilled during the whole
normal operational period simulated. The time etiotuof the (B, + Q) / & ratio along the
considered paths is shown in figures 5-23 and 2€ase 18 and Case 48, respectively.
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Volumetric swelling
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Figure 5-21.

Phase 2.Volumetric swelling straitdfi@ithin TA and BP.

111




Volumetric swelling
strain

+1.75¢-04
+1.60e—-04
+1.46e—-04
+1.31e-04
+1.16e-04
+1.02e-04
+8.73e-05
+7.28¢-05
+5.82¢-05
+4.37¢-05
+2.91e-05
+1.46e-05
+0.00e+00

Volumetric swelling
strain

+1.13e-03
+1.03e-03
1+9.41e-04
+8.47¢-04
+7.53e-04
+6.59¢-04
+5.64¢-04
+4.70e-04
+3.76e-04
+2.82¢e-04
+1.88e—-04
19.41e-05
+0.00e+00

Figure 5-22. Phase 2.Volumetric swelling straimdfi@ framework and Lithium inlet pipe.
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Figure 5-23. Case 18. Immediate plastic flow |&ztlon SDC-IC criterion time evolution.
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Figure 5-24. Case 48. Immediate plastic flow I&ztion SDC-IC criterion time evolution.

Concerning Case 18 transient analysis, result®rimg of Von Mises equivalent stress
spatial distribution at the end of BP lifetime, giicted to be equal to 135 days, is shown in
figures 5-25 and 5-26. As to Case 48 transientlisesvion Mises equivalent stress field after
180 days of neutronic irradiation, correspondinghie end of the BP lifetime, is shown in
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figures 5-27 and 5-28.
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Figure 5-25. Phase 2. Case 18. TA Von Mises sfrelgisat t = 135 days.
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Figure 5-26. Phase 2. Case 18. BP Von Mises digdsat t = 135 days.
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Von Mises equivalent
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Figure 5-27. Phase 2. Case 48. TA Von Mises sfrelgisat t = 180 days.
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Von Mises equivalent
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Figure 5-28. Phase 2. Case 48. BP Von Mises digdsat t = 180 days.
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As far as the stress linearization procedure iceored, from the observation of the time
evolution of the (R + Q) / & ratio it can be noted that, as to Case 18, a veluoswelling
strain equal to 0.28125 %, achieved after 135 ddyseutronic irradiation, causes the failure
of the immediate plastic flow localisation critari@along path IL while, concerning Case 48,
the corresponding criterion is not met after 189sd@sw = 0.375 %) along the same path.
Since the two cases differ each other exclusivetytiie lithium channel thickness, which
amounts to 1.7 mm in Case 48 against the 1.2 m@asé 18, it can be concluded that, for the
same BP overall thickness, the BP thermo-mechabelaviour improves with the increasing
of the BP lithium channel thickness, as alreadyigfr observed in the previous BP design
review procedure phases.

Concerning the Von Mises equivalent stress distidbuarising within both models at the
end of the BP lifetime, no particular remarks ageded considering that the Von Mises stress
maximum values have been calculated within tinyiaeg located close to geometric
discontinuities, while the rest of the structur@enences, in both Case 18 and Case 48, Von
Mises stress values well below the 450 MPa. Nee&dis, in both Case 18 and Case 48, the
predicted BP lifetime is lower than the nominal gtenal period envisaged for it so further
BP design review strategies are needed to imphoeeBP thermo-mechanical performances
under nominal operational loading conditions inesrtb maximize its lifetime.

5.3. Phase3

Results obtained from steady state and transiealyses performed in Phase 2 of the BP
design review procedure have allowed two promisBfg configuration to be find out,
although analyses have put in evidence that furBferdesign review strategies should be
considered in order to select a BP geometric cardigpn able to safely withstand the
thermo-mechanical loads it undergoes during thelevhominal operational period of one
year under neutronic irradiation.

In the meanwhile Phase 2 was performed, a morgaecdatabase of the EUROFER steel
thermo-physical properties and maximum allowahiesst limits has been released [48].

Therefore, in order to check the effect of these aesumptions, the nominal steady state
thermo-mechanical analyses of the BP configurati@bsvant to Case 18 and 48, already
carried out during Phase 2, have been re-run adrilevant stress linearization procedures
have been properly repeated.

The realistic 3D TA FEM models already used duftigase 2, endowed with the revised
BP configurations named Case 18 and 48, have lmigted also in Phase 3.

The updated EUROFER thermo-mechanical propertigsnasd for the Phase 3 of the BP
design review procedure have been summarized i@ b and in figure 5-29.

The material has been considered homogeneous,rmndod isotropic and its thermo-
mechanical properties have been assumed to deméaely on temperature, as already done
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in previous analyses. In particular, EUROFER memarbehaviour has been simulated
adopting a linear elastic model.

As to lithium flow, the same thermo-physical prdpes assumed for previous analyses
have been adopted.

Table 5-7. EUROFER updated thermo-mechanical ptiesest 20°C [48].

EUROFER
A 28.30 W/m K
Coc 448.0 J/kg K
0 1.0410° K™
E, 2.1710" Pa
2.0 /+
1.5
1.0 - J;
M
0.5 + ®cp/cp
*afoyg
o E/E,
0.0 !

0 100 200 300 400 500 600 700
T[°C]

Figure 5-29. EUROFER updated thermo-mechanicalgstims vs. temperature [48].

53.1. Steady stateanalysis

The so updated 3D FEM model has been used foethenning of the thermo-mechanical
calculations under the steady state nominal operaltiscenario of IFMIF.

The temperature spatial distributions arising witlihe two assessed models and the
corresponding Von Mises equivalent stress fieldssh#t been herewith reported since they
are qualitatively the same of those already shawrPhase 2 steady state thermo-mechanical
analyses. On the other hand, the obtained resuterins of SDC-IC safety rule verifications
are shown in tables 5-8, 5-9.
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Table 5-8. Phase 3. Case 18. SDC-IC safety rui@oagions.

Path AB| Path CD Path EF Path GH PathjlL
Twmax-path[*C] 283.4 251.8 264.2 362.1 252.6
Prm/Sm 0.0018 0.0011 0.0008 0.000Y 0.0014
(Pm+Po)/(Ket*Sm) 0.0017 0.0008 0.0006 0.0006 0.0010
(Pm*+Qm)/Se 0.1797 | 1.0720 | 0.2675 0.7641| 1.3213
Table 5-9. Phase 3. Case 48. SDC-IC safety rui@oagions.
Path AB| Path CD Path EF Path GH PathjlL
Twmax-path[*C] 284.5 252.1 264.2 362.1 253.1
Pm/Sm 0.0017 0.0013 0.0007 0.0022 0.0016
(Pm+Po)/(Ket*Sm) 0.0017 0.0009 0.0005 0.0016 0.0012
(Pm+Qm)/Se 0.1388 | 1.0333 | 0.2650 0.7642| 1.2357

The obtained results indicate that, in spite oflys®s performed in Phase 2, the new
material properties and the revised stress lingigsl Ito the non-fulfilment of the (P+ Q) /

S criterion within paths CD and IL. This stronglyggiests the need for a further revision of
the BP design review strategy, possibly involvitgpahe BP adjacent components which act
mechanically on it originating a certain stress antmg.

Since the SDC-IC level A design criteria have neétb totally fulfilled under the steady
state loading conditions, no transient analyses Haen performed in Phase 3 of the BP
design review procedure because, as already olsernvé’hase 2, the time increasing
volumetric swelling strain generates an increasg@®{R, + Q) / S value.

5.4. Phase4

Despite the previous phases of the BP design repiresedure have not allowed to select a
BP geometric configuration able to safely withstéimel thermo-mechanical loads it undergoes
during the normal operation period envisaged foresults obtained in Phases 2 and 3 have
suggested that the BP geometric configuration na@esk 48 is the most promising among
those investigated, showing an encouraging therrachimnical performances under both
steady state and transient thermo-mechanical l|gadionditions. Obviously, further
investigation is needed to attain a BP geometnidigaration which complies with the design
rules prescribed by SDC-IC codes when subjecteatktdronic irradiation for one year. For
these reasons, Case 48 BP configuration, charaeteby an added steel layer of 1.7 mm on
the lithium channel external surface, for a toidilm channel thickness of 3.5 mm, and by
an overall BP thickness reduced down to 12.8 mm be®n selected as the reference one for

Phase 4 calculations.
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This phase of the BP design review procedure has bpecifically intended to optimize
the BP steady-state thermo-mechanical performamceier nominal loading conditions
(described in § 4.2.2 and in § 4.2.3) by the im@atation of further design review strategies
inferred from the observations drawn from the ontes of previous analyses.

In particular two main considerations have beetoveed towards the choice of the BP
design review strategies taken into account in ®HBas

The first is the observation that the lithium chalnthickness seems to be stressed by the
adjacent BP region mechanical action, so a reduafothe steel volume around it may be
useful to reduce the stress amount along paths @DIla The second consideration is
represented by the necessity to reduce the predieteperature values within BP geometric
domain, achieving the double goal of reducing theoadary stress amount and of dealing
with higher stress limits values.

Moreover, the high temperature values achievedinvitfie lithium guides of the Target
Chamber (TC), probably due to their considerabiektiess, have suggested that a reduction
of this steel volume could be taken into accourdriter to avoid the conductive heat transfer
between them and the BP.

On the basis of these considerations, the BP lalyastbeen modified by means of the
elimination of the lithium channel lateral thickse@ig. 5-30) in order to relax the most
stressed BP regions.

Lateral Thickness (LT) reduction

LT =2.0cm LT=0cm

>

v
D - \

Case48 Case48-No LT

Figure 5-30. Phase 4. Reduction of the BP lithilmannel lateral thickness.
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With the aim of reducing the intense thermal gradiarising within the BP body, the
finning of the BP external surface has been takém account as a further innovative design
review strategy and it has been implemented irCidwee 48-No LT BP configuration.

The initial step of the BP external surface finnimgs been the analysis of the thermal
effect of different sets of fins, differing eachhet in the geometric characteristics. As a
consequence of a parametric study, two batcheslbffihs have been assumed on the
external surface of the Case 48 - No LT BP geometnfiguration, assessed in the previous
thermo-mechanical analysis, and a proper revisech8Bel of the BP has been set-up (figure
5-31) to investigate the steady state thermo-mecalperformances of the resulting finned
BP configuration under nominal loading conditions.

Finning of the BP external surface

20 mm

o o

Figure 5-31. Phase 4. Case 48 - No LT finned BRigoration.

Finally, since it has been observed that a largeusinof heat power is deposited by
neutrons and gammas within the volume of the T@ilwh Guides (LGs), giving a strong
contribute to BP heating, a reduction of their votuhas been taken into account (figure 5-
32) as an additional BP design review strategpetimplemented together with all those thus
far considered.

A proper 3D FEM model of the IFMIF TA, properly eswled with the Case 48-No LT
finned BP geometric configuration, in which the MGlume has been reduced, has been set-

up. It is characterized by 604093 nodes connected®®137246 linear tetrahedral and
hexahedral elements.
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TC Lithium Guide thicknessreduction

Steel volume removed

Figure 5-32. Phase 4.Reduction of the TC LG thiskne
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54.1. Steady stateand transient analysis

The thermo-mechanical performances of the revieBRdonfiguration have been carried
out taking into account the loading conditions $aen for the IFMIF nominal operational
scenario already described. Moreover, the natunavection heat transfer taking place in the
gaps between helium and fins has been considerethdgns of a heat transfer model
characterized by a convective heat transfer caeffich equal to 5 W/(m2 °C) and a helium
bulk temperature of 50 °C, while the rest of the &@ernal surface has been supposed to be
thermally coupled to the HFTM surface, kept at &) by means of a thermal conductance
depending on the distance between BP and HFTMreadtsurface.

From the thermal point of view, results have shdhat the review procedure of both BP
and TC LGs leads to a strong reduction of the ptedi BP average temperature, with a
remarkable drop in the maximum value of ~50 °C.oAlse maximum temperature achieved
within the TA is predicted to decrease down to lmeaf ~400°C against the 427.5 °C of the
previous model (Figs. 5-33 and 5-34).

As far as mechanical results are concerned, the predicted thermal field within the
IFMIF TA leads to a strong reduction of the thernséesses, together with an average
decrease of the stress limit values due to theeafentioned reduction of the predicted BP
average temperature. In fact, from the mechanicahtpof view, except for extremely
localized regions in which, due to numerical siagies, really high Von Mises stress values
have been calculated, the stress field achievessalell below the 250 MPa (Figs. 5-35 and
5-36).

Moreover, all SDC-IC safety criteria are largelyfifled in all paths considered, due the
reduction of the thermal field carried out from Bsas. In particular, the criterion aimed at
the checking of the immediate flow plastic collapsamely that involving the (P+ Qn) / &
ratio, is still the most critical among those calesed, achieving a value equal to 0.7830 along
path IL (Table 5-10).

Table 5-10. Phase 4. SDC-IC safety rules veriforati

PathAB| PathCD PathEF PathGH Pathl|L

Titax-patn[°C] 288.8 | 251.6 157.4| 2255  270.
P/S 0.0023 | 0.0010/ 0.0003 0.0008  0.0015
(Pr+P)/(Ke*Sm) | 0.0017 | 0.0008| 0.0002  0.0006  0.0011
(Pr+Qnm)/Se 0.3232 | 0.4439| 01362 0.7117 0.7830
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Figure 5-34. Phase 4.TA thermal field.

125




Temperature [°C]

+3.300e+02
+3.143e+02
+2.986e+02
+2.829¢+02
+2.671e+02
+2.514e+02
+2.357e+02
+2.200e+02
+2.043e+02
+1.886e+02
+1.729e+02
+1.571e+02
+1.414e+02
+1.257e+02
+1.100e+02

Tmax = 323.7 °C

Figure 5-35. Phase 4. BP thermal field.
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OVM Max — 2562.0 MPa

Figure 5-36. Phase 4. TA Von Mises stress field.
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Figure 5-36. Phase 4. BP Von Mises stress field.
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Results thus far obtained allow to conclude thatdbmbined effect of all the BP design
review strategies taken into account permits tecdeh BP geometric configuration able to
safely withstand the thermo-mechanical loads iteugdes under steady state conditions.

Therefore, in order to investigate the effect ¢ trolumetric swelling strain field on the
BP, a transient thermo-mechanical analysis has pedarmed taking into account the IFMIF
TA model in which the original BP has been replaeatth the Case 48-No LT finned one.
The transient normal operation loading scenarioldees adopted and a linear dependence of
swelling strain on DPA has been assumed, imposivay after one year of neutronic
irradiation the swelling strain value achievedla beam footprint region centre amounts to
0.75 %.

Results carried out from the analysis indicate, thatn the mechanical point of view, the
most critical SDC-IC safety criteria is still thatvolving the (B, + Q.) / & ratio, while the
remaining level A criteria are fulfilled during thentire normal operation period of one year
along all BP paths taken into account.

For this reason only the time evolution of the, P Q) / & ratio has been reported in
Figure 5-37. From the observation of thg, P Q) / & ratio time evolution it can be noted
that a volumetric swelling strain equal to 0.40685 achieved after 195 days of neutronic
irradiation at the assumed swelling strain rateysea the failure of the BP due to the
immediate plastic flow localisation along path AB.

1.8 7—————— -=PathAB —+—PathCD Path EF  —#-Path GH PathIL | /././.

1.6
L &,,=0.40625 % re

1.2 /./l:./:/‘,
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Figure 5-37. Phase 4.{R Q) / S ratio time evolution.
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5.5. Phase5

The BP design review procedure has allowed a Bihge@ configuration to be selected.
This configuration is able to safely withstand tbteady state thermo-mechanical loads
relevant to the IFMIF nominal scenario and assuB®difetime of 195 days in case transient
nominal operational conditions under neutronic diadion are taken into account.
Nevertheless, results of the BP optimization pracedire affected by the uncertainty of the
volumetric density of nuclear heat power and DPAtisp distributions assumed, which are
those calculated by ENEA with reference to theinaglFMIF TA geometric model, without
considering the geometric modifications generatgdthi® optimization procedure of the
investigated domain.

For this reason, on the basis of BP and TA geometmfigurations selected at the end of
the optimization procedure, a new neutronic analgampaign has been performed at ENEA
in 2015, aimed at the determination of an appréognelumetric density of nuclear heat
power and DPA spatial distributions relevant to thatimized BP and TA geometric
configurations carried out from the optimizatioropedure. These new spatial distributions
have been adopted for a further campaign of bo#adst state and transient thermo-
mechanical analyses, aimed at the assessment opdtfermances of the IFMIF TA
optimized configuration when subjected to pertineeutron-induced thermo-mechanical
loads.

It has to be noted that, for both volumetric dgnsif heat power and DPA spatial
distributions, the new data provided by ENEA haemoerned uniquely the BP and TA
optimized geometric domains, while as to Lithiunfetrpipe and support framework, a1/r
dependence has been supposed. In particular, &Y l{ds been adopted, implementing the
new calculated 'ty value at the BP centre. The same approach has dumgsted for the
evaluation of the DPA field arising within Lithiumlet pipe and support framework.

55.1. Steady stateanalysis

Steady-state un-coupled thermo-mechanical analy@es been performed under nominal
loading conditions to assess the influence of ther wolumetric density of heat power
(figures 5-38 and 5-39) spatial distribution on tleeised BP and TA thermo-mechanical
performances. As it has been assumed in the ogtifoiz procedure, the steady state loading
conditions relevant to the nominal scenario of IFMMave been taken into account, modelling
the natural convective heat transfer between helamd BP external finned surface as
described in § 5.4. The temperature distributiobtaioed from thermal calculations have
been reported in figures 5-40 and 5-41, while Vorsdd equivalent stress fields arising
within the structure are shown in figures 5-42 &3. Moreover, SDC-IC safety rules have
been checked and they are reported in table 5-11.
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Figure 5-38. New BP volumetric density of nucleaahpower spatial distribution.
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Figure 5-39. New TA volumetric density of nucleaahpower spatial distribution.
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Tmax =398.9 °C
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Figure 5-40. Steady state analysis. TA thermatifiel
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Figure 5-41. Steady state analysis. BP thermal.fiel
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OVM Max — 2553.0 MPa
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Figure 5-42. Steady state analysis. TA Von Misessstfield.
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Figure 5-43. Steady state analysis. BP Von Misessffield.
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Table 5-11. Phase 5. SDC-IC safety rule verifigatio

PathAB| PathCD PathEF PathGH Path|L

Titax-patn[°C] 282.4 | 250.3 153.8| 2147  267.9
P/Sh 0.0023 | 0.0012| 0.0003 0.0007  0.0017
(Pr+P)/(Ke*Sm) | 0.0017 | 0.0009| 0.0002  0.0005  0.0011
(Pr+Qm)/Se 0.3278 | 0.4170| 0.1142 0.4266 0.7705

The obtained steady state results have highligtitaty from the thermal point of view,
adopting the new volumetric density of nuclear hpater spatial distribution, the maximum
predicted BP temperature is equal to 320.4 °C wilake far as the TA is concerned, the
maximum value of 398.9 °C is still calculated witHithium guides volume. These results
allow to conclude that the new calculated voluneetiensity of nuclear heat power field has
no significant impact on the BP thermal behaviour.

From the mechanical point of view, Von Mises eqlenastress reaches values below 300
MPa in almost all the BP geometric domain, exceptafvery localized region in which Von
Mises equivalent stress maximum value occurs, fmglbdue to a geometric singularity. The
same observation can be done assessing the TA \&es/dtress field.

Furthermore, SDC-IC Level A safety rules are tgtalhtisfied along all paths taken into
account. Also in this case the most critical crateris that involving the (R+ Q) / & ratio,
which attains its highest value, equal to 0.770n@path IL.

55.2. Transent analysis

In order to take into account the volumetric svngjlistrain effects on the thermo-
mechanical performances of TA and BP, a campaignaosient analyses has been launched
adopting the new DPA spatial distribution carriad by ENEA, aimed at the evaluation of
the BP lifetime under neutronic irradiation. Tostlpurpose, the normal operation transient
loading scenario has been assumed.

In this campaign of transient analyses, two difiéigcenarios, differing each other for the
assumptions aimed at the simulation of the swelbtrg@in mechanical effect, have been
investigated.

In the first one, named Scenario 1, the volumeiwelling strain field has been considered
to be uniquely dependent on the DPA spatial distitim, as already done in the geometric
optimization procedure. In figures 5-44 and 5-4& tiew volumetric swelling strain field at
the end of the nominal operational period of onarye shown, with reference to Scenario 1.

In the second scenario, named Scenario 2, the \afimswelling strain has been assumed
to be a function of both DPA and temperature spdisributions, as shown by experimental
data reported in [49]. Following this approach, erenrealistic simulation of the mechanical
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effect of the swelling strain may be performed,ingkinto account the effect of the
temperature on Self Interstitial Atom (SIA) and &acy dynamics.

According to experimental data, the uniquely DPAardent swelling strain values,
¢(DPA), already adopted for Scenario 1 analysis.ehasen properly scaled by means of a
purposely set up temperature-dependent weightitme{(T).

It has been thereby possible to introduce the vetum swelling strain dependence on
local temperature T, defining tlRéDPA,T) local swelling strain values as follows:

£(DPA,T) =w(T)e (DPA) (5-1)

According to experimental data [49] and imposinginear dependence of swelling by
temperaturep(T) function has been assumed to be 0 for tempera@lues less than 360 °C,
while the condition ofa(T) equal to 1 is attained at T = 400 °C. For terapges above 400
°C, experimental data show a decreasing of thenveluc swelling strain.

Since thermal analysis allows to predict a maxinBtemperature equal to 320.4 °C, it
can be observed that no swelling occurs withinBBaenario 2 analysis (Figure 5-46), where
temperature effect on the dislocation and vacangyawchics has been taken into account.
Anyway, non-zero volumetric swelling strain valuswe predicted within TA lithium guides,
being the hottest TA regions (Figure 5-46).

Thermo-mechanical transient analyses under the adooperation loading scenario have
been performed, taking into account both the abevdimned swelling scenarios, checking
the fulfilment of the SDC-IC level A safety critari

Results obtained have indicated that, from the m@eiclal point of view, the criterion
aimed at the verification of the immediate flowgtla localisation is still the most critical in
both scenarios investigated, while the othersatadly fulfilled.

For this reason, in order to evaluate the BP fifeti the time evolution of the {P+ Q) /

S ratio has been reported in figures 5-47 and 5w8le the Von Mises equivalent stress
field arising within BP at the end of its lifetimestimated to be equal to about 190 days for
Scenario 1 and to 360 days for Scenario 2, is shovigures 5-49 and 5-50.

Results obtained have shown that the total fulfiitref the SDC-IC level A safety criteria
is predicted along all paths taken into account rwkige dependence of the volumetric
swelling strain on the local temperature is implated within the FEM model in order to
perform a more realistic simulation of the swelleftect.

On the basis of this observation, it can be coreduthat the optimized BP configuration
selected at the end of the design review proceasiésto safely withstand thermo-mechanical
loads it undergoes during the one year long noopatation period.
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Figure 5-44. Scenario 1. BP volumetric swellingstrspatial distribution at t = 360 days.

139



Volumetric swelling

strain

+1.744e-04
+1.640e—04
+1.536e—-04
+1.432e-04
+1.328e—04
+1.224e-04
+1.120e-04
+1.016e-04
+9.115e-05
+8.074e-05
+7.033e-05
+5.992e-05
+4.951e-05
+3.911e-05
+2.870e—05

Volumetric swelling

+4.423e-04
+4.107e-04
+3.791e-04
+3.475e-04
+3.159e-04
+2.844e-04
+2.528e-04
+2.212e-04
+1.896e-04
+1.580e-04
+1.264e-04
+9.481e-05
+6.322e-05
+3.163e-05
+3.523e-08

Volumetric swelling
strain

+1.127e-03
+1.052e-03
+9.759e-04
+9.002e—-04
+8.245e-04
+7.489e-04
+6.732e-04
+5.975e-04
+5.219e-04
+4.462e—04
+3.705e-04
+2.949e-04
+2.192e-04
+1.435e-04
+6.788e—05

140

Figure 5-45. Scenario 1. TA volumetric swellingagtrspatial distribution at t = 360 days.
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Figure 5-46. Scenario 2. Volumetric swelling strapatial distribution at t = 360 days.
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Figure 5-47. (R + Q) / S ratio time evolution. Scenario 1.
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Figure 5-48. (R + Q) / S ratio time evolution. Scenario 2.
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Figure 5-49. Transient analysis. Scenario 1. BP Mases stress field at t = 190 days.
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Figure 5-50. Transient analysis. Scenario 2. BP Maes stress field at t = 360 days.
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6. Conclusions

During the Ph.D. course of the XXIX Ciclo in Enexgé Tecnologie dell’Informazione -
curriculum Fisica tecnica e Ingegneria Nucleafaefgy and Information Technologies -
curriculum Applied physics and Nuclear Engineering), held at the University of Palermo, and
in the framework of a fruitful collaboration betwethe Department of Energy, Information
Engineering and Mathematic Models (DEIM) of the wnsity of Palermo and the ENEA-
Brasimone, the thermo-mechanical behaviour of BMIF Target Assembly has been widely
investigated under different loading scenarios.

The work has been carried out following a theoedtrmumerical approach based on the
Finite Element Method (FEM) and using the quoted/ktede ABAQUS v.6.14.

The study has been divided in three main phaseb, @@ aimed at the investigation of a
specific issue of the IFMIF Target Assembly.

In particular, the first phase of the study hasealnat the set-up of a FEM model of the
IFMIF Target system mock-up present at the ENEAsBn@ne research centre and at the
simulation of the pre-heating phase of the IFMi&rtstip transient scenario. This phase of the
start-up scenario is foreseen in order to raise tdrget system temperature up to the
operational value of 250 °C as much uniformly asgide by means of a set of electric
heaters placed on its external surfaces. In ordeschieve this goal, a transient thermal
campaign of analysis has been carried out and ediependent load profile for the electric
heaters has been found out.

Results obtained from this first phase have higitéd that the steady state conditions are
reached after about 320 minutes. Neverthelesgh#renal field achieved within the structure
does not totally fulfil the thermal requirementsice the maximum temperature registered at
the centre of the BP is well below the referendee@f 250 °C. A revision of both the size
and the arrangement of the electric heaters is atand in order to achieve higher
temperature values within the lithium channel ahd BP, in particular.Moreover, results
obtained in this phase will be usedecpost validate the FEM model of the target system
mock-up adopted in the calculations once the femregae-heating experimental campaign
will be performed adopting the TA mock-up.

In the second phase, the thermo-mechanical behaviothe IFMIF Target Assembly,
whether endowed with its framework and the Lithiunbet pipe, has been assessed under the
steady state nominal scenario.

A 3D FEM model of the IFMIF TA has been set-up #mel loads and boundary conditions
pertinent to the IFMIF nominal scenario have beensiered. In particular, two different
cooling strategies, simulated by means of properntlal boundary conditions, have been
taken into account for the TA framework.
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The results carried out have shown that an acckeptabrmal field is achieved within the
investigated domain, since the maximum temperatusgell below the EUROFER critical
temperature of 550 °C. From the mechanical poini@iv very high values of the Von Mises
equivalent stress are predicted in a localizedoregrobably due to a numerical singularity in
the FEM model, while the rest of the domain shotnesss values lower than 400 MPa.

Moreover, a stress linearization procedure has pe€eiormed along five significant paths
of the Back-Plate and the SDC-IC safety criterimehlbeen checked. Results have shown that
for two paths the safety rules against the immedastic flow localization, taking into
account both primary and secondary stresses, areribied.

Therefore, a review in the BP design seems to bessary in order to assure a complete
fulfilment of the SDC-IC design criteria.

On the basis of these results, the third phaskeo$tudy has thus regarded the optimization
of the BP design. This phase has been organizediffierent sub-phases, in which the
influence of several geometric parameters or lgadonditions on the BP thermo-mechanical
behaviour have been considered. In particular,ggmmetric parameters taken into account
have been the thickness of the BP lithium charmdloth lateral and beam direction, the BP
total thickness and the thickness of the lithiunrdgs on the TA. The additional cooling of the
BP external surface by means of a set of fins heen bmoreover considered. Finally, the
updated EUROFER material properties have been mmgaléed in the FEM model.

The adoption of all these modifications has ledat@A configuration able to safely
withstand the thermo-mechanical loads envisagethtosteady state IFMIF nhominal scenario
and fulfilling all the design criteria foreseen ttne SDC-IC code.

Moreover, the influence of the volumetric swellstgain on the IFMIF thermo-mechanical
behaviour has been assessed by means of a traasi&ysis. In particular, two different
approaches have been adopted for the volumetriltisgvstrain simulation.

Firstly, the volumetric swelling strain field hasdn carried out imposing a linear
dependence of swelling strain on DPA and assumived after one year of neutronic
irradiation the swelling strain value achievedls beam footprint region centre amounts to
0.75 %.

Secondly, the volumetric swelling strain has bessumed to be a function of both DPA
and temperature spatial distributions. Followinig #ypproach, a more realistic simulation of
the mechanical effect of the swelling strain maypkeormed, taking into account the effect
of the temperature on self-interstitial atom andarecy dynamics. According to experimental
data, the uniquely DPA-dependent swelling strailnes ¢(DPA), have been properly scaled
by means of a purposely set up temperature-depemaeght functionwo(T), which has been
assumed to be 0 for temperature values less thari@Go6while the condition ab(T) equal to
1 is attained at T = 400 °C. For temperatures abt@ °C, experimental data show a
decreasing of the volumetric swelling strain.
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Results obtained from transient analysis perfororethe TA endowed with the potentially
optimized design of the BP have shown that a Bfiiife of about 190 days is predicted in
case the volumetric swelling rate dependent on @A spatial distribution is taken into
account, while a BP lifetime of one year is preglictvhen temperature effects on dislocations
are considered, since the BP temperature is wigibthe threshold value of 360 °C.
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