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Abstract

In the next decades, in order to address climate change, the electricity generation sector needs
to definitely abandon fossil fuels and rely on sustainable and carbon-free energy sources. In
view of this, fusion energy represents, in the long-term, a clean and predictable energy source,
useful to handle and balance the well-known intermittency of the wind and solar electricity
production. In the framework of the European roadmap for the realization of fusion energy, a
key step is the realization of the EU DEMO fusion reactor, the first fusion device to produce
electricity and to exploit a closed-fuel cycle, demonstrating tritium self-sufficiency.

To produce the tritium fuel needed for the fusion reactions, DEMO will be the first fu-
sion reactor to have a Breeding Blanket (BB); the BB, in fact, contains lithium-based materi-
als (called breeding materials) which, interacting with the neutron flux coming from the
plasma, produce the tritium needed to sustain the fusion reactions. Among the concepts pro-
posed during the years for the EU DEMO BB, one of the most promising ones is the Helium
Cooled Pebble Bed (HCPB). This concept involves the use of gaseous helium at 80 bars as a
coolant, ceramic pebbles made by a mixture of Li4Si04 and Li,TiO3 as breeding material, be-
ryllium ceramic pebbles as Neutron Multiplying Material (NMM), and the EUROFER97 low -
activation stainless steel as structural material. Since the BB is directly exposed to the heat
load coming from the plasma, its cooling is of huge importance to avoid excessive overheat-
ing of the solid structures which can lead to structural failure; moreover, the cooling scheme
must be optimized to maximize the heat removal and, hence, deliver more heat to the Power
Conversion System (PCS).

The thermal-hydraulic design of the BB concepts must be studied under both opera-
tional and accidental conditions. Being the design of EU DEMO reactor at a pre-conceptual
stage, preliminary studies using numerical tools are needed to give useful feedbacks for future
detailed studies and experiments. In this work a model of the of the Primary Heat Transfer
System (PHTS) of the HCPB BB is developed, starting from the already existing GETTHEM
code developed at Politecnico di Torino, to perform parametric analyses regarding the acci-
dental scenario of a Loss of Flow Accident (LOFA). The model, written with the Modelica
modelling language, aims to be a system-level, fast-running tool useful to simulate the global
thermal-hydraulic behavior of the HCPB BB under the above-mentioned accidental scenario,
with a particular focus on the temperatures reached inside the solid structures of the First Wall
(FW), as it is the region directly exposed to the plasma. Three different initiating events are
considered for the onset of a LOFA: (i) the complete loss of the circulating power of the cool-
ing loop, which leads to the most severe scenario, (ii) the failure of one of the two circulators
feeding the cooling loop, and (iii) the obstruction of a single FW channel. Moreover, each
scenario has been tested with and without the intervention of the emergency plasma shutdown
system, which, if activated soon enough, has shown that it can effectively mitigate the conse-
quences of the accident.
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Chapter 1

1. Introduction

1.1. The EU DEMO plant

The development of the European Demonstration Fusion Power Plant (DEMO) is one of the
main goals of EUROfusion, the European Consortium for the development of fusion energy
[1]. It lies between ITER, the world’s largest fusion experiment which is currently under con-
struction, and the first commercial fusion power plant, with the aim of generating several
hundreds of MW of net electricity and operating with a closed tritium fuel-cycle by the mid-
dle of the century.

-~
Pre-conceptual design Conceptual design Engineering design
2020 2027 2029
. Eassline architecture selected | .
@ i Driver/advanced blanket selected i |
= 1 : Selection exhaust options : :
£ f | H&CD mix selection | |
@ { y i Lo
- o4
??n ;J mﬂdmﬂm ,j‘
£ ! breeding blankets) )
b} o
[eh] F , | 1
1
s : ! =t
4 | | 8,
: -t
| | Q:
| -1
(] ! =Y
I I LIJ
2 r o
Q |
=
(]
E Focus: Answer critical questions
g
.o 1
E = 7 1 1 :
S | | -
é E ! 1 ! i
g Pre.CDR eoR
.

Figure 1.1: EU DEMO design stages [1]

DEMO is currently at a pre-conceptual design phase, meaning that the selection of the
technologies and design principles of the main tokamak components (which will be presented
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in section 1.2) are still under investigation; in this sense, DEMO design should be based as
much as possible on the ITER operation experience [2], which will hopefully demonstrate ro-
bust burning D-T plasma regimes and provide useful info about materials and technologies
(e.g., vacuum vessel, magnets, cryostat). At the moment, due to the uncertainties regarding
the technological solutions to be adopted, it’s been considered undesirable for the initial study
effort to focus on developing a detailed design and therefore some flexibility in the approach
to the conceptual design is needed.

The main goals [1,3,4] DEMO must achieve are:

1. Produce a net electricity output of about 500 MW achieving long plasma pulses (>
2h),

2. Tritium self-sufficiency, minimizing T inventories,

3. Demonstrate all the technologies for the construction of a Fusion Power Plant (FPP),

4. Ensure an adequate level of reliability and availability and demonstrate safety and sus-
tainability of the plant,

5. Prepare the ground for an assessment of the feasibility and economic viability of a fu-
ture commercial FPP.

Since the device aims to produce net electric power, it will be the first FPP to exploit a
complete Balance of Plant (BoP), including a heat transfer system and a Power Conversion
System (PCS) to generate electricity [5]. The BoP, especially the turbine, requires steady
thermal operating conditions while the tokamak operation will be pulsed; that is the reason
why an Energy Storage System (ESS) is needed. Thus far, the most promising option for the
ESS is the Intermediate Heat Transfer System (IHTS), making use of molten salts to store en-
ergy, which receives the heat from the Primary Heat Transfer System (PHTS) and delivers it
to the steam generator of the PCS that, in turn, is based on a Rankine cycle. The component
that interfaces the EU DEMO machine with the BoP system is the so-called Breeding Blanket
(BB). It is the plasma-facing component exposed to the largest heat deposition inside the to-
kamak and, as a result, the cooling of the BB through the PHTS will have a key role in the
production of electricity. Also, the EU DEMO BB will have the function of producing Triti-
um, the fuel needed for fusion reactions together with Deuterium, in order to achieve fuel
self-sufficiency (i.e., goal 2). This is necessary because Tritium is poorly available in nature,
given that it is a radioactive isotope with short half-life, and therefore EU DEMO must
demonstrate the capability of exploiting a closed fuel-cycle, minimizing the fuel inventories
required, and eventually produce a sufficient surplus of Tritium needed for the startup of a
new FPP.

1.1.2. EU DEMO tokamak functioning principle and compo-
nents

EU DEMO tokamak is a complex device that generates thermal power through nuclear fusion
reactors between two isotopes of hydrogen, namely Deuterium (D) and Tritium (T). These

two isotopes, in order to undergo a fusion reaction, must be heated to extremely high tempera-
tures (in the order of magnitude of hundreds of millions of Kelvins) at which they ionize and
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become plasma. After these D-T reactions, Helium particles and neutrons are emitted as
products:

D +TZ - Hey +n+17.6 MeV (1.1)

Neutrons carry most of the energy generated, 14.1 MeV, heating up the BB, while the
remaining energy of the Helium is used to keep the plasma hot. Unlike fission, fusion reaction
does not need neutrons to take place; this means that fusion chain reactions cannot happen,
avoiding the possibility of an uncontrolled growth of power and making the fusion technology
intrinsically safe.

Since the plasma is ionized, the D-T mixture must be confined inside a doughnut-
shaped chamber called torus thanks to a combination of magnetic fields, generated by differ-
ent sets of superconducting magnets. Figure 1.2 shows the EU DEMO layout.

DEMO Fusion Reactor Core

Breeding /\
Blanket
Vertical /
Manifold I‘i'
pEls IH Vessel
Neutron “"
Shield Ii“
~320°C ll%‘
t) Divertor
Vacuum
Vessel
g Magnet
DEMO = Demonstration Fusion Reactor Plant I £7K

Figure 1.2: General layout of EU DEMO tokamak. Main components and their operating temperatures are highlighted. [32]

The DEMO superconducting magnet system will be the largest magnet system ever
made, reaching higher currents and magnetic fields (up to 13 T) than any other counterpart on
Earth. The magnetic field needed for plasma confinement and stability has field lines follow-
ing an helicoidal path around the torus, which are actually the resultant of three different
magnetic field components: (i) a toroidal field component produced by D-shaped Toroidal
Field Coils (TFCs), (ii) a poloidal component given by a strong electric current flowing inside
the plasma which, in turn, is induced by the AC current flowing inside the Central Solenoid
(CS), and (iii) a vertical field component generated by six ring-shaped Poloidal Field Coils
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(PFCs) placed outside of the toroidal ones [6]. While the first two components of the field
(i.e., toroidal and poloidal) provide the confinement for the plasma, the vertical component
contribute to its stability and gives a particular shape to the plasma useful to reach the so-
called “divertor configuration”. Because of the great currents they will carry, the magnets
must be manufactured from superconducting materials with zero electric resistivity, to avoid a
massive heat deposition due to Joule effect. The materials selected for EU DEMO are Niobi-
um3-Tin (Nb3Sn) for the TFCs and the CS, and Niobium-Titanium (NbT7) for the PFCs, both
superconducting when cooled with supercritical helium at 4.5 K.

It is interesting noticing that, inside the same machine, there will be a 100 million K
plasma just few meters away from the superconducting magnets operating at 4.5 K; for this
reason, DEMO, just like ITER, will need a cryostat. This component is a huge stainless-steel
chamber which provides the high-vacuum, ultra-cool environment for the superconducting
magnets and for the thermal shield operating at 80 K, as well as serving as a structural support
for the tokamak [7]. It has some penetrations to allow access for maintenance and several ac-
cesses for cooling systems, magnet feeders, auxiliary heating, and diagnostics.

Inside the cryostat, DEMO features the Vacuum Vessel (VV), a stainless-steel toroi-
dal chamber that provides an ultra-high vacuum environment needed for the plasma [8]. It
houses and supports the plasma-facing components and acts as a first safety barrier/shield for
radioactivity.

Central solenoid Toroidal field coils
(For inducing current in plasma) (Axial field)

I
...mJ ;

"7...... ..HV

ML-_)‘\

_...«'=- - == ‘e._

Blanket Polgidal field coils
(Vertical field)

oy
‘.‘/
\

Helical path of
charged particles

Figure 1.3: View of the superconducting magnets system and the resulting helical path of charged particles inside the plas-
ma.[9]

The two in-vessel components directly facing the plasma which are exposed to the
highest heat deposition inside the tokamak are the divertor and the breeding blankets. The di-
vertor, placed at the bottom of the VV, is the target of the Helium ashes and other charged
particles escaping from the plasma boundary along the so-called Separatrix, an open magnetic
field line which separates the toroidally confined region from the region where field lines
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connect to material surfaces. This component serves the dual function of extracting the huge
heat load carried by plasma particles and pumping the impurities out of the VV, preventing
them to renter the plasma. Currently, the most mature divertor technology, already selected
for ITER, is a solid and modular structure, made by several cassette assemblies with toroidal-
ly symmetrical geometry [10]. These cassettes, actively cooled by water, have a stainless-steel
body covered by a tungsten armor, chosen following an international R&D effort because of
its high melting point. However, the power to be exhausted in DEMO is about six times larger
with respect to ITER, this means that the heat flux hitting the divertor plates will be larger
than 40 MW /m? (compared to the 10 MW /m? predicted for ITER steady state operation),
definitely too high to withstand, given the maximum heat flux presently limited to 20 MW /
m? by materials technology. To overcome this issue, several other options are being investi-
gating in parallel to ITER operation, for instance by the Divertor Tokamak Test (DTT) facili-
ty in the ENEA Frascati Research Center, supported by EUROfusion, which aims to explore
and qualify alternative power exhaust solutions for DEMO. Three different strategies are be-
ing followed: (i) increase the fraction of energy exhausted by radiation channel using impurity
seeding, (ii) exploring liquid metal divertors, which could bear up to 100 MW /m? thanks to
the latent heat of vaporization, and (iii) increase of the flux expansion to distribute the strike-
point heat flux over a larger area of the target (Super-X configuration).

Last but not least, EU DEMO will have a Breeding Blanket, covering the interior of
the VV torus in a modular layout. Other than shielding for radiation-sensitive components and
personnel from neutron and heat fluxes, the BB, as mentioned previously, has two primary
roles. First, it must extract the neutrons power, by mean of a suitable coolant flow, to avoid
failures of the structural materials and to heat up another fluid, leading to electricity produc-
tion in the PCS. An adequate design of the cooling system is required in order to maximize
the net efficiency of the plant. On the other hand, the BB must breed and extract enough triti-
um for the plant self-sufficiency. Trittum production take place in the so-called Breeding
Zone (BZ), where a material (thereby called breeder) enriched in Lithium is invested by the
neutron flux coming from the plasma, giving nuclear reactions which produce tritium. Lithi-
um has two different isotopes in nature, with different abundance on earth, each of them in-
teracting with neutrons as follows:

LiS+n' > T + HeS + 4.8 MeV (1.2)

Lil+n > T2 +Hef +n' —2.5 MeV (1.3)

Where n’ is a thermal neutron and n a fast one. Reaction (2) is triggered by a fast neu-
tron coming from the plasma, producing a thermal neutron that, reacting with Li-6, gives an-
other Tritium atom (reaction (1.2)). An important parameter for the assessment of the plant
self-sufficiency regarding the fuel is the Trittum Breeding Ratio (TBR), the ratio between
Tritium produced in the blanket and Tritium burnt in the plasma. The additional neutron pro-
duced by reaction (1.3) helps meeting DEMO requirement for a TBR larger than 1, but it is
not enough; due to parasite neutron absorptions and leakages, also a Neutron Multiplying Ma-
terial (NMM) is needed inside the blanket. The BB has also a third role: it acts as a first barri-
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er against high-energy neutrons coming from the fusion reactions inside the plasma. It reduces
the neutron irradiation that hits the VV and, along with the VV itself, protects the most radia-
tion-susceptible components of the tokamak, which are the superconducting magnets operat-
ing at the extremely low temperature of 4.5 K.

Several options for the design of the BB are currently being studied for implementa-

tion in DEMO plant by research activities coordinated by the EUROfusion consortium, in-
volving different choices for breeder material, NMM and coolant [11,12]. The most promis-

ing concepts are:

Helium-Cooled Pebble Bed (HCPB): this concept has gaseous helium coolant, a mix-
ture of Li4Si04 and Li>TiOs, in form of ceramic pebbles, as breeder, and beryllium
pebbles as NMM. Tritium is extracted by means of a helium purge flow. The selected
structural material, chosen also for the other three concepts, is a ferritic-martensitic
stainless steel named EUROFER, which guarantees low levels of neutron-induced ac-
tivation.

Helium-Cooled Lithium-Lead (HCLL): this concept has a helium-cooled structure
made of EUROFER steel, and a liquid PbLi eutectic flow, enriched to 90% in Li-6 to
ensure the target TBR, serves as both tritium breeder and neutron multiplier. The main
drawback of a liquid metal breeder is the interaction with the magnetic fields, leading
to MHD pressure losses. Since liquid metal does not play the role of coolant, its veloc-
ity inside the blanket can be minimized to reduce the electromagnetic pressure losses.
Water-Cooled Lithium-Lead (WCLL): this concept too uses liquid PbLi eutectic as
breeder and neutron multiplier material, whereas the role of coolant is fulfilled by
pressurized water. As it happens for the HCLL concept, the presence of liquid metal
induces MHD pressure losses which should be minimized. Structural material is EU-
ROFER steel.

Dual Cooled Lithium-Lead (DCLL): as suggested by the name, this concept make use
of two coolants. Helium cools the FW and module box, while liquid PbLi eutectic,
with a Li-6 enrichment of 90%, self-cools the BZ while acting, at the same time, as
breeding material and NMM. Liquid metal flows with high velocities to fulfil his role
as coolant leading to relevant MHD losses, hence the design should account for this
issue.

This thesis work will focus on the HCPB concept, which will be addressed more in detail in

chapter 2.
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1.2. Aim of the work

The EU DEMO HCPB blanket, like other concepts, is still at a pre-conceptual design stage,
making it difficult and pointless to implement a detailed model for the dynamic simulation of
the thermal-hydraulic behavior of the BB cooling loop, which can be very expensive from a
computational point of view, given that data and design choices may change within a short
period of time.

For this reason, this thesis uses as numerical tool the GETTHEM (General Tokamak
THErmal-hydraulic Model) code, a system-level code developed at Politecnico di Torino for
the thermal-hydraulic modeling of the EU DEMO PHTS and BoP, which allows to run fast
simulations and get useful results on the global behavior of the components involved, both
during nominal transients and accidental scenarios.

The scope of the thesis is to parametrically analyze the consequences of a Loss-of-
Flow Accident (LOFA) inside the HCPB breeding blanket. This accident may be caused by
different initiating events such as circulator trip, loss of offsite power or channel obstruction,
and can result in excessive overheating of the BB segments and, eventually, the failure of the
materials if the accident is not readily detected, delaying the plasma shutdown. Different sim-
ulations will be performed considering both partial and total LOFA and making different as-
sumptions on the plasma shut down system intervention, highlighting the maximum tempera-
ture reached inside the blanket for each scenario. In particular, the model will have a higher
level of detail for the First Wall (FW) with respect to other regions of the blanket, because
that is the region in which the most critical conditions are expected.
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Chapter 2

2. EU DEMO Helium-Cooled Pebble
Bed Breeding Blanket and PHTS sys-
tem

2.1. HCPB design description

In the framework of the EU Roadmap to Fusion Energy, the EUROfusion Consortium started
in 2014 the Pre-Conceptual Design (PCD) phase of DEMO reactor, at first indicating four BB
concepts to be explored and then focusing on the two most promising: WCLL and HCPB. As
already said above, this work will focus on the latter.

The starting point for the HCPB was the ITER HCPB TBM “act-alike” [13] (shown in
figure 2.1 below), organized in horizontal and vertical grids joined to the U-shaped, actively
cooled FW. The so-called Breeder Units, containing LisSiO4 and the NMM, were placed in-
side cubicles between two parallel cooling plates. Due to the complex geometry and large
amount of steel, this concept showed poor results regarding the assessment of the tritium self-
sufficiency, which could not be ensured.

ITER HCPB TBM
Lact-alike’, as

Ttartlng point...

+ 11 Robustness (in-box LOCA)
+ Redundant cooling (investment protection feature)
— 11 Steel, || TBR (1.06)
71 Fabrication complexity
— 11 Flow complexity, 11 Ap (Ppynp=250MW), | | BoP TRL
11 Costs & | | RAMI & | | Safety (11 T-retention & reactivity using Be)

PPCS Model B (HCPB)

2014 .

2015
2016

+ 1 Robustness (in-box LOCA) (but complex cap structure
+Redundant coeling;-safety (found to be unpractical for BoP)
+ | Steel, 1 TBR(1.15)

t Fabrication complexity

oW complexity,

DEMO baseline 2015

T

P =150MV BoP TR

- — 11 Costs & || RAMI &rl‘l Safety (TT T—rete:nhion & 11 reactivity using Be)
2017 DEMO baseline 2017 + 11 Robustness (in-box LOCA) (simple cap simiar to BZ)
2018 + | Steel, 1 TBR (TBR=1.20)
+ | Fabrication complexity
2019 + | Flow complexity, | Ap (Ppum=90MW), T BoP TRL
+ 1 Safety (| reactivity & | | T-retention using Be,,Ti)
2020 + 1 Costs & 1

s & | RAMI

Figure 2.1: HCPB design stages during DEMO pre-conceptual design and advantages and drawbacks of each design w.r.t.
the starting design [13].
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With the release of the new DEMO baseline (BL) of 2015, a new revision of the BB
was carried out to reduce both the complexity of the box and the coolant pressure losses
(hence the circulating power too), revealing good breeding performances with a TBR near to
1.15 and good thermo-hydraulic performances; nevertheless, the improved knowledge on re-
actor integration, plasma physics and reliability, and the new requirements of DEMO
BL2017, revealed the necessity to focus on a near-term solution with more technology readi-
ness and a simpler and more reliable cooling scheme for the PHTS.

To cope with these requirements, a new different design was proposed in 2017, then
improved in 2018 and 2019, which is based on a fission-like arrangement of fuel-breeder pins
filled by Ceramic Breeder (CB) and oriented along the radial direction of the blanket [14].
This enhanced concept, the HCPB-BL2017-v1/v2, is considered to be the reference design for
the conceptual design phase of EU DEMO; in the following section a summary of its design
will be presented, based on the detailed report available on [15].

2.1.1. Enhanced HCPB general architecture

Since the DEMO BL2017 foresees a reduction of the radial thickness of the blanket from 1.3
to about 1 meter, it is considered to be more adequate to adopt a Single Module Segment
(SMS) architecture, compared to the previous Multi Module Segment (MMS), in order to
make the segment more robust against large forces that can arise from a plasma disruption
event. The BB system is divided in 16 toroidally arranged sectors (see figure 2.2), each of
them have been divided in 3 Outboard (OB) and 2 Inboard (IB) segments; the IB segments
consists of 12 BZ regions and the OB ones of 17.
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Figure 2.2: HCPB-BL2017 BB system. Left: view of all the toroidally arranged sectors, right: detailed view of a single sector
and its segments [15]
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The fuel-breeder pin is the key element of this concept: it consists of two concentric
tubes with a circular cross section, forming the inner and outer cladding of the pin (Figure
2.3). Inner and outer cladding join at the front side of the blanket and the space between them
is filled with an advanced CB called KALOS, a solid solution of Li4Si04 with Li,TiO3 in form
of pebbles. The pin is inserted inside a pressure tube, attached to the BZ backplate, which are
structural elements acting against accidental over-pressurization; also, the annulus between
pressure tube and outer cladding represents the return of the coolant that comes from BZ inlet
manifold, passing first through the inner cladding.

The neutron multiplier element, surrounding the pressure tube, is a hexagonal matrix
containing Be2Ti pebbles (as shown in Figure 2.3b), filling the front of the blanket between
the FW and the BZ backplate. A purge gas, mainly helium plus a small fraction of H», flows
through the NMM and CB extracting the tritium produced by the blanket.

" KALOS

ACB
b KAL'DS |n'|at mh-rl PJ'EEE[H'E PI‘EESUI‘E F'LlrgEgas ULIIEF QU“EI' F'L.Il'gegas Inlet
) ACB channel tube c) tube flowin NMM cladding coolant flowinpin  eoalant

Pin inner
cladding

NMM Pinouter  Qutleteaslant NMM KALOS ||"ﬂﬂ_f Backplate ~ Coolant Purge gas
(Be,Tiblock) cladding annularchannel  (BeyTiblock) CB  cladding outletplenum  manifolds

Figure 2.3: HCPB-BL2017 detail view. a) 3D view of the COB11 BZ region, b) poloidal-toroidal cross section of the fuel-
breeder pin, ¢) radial poloidal view of the pin [15]

Figure 2.4 shows a radial-toroidal view of the BB, in which are indicated all the mani-
fold volumes, behind the BZ, collecting inlet and outlet purge gas and coolant flows. A set of
three different plates behind the BZ backplate form the inlet and outlet purge gas manifold.
The segment is closed by a thick Back Supporting Structure (BSS) plate, which enclose, to-
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gether with the purge gas backplate, two volumes for the coolant FW and fuel-breeder pin in-
let.

W-armor FW Fuel-breeder pin

BZ
backplate
Purge gas
manifold
front plate
Purge gas
manifold
mid plate
Purge gas
manifold BSS outlet
back plate piping
BZ manifold Back ribs
BSS FW
FW separator
manifold plate

BSS backplate
(+shielding in [B)

Figure 2.4: Radial-toroidal cross section of the HCPB segment [15]

Like previous designs, the FW is a U-shaped actively cooled plate facing the plasma,
coated by a protecting armor of tungsten against plasma particles erosion. The FW is cooled
by helium (inlet temperature and pressure of 300 °C and 80 bars respectively) flowing in par-
allel rectangular-shaped channels, which run toroidally inside the FW plate in counter-current
flow with their neighbors. Also, to widen the impact area of fast particles coming from the
plasma, the FW will have a rooftop shaping with a slightly tilted surface.
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2.2. The HCPB cooling scheme and Primary Heat
Transfer System

As already said, EU DEMO will have a pulsed cycle during normal operating condition.
These oscillating conditions would have negative effects on the main components of the PCS,
that are steam generators and turbine, affecting their lifetime. To cope with this issue, the
DEMO BoP will be designed in a way that the PHTS and PCS are thermally decoupled, inter-
posing between them an IHTS, which uses molten salts, collecting part of the thermal energy
coming from the PHTS during a plasma pulse, and releasing it to the PCS during the dwell
time. Figure 2.5 show a simplified view of the BoP. The PHTS will hence feature an Interme-
diate Heat Exchanger (IHX), having hot helium on the primary side and molten salts on the
secondary.
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Figure 2.5: Simplified view of the DEMO BoP layout [5]

2.2.1. The HCPB BB cooling scheme

The coolant selected for HCPB concept is fluid helium, as the name suggests. This choice has
been made because of several reasons: (i) helium has nearly no interactions with the neutron
flux, allowing good tritium breeding performances, (ii) it does not undergo phase changes,
giving the possibility to operate at high temperatures, (iii) it has good heat conduction proper-
ties with respect to other gases, and (iv) it is chemically inert, avoiding unwanted reactions
with structural and functional materials. The main drawback of helium as a coolant is repre-
sented by its low density, which can result in large circulating power. The coolant, at a pres-
sure of 80 bars, enters the BB with a temperature of 300 °C, heating up to 520 °C at the outlet
(Figure 2.6) [15]. This temperature window is set by the structural material, EUROFER97,
having as lower bound its Ductile-to-Brittle Transition Temperature (DBTT) and as upper
bound the temperature at which it starts showing a large loss of creep strength, i.e., 550 °C.
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Figure 2.6: HCPB blanket cooling [15]

Helium enters the segment at the FW inlet manifold, from where it flows through the
FW channels reaching a temperature of about 350 °C, depending on the poloidal position. In-
deed, different poloidal positions have different heat loads coming from the plasma, meaning
that the coolant outlet temperature from the FW varies poloidally and, in the most critical re-
gions, it could reach too high values causing problems in the BZ. For this reason, the fluid is
then collected in the BZ inlet manifold, where it is mixed with helium coming from all poloi-
dal regions reaching a homogeneous temperature, and then it is sent into the fuel pins and
recollected by the outlet manifold at a mixed temperature of 520 °C. Figure 2.7 gives a more
intuitive view of the HCPB BB flow scheme, including two FW channels cooled in counter-

current flow.
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Figure 2.7: Schematic flow path of the HCPB [15]
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2.2.2. HCPB Primary Heat Transfer System architecture

The HCPB BB PHTS [16] is designed to extract about 200 MW from the in-vessel compo-
nents and transfer it to the ESS by mean of the Intermediate Heat Exchanger. It has a quite
complex architecture, since it must feed each segment of the BB system, weighting the cool-
ant mass flow rates to be delivered to different segments in function of their heat removal re-
quirements. Table 2.1 shows the main input data for the PHTS, helium side.

Table 2.1: PHTS helium cooling loop input data (adapted from [16]).

HELIUM COOLING LOOP

N° of IB segments [-] 32
N° of OB segments [-] 48
1B segments power [MW] 575.4
OB segments power [MW] 1453.7
BB inlet pressure [bar] 80
BB inlet temperature [°CJ 300.0
BB Outlet temperature [°CJ 520.0
BB Pressure drop [kPa] 79.9

The idea for the implementation of the HCPB PHTS cooling loops follows some ini-
tial criteria for the general safety and integration. For instance, to mitigate the consequences
of a Loss of Coolant Accident (LOCA), DEMO must have more than one cooling loop, and
every cooling loop must have redundancy of the circulators to limit the effects of a LOFA.
The importance of redundancy of circulators will be assessed later in this thesis. Moreover,
the design should follow a trade-off between limited costs, high efficiency of the plant and
minimization of coolant inventories and radioactive materials.

Two layouts for the PHTS have been studied: the first one has separate loops for IB
and OB segments (case I), while for the second one each loop collects helium from both 1B
and OB segments (case II). Regarding the number of loops, it should be a submultiple of 16
(i.e., the number of sectors of the tokamak) and, due to the need to contain costs and to inte-
grate the PHTS’s components inside the reactor building, it should be smaller than 12. A par-
ametric study has been made by Moscato et al. [17], taking into account additional require-
ments such as maximum pipe diameter, maximum coolant speed in hot and cold legs etc.; as a
result, two choices for case I and II have been identified, respectively made by 2 IB loops plus
8 OB loop for case I, and 8 loops for case II. At the end, the layout corresponding to case II
seemed to be the most promising one.
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Thus, the design chosen for the PHTS features 8 separate cooling loops, evenly dis-
tributed on two opposite sides of the reactor building. Each loop provides pressurized helium
to both IB and OB BB segments of two tokamak sectors (see figure 2.8) and extracts a ther-
mal power of 254 MW.
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Figure 2.8: View of the BB PHTS layout (case II) [16]

Each cooling loop is completed by the heat exchanger, with molten salts on the sec-
ondary side, and two circulators. For the IHX the shell and tube technology has been adopted,
due to strong prior knowledge on this kind of exchangers, having HITEC salt on the shell side
because of its low pressure (hence reduced costs of manufacturing) and helium on the tube
side. Helium enters the exchanger from the top head and flows downward, while molten salts
have an ascending motion crossing the plates inside the shell (see figure 2.9) and exits from
the top. Cold helium is collected at the bottom of the IHX and sent to the circulators' suctions
through two pipes.

Two circulators are placed near the bottom of the heat exchanger, ensuring redundan-
cy criteria to mitigate the effects of a LOFA due to a single circulator failure. Circulators
should continuously deliver the adequate coolant flow to the blankets during pulse and dwell
phases.
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Chapter 3

3. Computational tools and overview
of the model

3.1. Modeling environment

The starting point of this thesis work is to have a simple model able to represent the PHTS of
the HCPB blanket. As already anticipated, since the scope of this work is to make a prelimi-
nary system-level analysis of the global thermal-hydraulic behavior of the BB (under the ac-
cidental scenario of a LOFA), without going into too much detailed studies, the model should
be written in a simple and intuitive way, allowing fast-running simulations to get global re-
sults (but still maintaining a decent degree of detail for the coolant and solid thermal behav-
ior) for different scenarios with different sets of parameters. For this purpose, the Modelica
language was chosen.

3.1.1. The Modelica language

Modelica is a freely available, object-oriented, equation-based, acausal modeling language,
useful for modeling large and complex physical systems which can be made by components
of different nature (e.g., thermal, electrical, mechanical, electronic, hydraulic, or control com-
ponents) [18, 19,20]. For this multi-domain nature, the Modelica language is used in a wide
range of applications, such as, for instance, fluid systems, automotive systems or mechanical
systems. Recently, it has also been used for nuclear fusion applications regarding the cooling
of the superconducting magnets and the development of the GETTHEM code, for the ther-
mal-hydraulic transient modeling of the EU DEMO PHTS.

One of the features that distinguishes Modelica from most of the other programming
languages is its declarative and acausal nature. Although some classes (e.g., functions) are
described by algorithms, all other objects are described simply by sets of equations and not by
assignments statements. This allows an acausal modeling where the order in which equations
are stated is not important. Moreover, Modelica is “built” as a dynamic modeling language, so
models and simulations are implicitly time dependent, and a pre-defined variable ‘time’ is
used to plot results. The equations defining the model can be algebraic or differential in time,
since it is possible to use the operator der to perform time derivatives. For space derivatives,
instead, the derivative must be simplified with discretization methods (e.g., finite differences,
finite volumes etc.), leading to algebraic expressions.
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Since Modelica is an object-oriented language, each component of the physical system
to represent is modeled through a different object. A model is described by schematics, also
known as object diagrams, in which several objects are linked to each other thanks to some
elements called connectors, which are the interface between the component ant the external
world. Moreover, each component is internally defined by another schematic or, on “bottom”
level (or layer), by a set of equations that describes the model in Modelica syntax [19]. In this
way, models of different objects can be contained in other models on a broader scale, having a
modular architecture made by layers, which ensure a more user-friendly layout. Figure 3.1
gives some examples of object diagrams.
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Figure 3.1 Examples of several object diagrams on Modelica. [19]

A useful feature of the Modelica language is that many libraries, or packages, are
available. Modelica Libraries contains a large set of models regarding several domains, giving
the user a wide choice of pre-defined components to use for his modeling work. Particularly,
a very complete library is the open source Modelica Standard Library (MSL) [20], containing
about 1280 model components and 910 functions from many domains.

Many modeling and simulation environments for the implementation of models in
Modelica language are available, either commercial or free of charge. The ones used in this
thesis work are OpenModelica and Dymola, two of the most widespread. OpenModelica is an
open source software developed by the Open Source Modelica Consortium (OMSC), freely
available for use, intended for research, teaching and industrial usage. Instead, Dymola is a
commercial modeling environment developed by Dassault Systémes, with a Modelica transla-
tor able to perform all necessary symbolic transformations for large systems (> 100’000 equa-
tions) [21].
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3.2. Description of the GETTHEM code for the
HCPB PHTS

3.2.1 Introduction to the GETTHEM code

The simulations carried out for this thesis work are performed on a model based on the Gen-
eral Tokamak Thermal-hydraulic Model (GETTHEM) code for the HCPB BB cooling loops
[22,23]. The GETTHEM code, as anticipated in chapter 1, is a global, system-level dynamic
code for the thermal-hydraulic modeling of the PHTS and BoP of a tokamak. It has been de-
veloped at Politecnico di Torino (NEMO group, DENERG) within the framework of the PCD
of the EU DEMO supported by the EUROfusion Consortium, using the Modelica language,
which allows a modular architecture for the model as requested for this stage of the EU
DEMO design. Together with the thermal-hydraulic part, this code also contains a model for
the solid structures made of EUROFER97, useful to compute the distribution of the tempera-
ture reached in the solid, to make sure it does not exceed the upper limit for the material.

The GETTHEM code is focused on two of the four concept candidates for the EU
DEMO BB: the HCPB, whose model will be discussed later, and the WCLL, whose model is
described in [24]. For the latter, particular care must be paid to both the liquid breeder inside
the BZ, performing an accurate estimate on the MHD pressure losses, and the cooling flow of
liquid water, which could undergo a phase change in the case of a severe thermal transient,
leading to a deterioration of its heat removal capability. Figure 3.2 shows a schematic view of
the WCLL cooling loop model, where two branches in parallel, respectively for the FW and
for the BZ, are fed inside the same cooling loop.
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Figure 3.2: Sketch of the model for the WCLL loop (FW: First Wall object; BZ: Breeding Zone object; IM: Inlet Manifold,;

OM: Outlet Manifold; ID: Inlet Distributor; MIX: Mixer; HX/SG: Heat eXchanger/Steam Generator) [24]

Once successfully developed, the model has been checked to see if it is indeed a suita-
ble representation of the actual physical system. Since experimental data are not available for
these new concepts of BB, the model has been validated (or, in this case, benchmarked)
through a comparison with different kind of models (for instance CFD models) which, in turn,
may already have been validated. The part of the code regarding the thermal-hydraulic Back
Supporting Structure (BSS) of the EU DEMO HCPB has been benchmarked against previous
3D Computational Fluid Dynamics (CFD) studies in normal operating conditions (see [25]),
while, in the case of an accidental release of coolant inside the VV, the model of the VV Pres-
sure Suppression System (VVPSS) has been benchmarked from results coming from the al-
ready validated CONSEN code by ENEA [26]. Moreover, in [27] the solid model for the
EUROFER97 is analyzed, where the results on the hot-spot temperatures reached in the solid
are benchmarked against 3D heat transfer CFD studies performed by the HCPB design team,
reported in [28].
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3.2.2. GETTHEM code assumptions

The GETTHEM code for the HCPB cooling loop is based on a 0D/1D approach to adequately
model the objects described in it: for “long” components, such as cooling channels or pipes,
the mass, momentum and energy equations are discretized with 1D Finite Volumes (FV)
method, whereas other components where there is no developed fluid flow were modeled as
0D objects (this is the case of manifolds, valves and circulators). The choice of FV for 1D ob-
jects is motivated by its relatively easy implementation, still maintaining a good level of detail
on a system-level point of view. Each BB cooling loop features a Steam Generator (SG),
which is modeled, by means of a 1D thermal pipe, as an ideal Heat eXchanger (HX), meaning
that helium at the HX outlet is always at the design temperature of 300 °C. All the objects de-
scribing the components of the circuit, from circulators to simple pipes, are taken from (or are
an extension of components implemented in) the Modelica library ThermoPower [30], a free
and open source library developed by Politecnico di Milano for the implementation of energy
systems.

In order to allow fast-running simulations, some simplifying assumptions had to be
made by the developers of the code because of the large amount of cooling channels of the
PHTS to be modeled (about 1700 per blanket module in the 2015 baseline design) [22, 29]. In
view of this, a new Modelica library has been implemented to simplify the calculation of fluid
and solid properties.

The helium coolant, in normal operating conditions, can be considered as an ideal gas.
This significantly simplifies the computation of its properties: the helium specific heat is con-
stant with no error, while the density can be simply deduced from the Ideal Gases Law, con-
sidering negligible the pressure dependence due to small pressure variations, as inversely pro-
portional to the temperature. In addition, since the fluid velocities inside the cooling loop are
much smaller than the speed of sound, helium is considered incompressible.

Still considering normal operating conditions, also for what concerns the solid struc-
tures made by EUROFER97 important simplifications were made. For instance, the thermo-
physical properties of the material, such as specific heat, density and thermal conductivity,
were assumed to be independent on the temperature, introducing an average error on the in-
puts of 8%, 0.3% and 3% respectively [29]. Also, the heat transfer coefficient between EU-
ROFER and helium is assumed to be constant, and it is computed with the Dittus-Bolter cor-
relation at nominal average conditions. Other phenomena can affect the heat transfer coeffi-
cient, such as flow acceleration due to heating of the fluid or coolant phase-change phenome-
na in the case of the WCLL blanket; however, since they would only improve the heat trans-
fer, a conservative choice of neglecting them has been done in order to avoid slower simula-
tion performances. In conclusion, these assumptions resulted in an overall error on the results
that does not exceeds 3%, in normal operation.

However, things change if severe accidental scenarios are involved. In such cases, in-
deed, the fluid and the solid structures will experience severe variation from nominal operat-
ing conditions, which could lead to very high pressures and temperatures inside the BB. Such
scenarios obviously invalidate the assumptions described above about solid and fluid proper-
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ties. For this reason, a different approach has been adopted, by the GETTHEM code develop-
ers, to cope with this issue in the case of LOCAs; in these cases, to maintain the fast-running
nature of the code, the choice was to simplify the geometry of the system (0D model for the
PHTS) rather than make assumptions on the coolant and solid properties. Thus, the helium
flow is modeled more in detail, using the ideal gas model from the Modelica Standard Li-
brary, with NASA coefficients, for its properties.

3.2.3. GETTHEM code equations

In this section the equations implemented in the GETTHEM code will be presented (but only
the ones referring to the HCPB cooling loop model, since that is of interest in this thesis
work) for both the fluid and solid objects, specifying the terms that cancel out in view of the
assumptions made.

Concerning the helium part of the objects modeled as 1D, which are basically the
cooling channels, the equations involved are the conservation of mass, momentum and ener-
gy. Since these components are modeled with FVs, the equations refer to each fluid volume i:

dp; ) ' 31

Al ._dtl = Mip; — Moyei (3.1)

_l. driy = - + 32

f; ' dtl Pout,i = Pini + ADsrictioni + APuoc (32)

daT; ) . _ 33

4 - li "PiCyit dtl 1nout,ihout,i — min,ihin,i = Qm—>f,i ( )

where subscripts in/out stand for inlet/outlet, 7 is the mass low rate, p is the pressure, T is the
temperature, Ap,,. are the localized pressure drops, Apsriction are the pressure drops by fric-

tion along the channels, h is the specific enthalpy, Q is the power transferred to the heli-

m-f,i
um, A and [ are, respectively, the cross-sectional area and length of the channel, p is the flu-
1d’s density and, finally, c, is the specific heat. The time-dependent term of eq. (3.1) can be
simplified thanks to the assumption of incompressibility discussed above, the time-dependent
term of eq. (3.2), instead, cancels out because of the mass flow rate is constant in the case of
normal operating conditions, while the one in eq. (3.3) is neglected because of the quite large
difference between the heat capacity of helium with respect to the one of EUROFER.

In normal operating conditions, pressure losses (appearing in equation (3.2))
are computed with a simplified expression, in order to allow much faster solutions. They are
obtained with a simple linear expression, as following:

m
Apfrictionjioc = BPnom " T (34)

nom

where 114, is the nominal mass flow rate and Ap,  is the nominal pressure drop inside the

component. As reported in [22], the error induced by this simplification is always smaller than
5% during nominal operation. However, this is not true in the case of an accidental transient,
such as a LOFA. In view of this, the model used for this thesis work computes the pressure
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losses with the more suitable Darcy-Weisbach equation, using for the friction factor a correla-
tion specifically developed for the FW channels (presented in chapter 4, section 4.1.1.). The
pressure loss with Darcy-Weisbach equation is computed as:

L pu?

Apf'rictfion,DW = fD ) D 2 (35)

where f ) is the Darcy friction factor, L is the pipe length, D is the hydraulic diameter and u is

the fluid flow average velocity.

As mentioned above, components like manifolds, heat exchangers and circulators are
modeled as 0D objects. In this case, mass and energy conservation equations are solved:

dp . : 3.6

V'E=min_mout ( )

d(pe) | . (3.7)
V- dt = minhin - mouthout + Qm—>f,i

where e is the internal energy of the fluid and 7 is the volume of the component. In this case
too, the mass balance equation can be simplified by removing the time dependent term (on the
LHS) due to the incompressibility of the flow.

Solid objects, made of EUROFER97, are thermally coupled with the 1D fluid objects
describing the FW cooling channels; thus, 1D FV energy equation is solved as following:

AT i

. . 3.8
Am'li'pm'cm' dt = Qin,i_ Qm—»f,i ( )

where subscript m refers to the EUROFER and Qini is the power entering the volume. The

power transferred to the fluid, instead, is computed taking into account the heat transfer coef-
ficient between solid and fluid, according to:

Qmogi = Q1" HTC - (Tp; — T}) (3.9)

where HTC is the heat transfer coefficient and () is the heated perimeter. Since the solid mod-
el is described by FVs, the temperature T, ; computed by the code is obviously an average
temperature inside each volume i.This means that, using this model, we can find the FV of the
BB in which, on average, the solid material reaches the highest temperatures, but no infor-
mation about the value and location of the hot-spot temperature can be deduced; this could
negatively affect the analysis in border-line cases, where the FV average temperature is below
the upper limit for the material, while in reality there is an hot-spot that exceeds it. For EU-
ROFER this upper limit is 550°C: over this temperature, a severe loss of its creep strength is
observed [31]. However, in [22] is presented a method that postprocesses the GETTHEM re-
sults to reconstruct the hot-spot temperature, by simply applying a peaking factor determined
by looking at detailed temperature distributions obtained by 3D CFD analysis (described in

[28]).
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3.2.4. GETTHEM model components

The HCPB BB GETTHEM model is made of different modules. The Breeding Module (BM)
object has inside of it a model for the FW, a model for the BZ, a model for the cap, which is
the rooftop of the BM, and models for the inlet/outlet manifolds. The tungsten armor that co-
vers the FW, instead, has been neglected, due to the small effect it would have on the maxi-
mum temperature (less than 1%). Similarly, also the NMM and breeder material pebble bed
layers are not modeled, as, in view of the increase of computational costs and complexity of

the model, the effect on the results would not have been significant for the scope of the model
[29].

The manifolds are modeled as simple 0D objects, according to equations (3.6) and
(3.7), because, due to their geometry and to the presence of many inlets and outlets, the heli-
um flow inside of them does not fully develop. The only input for these objects is the mani-
fold volume, since heat loads and pressure losses can be neglected.

Since the GETTHEM code has been developed following what, back then, was the
latest EU DEMO reference design, namely the DEMO BL2015, the BZ object was originally
based on the metallic Cooling Plates (CPs) concept, rather than the latest fuel pin concept.
Figure 3.3 shows a sketch of the CP object. Li4SiO4 and Be pebble beds layers between adja-
cent CPs are neglected, so there is no heat transfer between one plate and another.

Figure 3.3: Cross-sectional view of a CP. The division of solid wall objects between adjacent channels is highlighted [29]

While the two caps and the BZ components are cooled in parallel, for the FW two dif-
ferent cooling schemes were modeled: an Integrated (HCPB-I) scheme, in which the coolant
flow is initially distributed to the FW by the circulator, and then collected and redistributed
towards the CPs, and a Separated (HCPB-S) scheme, where the FW has two additional cool-
ing loops independent from the ones dedicated to the BZ. Figures 3.4 and 3.5 below show the
BM objects for both cooling schemes. This thesis work uses a model (described later in this
chapter) with an hydraulic scheme similar to the HCPB-I, with the FW objects connected in
series to the BZ, although it has a simplified BZ object without caps.
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Figure 3.4: BM object for the HCPB-I cooling scheme (adapted from [23]).
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Figure 3.5: BM object for the HCPB-S cooling scheme: a) BZ and caps cooling loops,; b) FW cooling loop, with ex-vessel
components (heat exchanger and circulator) [23].
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Figure 3.4 shows a FW object, composed by many FW square channels connected to
each other thanks to connectors; each channel is thermally coupled with his neighboring
channels, according to a counter current flow scheme. A single FW channel, showed more in
detail in figure 3.6, consists in three channels connected in series: there is a front part, ex-
posed to the plasma, and two side parts which run radially inside the blanket. Each one of the
three channels is modeled as a 1D flow object with connectors for the thermal coupling with
neighboring channels and connectors for power inputs. In particular, all the three parts are
heated by a volumetric heat load, due to nuclear reactions inside the solid structures, and by
conduction from the BZ, while only the front part is heated also by the plasma surface load on
its plasma facing side. The bends between front and side parts are taken into consideration
only as 0D localized pressure drops.

0@

oo@.‘ A @0

Figure 3.6: schematic view of a FW channel object; the orange rectangles are the connectors for thermal coupling with
neighboring channels, and blue circles are the heat loads input connectors.[23]

As for the CP model, also FW solid structures are modeled as lumped 1D walls of the
cooling channel. In particular, the EUROFER volume between two adjacent channels is split
into two halves, each one of them is cooled by the helium flowing in the closest channel.
Thus, as shown in figure 3.7, each square channel is surrounded by two solid models, each
one discretized as a 1D FV object, where connectors are there to allow thermal coupling with
the channel above, for the wall’s upper half, and with the channel below, for the wall’s lower
half.
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Figure 3.7: FW solid object: interface between neighboring channels; heat transfer mechanisms between solid- solid and
solid-fluid are highlighted. [22]

In each solid volume, equations (3.8) and (3.9) are solved, and the wall thermal conduct-
ance is computed as ky, /1| . kyy, 1s the thermal conductivity of EUROFER, while [ ,, is the

length perpendicular to the helium flow, in the direction of the coupling between two solid
volumes. The wall heat capacity is written as c¢,, V;,,0,n,, Where the quantities appearing in the
expression are, respectively, the specific heat, the volume of the FV and the density of the sol-
id. Finally, equation (3.5) is used to compute the actual pressure drop inside each channel,
giving as input the nominal values of mass flow rate and pressure drop. Table 3.1 summarizes

the input parameters for the FW object.

Table 3.1: Input parameters for the FW object (adpted from [22]).

Name Description Type Unit

Nch Number of cooling channels Scalar -

Nv Number of FVs in each part of Scalar -
each channel

dpnom Nominal pressure drop Scalar Pa

wnom Nominal mass flow rate Vector (Nch elements) kg/s
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lambda Heat transfer coefficient Scalar W/(m*K)

Ls Length of the side part of each Vector (Nch elements) M
channel

Lf Length of the front part of each Vector (Nch elements) M
channel

Gs Thermal conductance of side Vector (Nch-1 elements) W/K
channels’ wall

Gf Thermal conductance of front Vector (Nch-1 elements) W/K
channels’ wall

A Cross sectional area of the chan- Vector (Nch elements) m?
nel

Cm,s Heat capacity of side channels’ Vector (Nch elements) J/K
wall

Cm,f Heat capacity of front channels’ Vector (Nch elements) J/K
wall

The input power Qin,i entering each solid FV, due to nuclear reactions in the solid or heat
flux coming from the plasma, represents the thermal driver for the FW model. Starting from
the total heat load of the BB, it is distributed to the FW object, in terms of Watts, through a
time-dependent 2D array made of (Nch, 3xNv) elements.

Once defined the main objects, the complete GETTHEM model for the HCPB PHTS is
built by adequately assembling together all the objects. Among the FW cooling options, the
one used also for this thesis work is the Integrated HCPB: figure 3.8 shows the system-level
GETTHEM HCPB model for the PHTS, featuring the HCPB-I cooling scheme. In this case,
two loops (red and blue in figure 3.8) feeds, with a counter current flow scheme, 7 BMs each;
the twin circuits are coupled at the BM level, and BMs are connected in parallel between the
inlet and outlet manifolds, which link the BB with the ex-vessel part of the loop. The latter is
simply made by an ideal HX (simply modeled as a 1D fluid channel), doing the job of what in
the actual system is a steam generator!, and a circulator, whose model is taken from the
aforementioned ThermoPower library.

! Since the model is focused mainly on the thermal hydraulic behavior of the BB, a detailed model for the steam
generator is unnecessary.
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Figure 3.8: View of the GETTHEM HCPB cooling model. The blue and red arrows highlight the counter-current flow path
between the twin circuits at the BM level (adapted from [23]).
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3.3. Description of the model used for this thesis
work

The scope of this thesis work is to analyze parametrically the effect and possible mitigations
of a LOFA accident, with a model that allows fast-running simulations of the thermal-
hydraulic behavior of the HCPB BB PHTS. In view of this, the model used for the simulation
is widely based on the GETTHEM HCPB model (HCPB-I cooling scheme option), with some
adjustments and simplifications to better adapt to the analysis of a LOFA and, at the same
time, further reducing the computational cost of the simulations.

The main part of the model is the FW object: being the closest component to the plas-
ma, the FW is the region more affected by an accidental scenario such as a LOFA, experienc-
ing, in its solid structures, the largest temperature increase. To this aim, the FW channel ob-
ject developed for the GETTHEM code (see figure 3.6) is used, because of its good level of
detail for the fluid channel (divided into front and side parts) and the EUROFER97 walls sur-
rounding it, both modeled with 1D FVs objects.

Regarding the BZ, the CP model was obsolete due to the changes apported with the
EU DEMO BL2017 design, where radially arranged fuel pins have been introduced for the
breeding zone (described in chapter 2). Hence, the fuel pins have been modeled as two 1D FV
fluid objects, one for the cylindrical inner pin at the inlet and the other for the annular outer
pin at the outlet, cooled by the helium flow coming from the FW channels, according to a
connection in series between FW and BZ regions. In the real system, the space between inner
and outlet pins is filled with Li4SiO4 pebbles, and all the fuel element is inserted in a berylli-
um pebbles matrix. However, in addition to not providing metal walls to the channel (differ-
ently from the channels of the CP object), the BZ object neglects the NMM and breeder mate-
rial pebbles as well; the reason behind this choice is due to the assumption that, at the expense
of a more complex and computationally heavy model, the effect on the EUROFER tempera-
ture inside the FW would be low. This can also be justified by the fact that, as already men-
tioned above, the most critical region of the BB is the FW, therefore the model is mainly fo-
cused on its behavior, trying to keep the rest of the components as simple as reasonably pos-
sible to facilitate fast-running simulations. Nevertheless, the heat transferred from the BZ to
the FW solid structures, through heat conduction, has been taken into account. As a matter of
fact, the 8% of the volume load generated inside the BZ is given as an input power term for
the FW solid volumes.
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Figure 3.9: Sketch of the Dymola diagram view of the HCPB cooling loop model; IFP/OFP: Inner/Outer Fuel Pin; HX: Heat
eXchanger; MVI/MVO: Inlet/Outlet Mixing Volume; MI/MO: Inlet/Outlet Manifold; A/B: branches A and B.

In figure 3.9 is reported a simplified sketch of the model’s diagram view produced,
showing the main components of the model and their integration inside the cooling loop. The
lower branch represents the ex-vessel part of the cooling loop: it features two plenum objects
(MVI/MVO) which redistribute and collect helium to/from the BB, a circulator, and an HX.
The circulator object, updated from the ThermoPower Fan model, has two important connect-
ors used for the simulations: one for the input value of the angular velocity of the rotor, and
the other one for the input number of circulators in parallel. The HX, instead, is a simple
ThermoPower flowlDFV object, where the heat port is connected to a temperature source
fixed at the value of 300°C (which is the design inlet coolant temperature of the BB).

The cooling train (i.e., heat exchanger and circulator) then feeds the BB, which is
modeled by two identical branches (A and B in figure 3.9) connected in parallel. Similarly to
the twin circuits of the GETTHEM model shown in figure 3.8, these two branches are needed
to easily couple neighboring FW channels with a counter current flow scheme, by means of a
ThermoPower object called CounterCurrentFV. In figure 3.9 only one of these objects is
shown, but in the actual model there is one for each couple of FW thermal ports (for instance,
the inlet-side channel walls of channel 1 are connected to the outlet-side channel walls of
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channel 2 thanks to two CounterCurrentFV objects, and so on for the others). Also, this com-
ponent is a 1D FV element that has the same number of volumes of the channels it is connect-
ed to.

Finally, while the complete HCPB GETTHEM model includes an entire BB segment
(which was made of 6 instances of the BM object, according to the previous MMS design of
the blanket), the model used in this work is made only by 8 subsequent FW channels, divided
among the 2 FW objects and contained in the same BB segment (which, according to the lat-
est DEMO BL2017-v2, follows the SMS architecture). A reason behind this choice is to have
the possibility to perform extremely fast- running simulations, which lasted no more than few
minutes each, allowing to simulate parametrically different scenarios with a limited computa-
tional cost. However, the results of the simulations can be extended to the whole tokamak; in
fact, the nature of the LOFA accident scenarios considered is such that the consequences (i.e.,
the variations of temperature, pressure, mass flow etc.) of such accident are homogeneous on
the FW channels involved. For instance, if a trip of a circulator occurs, it will affect the mass
flow rate (and, therefore, also the heat transfer between helium and EUROFER) of different
FW channels in the same way, since they are all fed in parallel by the same circulators.
Hence, it is possible to analyze the effect on different poloidal regions by simply varying the
input data regarding geometry and heat loads. An exception is represented by the scenario of a
LOFA due to a channel obstruction; in this case the accident is localized, and obviously the
consequences are more relevant near the obstruction. However, the results (see next chapter)
show that the effect of the accident is uniformly distributed among the other channels, thanks
to the large thermal conductivity of the EUROFER solid structures.
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Chapter 4

4. Simulation scenarios and results

4.1. Introduction

The model described in section 3.3, based on the GETTHEM code for the HCPB BB cooling
loop, is used to simulate the thermal-hydraulic behavior of the BB FW under the accidental
scenario of a LOFA. As the name suggests, a Loss of Flow Accident is a transient situation
where the cooling flow (which is gaseous helium in this specific case) is partially or, worse,

totally compromised, endangering the heat removal from the in-vessel solid structures of EU-
ROFERY97.

It is clear that the severity of the accident depends on the Initiating Event (IE) oc-
curred; the worst case is represented by the trip of both the circulators of a single cooling
loop, leading to a so-called total LOFA, where there is a complete loss of the circulating pow-
er, while milder flow reductions happen in the case of a single circulator trip or, even milder,
in the case of obstruction of one or more FW channels. However, these last two cases are not
to be underestimated since a late detection of the accident, and consequently a late interven-
tion of the mitigation system (i.e., plasma shutdown), could still cause a dangerous overheat-
ing inside the FW and lead to failure of solid structures.

The simulations carried out are focused on the three scenarios mentioned above:

e fotal LOFA: initiated by a loss of off-site power or by a trip of both circulators, this
scenario is simulated by gradually decreasing toward zero the angular velocity at
which the ThermoPower Fan object works;

e partial LOFA: initiated by the trip of one of the two circulators, it is simulated by in-
cluding in the model two Fan objects connected in parallel at from time zero, and then,
at the time chosen for the onset of the accident, reduce the number of circulators to
one (thanks to a dedicated input connector) in order to simulate the failure of one of
them;

o single FW channel obstruction: this scenario, which is also a partial LOFA, is imple-
mented by adding a new FW channel, thermally coupled to the first of the eight chan-
nels already modeled, connected in parallel to the others according to a counter-
current flow scheme. This additional channel is put in series with a valve (whose ob-
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ject is taken from the ThermoPower library); by simply closing the valve, either par-
tially or completely, it is possible to simulate an obstruction in the channel.

Moreover, each scenario is simulated according to two different hypotheses regarding the mit-
igation system:

1. Case I: the accident is not detected, or the mitigation system fails to intervene. This
situation is the most threatening as the plasma is not shut down; the power coming
from fusion reactions will still heat up the BB solid structures which, due to the acci-
dent, are no longer appropriately cooled by the helium flow, leading to a severe tem-
perature increase;

2. Case II: this time the loss of flow is detected, and the plasma is immediately shut
down. In this case the power input is limited to the decay heat inside the solid volumes
(which, in the model, is accounted for by the 2% of the total volumetric heat load),
balancing the negative effect on the heat removal caused by the helium flow reduction.

4.1.1. Input data

Before going into detail on the different scenarios simulated, it is necessary to define the input
data used for the model implementation.

Since during a LOFA the system will undergo significant temperature and pressure
variations, helium and EUROFER97 thermophysical properties cannot be simplified as con-
stants. Helium properties are simply taken from the ideal gas model from the Modelica Stand-
ard Library, with NASA coefficients, as it was for the HCPB GETTHEM model for a LOCA
(mentioned previously in section 3.2.2). EUROFER97 properties, instead, come from the li-
brary “MaterialProperties” implemented inside the GETTHEM model for the EU DEMO re-
actor: here, density, heat conductivity and specific heat capacity of EUROFER97 are ex-
pressed as polynomial functions of the temperature inside the solid. These are empirical ex-
pressions obtained from experimental data collected by several research groups from all over
the world during the last years (in [33], the experimental procedure and the results regarding
the thermal, electrical and magnetic properties of EUROFER97 are presented). Table 4.1 pre-
sents the thermophysical properties of the material in a range of temperatures from 20 to 700
°C, from the material properties handbook on EUROFER97 [34].

Table 4.1: EUROFER97 thermophysical properties in the range of temperatures between 20 and 700 °C (from [34]).

g o 2
20 7750 448 31.5

100 7753 460 322

150 -- 477 -

200 7 7713 7 494 7 32.7
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250 -- 510 --

300 7685 527 332
350 - 544 -
400 7655 565 333
450 - 586 -
500 7625 611 32.8
550 - 644 _
600 7594 682 323
650 - 728 _
700 - 866 448

Geometrical data for the FW object are the ones used for the HCPB GETTHEM mod-
el for DEMO nominal operating conditions. Remember that the FW object models square
cross-section cooling channel, divided in two side parts and a plasma-facing part, which are
surrounded by EUROFER97 solid walls; hence, the dimension of the channel (cross-section
side and length) and the thickness of the walls should be defined. For the inlet and outlet fuel
pin channels, instead, data have been taken from the 2019 Final Report on the HCPB design
[15]. In table 4.2 the geometrical data used for the simulations are summarized, including the
inlet and outlet manifold total volumes, which, in the model, have been scaled down coherent-
ly with the choice of modeling only eight FW channels.

Table 4.2: HCPB BB Geometrical data; first wall and manifolds data are taken from [23], while fuel pins data from [15]

First Wall
Length of the side parts [mm] 649.6
Length of the front part [mm] 1120.5
Channel cross section side [mm] 13.5
Cross section area [mm®] 13.5 x 13.5 (square cross section)
Wall thickness (plasma facing side) [mm] 2.625
Wall thickness (blanket facing side) [mm] 5375
Number of nodes for the fluid thermal variables [-] 5
Number of FVs on the wall interface [-] 4
Fuel pins
Length of the fuel pin [mm] 800
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Inlet pin diameter [mm] 16

Inlet cross section area [mm?] T %167
Outlet pin inner diameter [mm] 66

Outlet pin outer diameter [mm] 70

Outlet cross section area [mm’] T % (70 - 66)

Inlet/Outlet manifolds

Inlet volume [m’] 0.171

Outlet volume [m?] 0.0713

For the FW object, different correlations are used to compute the Heat Transfer Coef-
ficient (HTC) and the Fanning friction factor, due to the fact that, while the inner surface of
the channels in the side parts is smooth, in the plasma-facing wall of the front side the channel
is considered to be ribbed to improve the heat transfer with the solid (as explained in [23]).
For this reason, two different correlations for the Nusselt number are used, which are obtained
in [23] from the data in [35, 36] For the side channel parts and for the non-plasma-facing wall
of the front channel part, the Nusselt correlation for smooth FW ducts is:

Nugmooth = 0.334 - Pr0#* - Re0:556 O
where Pr and Re are the Prandtl and Reynolds dimensionless numbers, respectively.
For the ribbed plasma-facing wall of the front channel part, instead, the Nusselt number is
computed as:
Nuyippeq = 0.05533 - Re®74° o

Finally, from the definition of the Nusselt number, the HTC is computed as:

3)

HTC = ‘Nu

hyd

where k is the heat conductivity and Dp,,4 is the hydraulic diameter, which in the case of a

square channel coincides with the square side length.

Also for the calculation of the Fanning friction factor, two different correlations are
used; in the ribbed front part of the channel the correlation for the friction factor is obtained,
again, by the data in [35, 36], and it is:

fribbea = 0.1122- Re=01854 (2)

For smooth side channels, instead, the Fanning friction factor correlation used is the Blasius
one, which can be found in [37].
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4.2. LOFA scenarios

As already mentioned previously, the EU DEMO reactor will operate with a pulsed regime.
This is due to the nature of the plasma current, which, thanks to the transformer principle, is
induced by an increasing monotonic electric current flowing in the CS; since this current can-
not be increased indefinitely, this means that the machine must have a pulsed operation.

DEMO operation, as far as currently envisaged, should consist of a 2-hours-long burn-
ing plasma phase followed by 40 minutes of dwell time, for a total of 9600 seconds each peri-
od. Concerning the simulations, it follows that the heat load input, delivered to the FW object
solid walls, must be provided during the plasma burning phase only. In figure 4.1 the heat
load pulsed shape is plotted.

»

Load profile [-]
i

e O Q9 9 OO

N

o

1 I
Figure 4.1: Heat load pulsed profile (1 period) applied to the FW object solid walls. [23]

In figure, the heat load goes to zero during the dwell phase; in reality, this is true only
for the heat flux hitting the plasma facing wall, while a small fraction of the volumetric heat
generation inside the solid structures still survives, due to the decay heat. The latter, in the
model, is assumed to be equal to the 2% of the total volumetric heat generation inside EU-
ROFER.
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4.2.1. Normal operating conditions

Before simulating an accidental scenario, it is useful to show what is the thermal hydraulic
behavior of the cooling loop in normal operating conditions, in order to better assess the se-
verity of an accidental scenario by comparing it with the nominal pulsed operation of the re-
actor.

Hence, the model is now simulated with a load profile as shown in figure 4.1, without
the intervention of the mitigation system (plasma shutdown), and with the circulators contin-
uously providing the nominal circulating power to the helium flow, guaranteeing an adequate
BB cooling during a whole period of 9600 seconds (plasma burn and dwell time).

Figure 3.9 shows that the model of the BB cooling loop features two parallel branches
for the in-vessel components, for the reasons already discussed in section 3.3. The two
branches are exactly equal to each other, concerning both their architecture and the drivers
they are subjected to (i.e., the input heat loads in the solid structures), hence the results ob-
tained by simulating this model are the same for both the FW objects. In view of this, the re-
sults plotted from here on are referred to one FW object only, to keep the figures more com-
prehensible.
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Figure 4.2: Helium mass flow rate time evolution in the front part of each FW channel; Normal Operating Conditions
(NOC).
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In figure 4.2 above, the mass flow rates inside the four different FW channels are
highlighted. The results plotted refers to the mass flow rate in the front side but, due to the
conservation of the mass, it is the same in the other FW channel portions (i.e., the side parts).
The initial condition for the input power is set equal to zero; when the simulation of the model
starts, the power is applied, and, as a consequence, the raise of the temperature (and, hence,
the change of the density) causes the system to move to a new stationary operating point with-
in a hundred seconds. When the new operating point is reached, the mass flow rate in each
FW channel settles at the value of 33.76 g/s throughout the entire plasma burn phase. When
the plasma is shut off, after 7200 s, the mass flow rate rapidly increases reaching a new sta-
tionary value of 37.11 g/s; this increase is a consequence of the loss of the plasma heating,
which induces an increase in the helium density (due to the lower temperatures) and, hence, a
greater mass flow rate. Moreover, the curves referring to the four different FW channel over-
laps one another, meaning that the total mass flow rate redistributes uniformly between the
channels. This result was in line with expectations, since the channels are connected in paral-
lel and have the same geometry.

The cold helium coolant entering the FW, flows through the inlet side, front side and
outlet side of the channel in series, removing heat from the solid structures along its path, and
exits as hot helium. In figure 4.3 below, the helium temperature along the FW is shown.
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Figure 4.3: Helium temperature distribution along the FW channel length at time t=350 s (in NOC); the squares represent
the values computed in each fluid node; Inlet/Front/Outlet sides are separated by dashed red lines.
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The temperatures plotted refers to the first channel, however they are the same also for
the other three channels in parallel since the mass flow rates, geometry and thermal drivers
are identical.

Looking at the figure, a first peculiarity is immediately noticeable: while one could
expect a continuous temperature increase along the path, helium actually cools down along
the outlet side of the channel (even though only slightly w.r.t. the overall temperature increase
in the first two parts of the channel). This counterintuitive behavior is due to the counter-
current flow scheme between neighboring channels; as a matter of fact, the outlet side walls
of a channel are thermally coupled with the walls belonging to the inlet part of the two neigh-
boring channels, where helium, and as a consequence the walls too, are still “cold”. For this
reason, the outlet side solid walls are actually at a lower temperature with respect to the heli-
um flowing inside them, thus the heat is transferred from the coolant to the solid.
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Figure 4.4: EUROFERY97 temperature distribution along the FW channel length at time t=350 s (in NOC), squares represent
the value computed in each solid volume, Inlet/Front/Outlet sides are separated by dashed red lines.

Figure 4.4 above shows the solid wall temperature evolution along the FW channel
length. In particular, it refers to plasma-facing side wall, since it is the most critical one in
terms of maximum temperature reached in it. Also in this case, the temperature along the out-
let side is gradually decreasing, for the same reasons discussed above.

Both graphs for helium and EUROFER97 (figures 4.3 and 4.4) are taken at a fixed
time value of 350 seconds, during the plasma burn phase, when the system is in steady condi-
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tions until the beginning of the dwell time. However, the shape of the temperatures along the
FW channel is qualitatively similar also during transients. Made this premise, it can be seen
that both helium and EUROFER reach the highest temperatures (and also the highest AT) in
the front part, where the heat flux coming from the plasma plays a major role, and also the
volumetric heat generation is greater than the one inside the side parts of the channel. Since
this is true also during a LOFA, from now on the discussion will be focused on the results re-
garding the front part of the channel only.

Helium has a temperature increase inside the inlet side channel of about 40 °C, and
then reaches its maximum temperature of 407.8 °C at the end of the front part of the channel;
in the solid walls, instead, the maximum temperature of 438.2 °C is computed in the last but
one volume of the front part, and a fast AT is observable between inlet side and front side of
the FW channel. This maximum temperature computed in the solid is far below the upper lim-
it for EUROFER97 of 550 °C. Moreover, the inversion of the heat transfer in the outlet side
part is clear looking at figures 4.3 and 4.4, since the helium temperature is always greater than
the solid one in that region.

The time evolution of the temperature in the FW (helium and solid structures) is the
opposite to the one already seen for the mass flow rate in figure 4.2.: it has its maximum value
during the plasma burn phase and then, after the plasma shut down, rapidly settles at a tem-
perature slightly higher than 300 °C (which is the HX outlet temperature) because of the re-
sidual decay heat in the solid.
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Figure 4.5: Temperature evolution in time (9600 s period) of the helium in the 5" node of the front part (NOC).
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Figure 4.6: Temperature evolution in time (9600 s period) of EUROFER97 in the 3" volume of the front part (NOC).

Figures 4.5 and 4.6 show the temperature evolution during a whole period in the most
critical fluid node and solid volume, respectively, of the FW channel front part. For the same
reasons already discussed, the temperature at a fixed location in different channels is exactly
the same (in fact, in the two plots above, curves referring to different channels perfectly over-
lap each other). In view of this, it would be more interesting to plot the temperature time evo-
lution of the different fluid nodes/solid volumes at a fixed channel, knowing that results for
the other channels will be the same. In figures 4.7 and 4.8, the temperature time-evolution in
channel 1 is plotted, where different curves account for the different fluid nodes (helium) or
solid volumes (EUROFER97) of the front channel part.
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Figure 4.7:Channel 1 helium temperature evolution; each curve represents a different fluid node of the front part (NOC).
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Figure 4.8: Channel 1 EUROFER temperature evolution, each curve represents a different FV of the front part (NOC).
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The plots above represent the time evolution of the temperatures in the nodes/solid volumes
of the front part; during the plasma burn phase (until 7200 s) the considerations that can be
made are the same of the ones made for the temperature distribution along the channel at time
350 s, plotted in figures 4.3 and 4.4. Once the power is switched off, the temperatures drop
near the value of 300 °C, imposed by the HX.

4.2.2. Total LOFA

To simulate a total LOFA inside the cooling circuit, a loss of the whole circulating power is
needed. In the model this is obtained by gradually lower toward zero the angular velocity of
the blades of the circulator, which is assumed to take 120 s to stop. Actually, the Ther-
moPower object for the circulator is not suited to work at mass flow rates close to zero: for
this reason, to simulate the trip of this component, a set of valves has been introduced in order
to have the helium to bypass the BB (which is the whole point of the analysis) while still pass-
ing through the circulator. However, a small fraction of the mass flow rate (approximately the
6% of the total) is still forced through the BB, which can be seen as the fraction of coolant
still circulating inside the pipes thanks to natural circulation.

Also, despite in the real system a cooling loop foresees two circulators, in the model
for a total LOFA only one circulator is used, in order to keep the model as simple as possible.
Of course, the characteristic curve of the circulator has been adjusted in such a way that elab-
orates the entire mass flow rate of the cooling loop alone.

As anticipated, the model has been simulated both with the intervention of the mitiga-
tion system and without it. The onset of the LOFA accident, as for the other scenarios, has
been fixed after 2000 s from the beginning of the pulse (during the plasma burn phase).

4.2.2.1. Case I: no intervention of the mitigation system

In this scenario, the negative effect of the loss of flow is not balanced by the mitigation sys-
tem, consisting in the emergency shutdown of the plasma, which fails to intervene. The (al-
most) complete loss of circulating power during a total LOFA, in these conditions, make this
the most severe scenario possible.

When the circulators trip at time 2000 s, the mass flow rate inside the FW starts de-
creasing rapidly and the thermal power coming from the power is not removed anymore by
the coolant (fig. 4.9 shows the mass flow rate time evolution). This causes an immediate and
uncontrolled overheating inside the blanket, inevitably leading to structural failures and even-
tually to the melting of solid structures in the most critical spots. The mass flow rate in each
FW channel, after the accident, drops to about 1 g/s.
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Figure 4.9: Helium mass flow rate time evolution in the front part of each FW channel; case of a total LOFA without plasma
shutdown.
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Figure 4.10: Helium temperature evolution in a FW channel; each curve represents a different fluid node of the front part;
case of a total LOFA without plasma shutdown.
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Figure 4.11: EUROFER temperature evolution in a FW channel; each curve represents a different fluid node of the front
part, case of a total LOFA without plasma shutdown.

From figures 4.9, 4.10 and 4.11 it is noticeable that the curves, referred to mass flow rate, he-
lium temperature and EUROFER temperature respectively, stop just after the loss of flow,
without completing the entire period of 9600 s. The explanation to this behavior can be ex-
plained by looking at figure 4.11: the solid wall temperature inside the channel front part
reaches extremely high values, above 1000 °C, exceeding EUROFER97 melting point, where
its properties are not defined anymore. At this point the FW solid structures will inevitably
melt, severely compromising the BB sectors involved and, among other things, shutting off
the plasma. Giving that there was a complete loss of the coolant flow, and that the plasma
power is still on since the automatic detection system failed, the resulting melt of the solid
structures was predictable; what is interesting to see is how much time it takes, since the onset
of the accident, to reach this condition. The results shows that the most critical EUROFER97
solid volume (the 3™ FV of the front part) reaches 1000 °C after 2.5 minutes and 1238 °C af-
ter nearly 4 minutes. Assuming for EUROFER97 a melting temperature equal to 1000 °C (it
is a conservative assumption), this means that, in the case the automatic detection and shut-
down system fails, there are 2 minutes and 30 seconds for a human to intervene before the
solid structures begin to melt.

The temperature distribution along a FW channel is presented in figures 4.12 and 4.13
for helium and EUROFER97, at a fixed time corresponding to the moment when the maxi-
mum temperature is computed. The maximum temperatures computed are 1238 °C for the
solid wall and 1066 °C for helium, both inside the plasma-facing channel part, but also along
the side channel parts the solid walls reached temperatures up to 900 °C.
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Figure 4.12: Helium temperature distribution along the FW channel length at time t=2461 s, the squares represent the val-
ues computed in each fluid node; case of a total LOFA without plasma shutdown.
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Figure 4.13: EUROFER temperature distribution along the FW channel length at time t=2236 s; squares represent the value
computed in each solid volume, case of a total LOFA without plasma shutdown.
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4.2.2.2. Case II: intervention of the mitigation system

This time, the same model used for the accidental scenario of a total LOFA has been simulat-
ed by introducing the intervention of the mitigation system (i.e., emergency plasma shut-
down). The shutdown of the plasma is simulated by setting the input power term referred to
the heat flux on the plasma-facing wall equal to zero, and the term referred to volumetric heat
generation inside EUROFER97 equal to the residual decay heat only.

This mitigation system, when triggered, prevents a further heat deposition inside the
BB, allowing the solid structures of EUROFER97 to rapidly cool down. In view of this, is
important to intervene before the temperature reaches hazardous values, which for EUROFER
corresponds to 550 °C (loss of creep strength); for this reason, the plasma shutdown is simu-
lated to intervene after 20, 40 and 60 seconds from the onset of the accident, to give an idea
on how much delay is still allowed for the plasma shutdown intervention to stay within safety
limits.
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Figure 4.14: Helium mass flow rate time evolution in a FW channel.: three hypotheses on the mitigation system intervention;
case of a total LOFA with plasma shutdown; in the blue box: magnified view of the curves around 2120 s.

Figure 4.14 above shows the helium mass flow rate evolution in a FW channel under the three
hypotheses on the plasma shutdown. The three curves, on the 10000 s scale of the figure,
seem to perfectly overlap each other, reaching all of them a steady value of 2.1 g/s soon after
the complete trip of the circulators. However, a small difference, only noticeable by deeply
zooming in around the time 2120 s (as in figure 4.14), is that the mass flow rates correspond-
ing to 40 s and 60 s shutdowns take more time to reach a plateau. With respect to the case I,
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when the accident is not mitigated, the helium mass flow rate settles at a higher value after the
accident, due to the effect of the plasma shutdown on the density of the fluid.

For what concerns the temperatures, instead, the differences are clearer between the
three cases. In figure 4.15 and 4.16 is shown the comparison between the effects of the three
mitigation hypotheses on the temperature evolution in the most critical points of the fluid flow
and solid. The curves present a narrow peak after the onset of the accident, with a rapid ascent
and descent of the temperature, and then smoothly settle at a steady value around 330 °C for
both helium and EUROER. The temperature profiles follow the trend seen for the case I until
the plasma shutdown, when they drop immediately; since the overheating is so fast, a delayed
intervention of the mitigation system will induce a dangerous increase of the peak tempera-
ture. In the worst case of a 60 s delayed shutdown (yellow curve in fig. 4.15 and 4.16), the
solid wall experienced a AT of 91°C in the most critical volume, reaching the temperature of
538 °C, just below the upper limit for EUROFER97. For the 20 s and 40 s cases, instead, the
maximum temperatures computed in the solid are 453 °C and 483 °C respectively. Figure
4.17 shows the temperature distribution along the FW solid walls under the most severe hy-
pothesis of a 60 s delayed plasma shutdown.
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Figure 4.15: Helium temperature time evolution in the 5th node of the FW channel front part: three hypotheses on the miti-
gation system intervention; case of a total LOFA with plasma shutdown; a) view of the whole period, b) post-accident detail
(1980 s — 4000 s).
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Figure 4.16: EUROFER97 temperature time evolution in the 3rd node of the FW channel front part: three hypotheses on the

mitigation system intervention; case of a total LOFA with plasma shutdown; a) view of the whole period, b) post-accident
detail (1980 s — 4000 s).
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Figure 4.17: EUROFER temperature distribution along the FW channel length at time t=2060 s, squares represent the value
computed in each solid volume, case of a total LOFA with plasma shutdown after 60 s from the accident.
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4.2.3. Partial LOFA: failure of one circulator

Since a PHTS cooling loop is fed by two circulators in parallel, it is interesting to see what
happens inside the blanket if one of them trips, leaving the other as the only source of circu-
lating power. Differently from the scenario simulated in section 4.2.3, where all the circulat-
ing power was lost, now the BB solid structures are still cooled by a relevant fraction of the
“pre-accident” helium mass flow rate (which it is expected to drop to about a half of the nor-
mal operation value), making this scenario less severe but still needed to be carefully dealt
with and promptly mitigated. Moreover, each circulator feeds the whole cooling loop, hence
the effect of the accident, in this scenario too, will affect uniformly all the FW channels.

In the model, as stated above, the ThermoPower Fan object is used for the circulator.
This object has an integer input connector that allows to set the number of circulators in paral-
lel from an external integer source; in view of this, the simulations are carried on by using an
integer step that switches the number of circulators from 2 to 1 when the accident is meant to
occur, at time equal to 2000 s. This solution, even though simple to implement and computa-
tionally convenient, does not allow to gradually decrease the angular velocity of the defective
circulator, as it was done for the total LOFA: therefore, the system switches from 2 fans to 1
instantaneously, causing an unrealistically fast decrease of the mass flow rate and, conse-
quently, a too fast overheating of the blanket. In the case of an unmitigated LOFA this doesn’t
represent a huge problem, since the focus is on the new equilibrium conditions reached rather
than the time taken to reach them; at contrary, when simulating the intervention of the plasma
shutdown, the results obtained are inevitably most severe (in terms of maximum temperatures
computed in the solid) than they actually are.

However, it must be pointed out that this assumption on the failure of the circulator is
a conservative assumption; it allows to consider the worst circumstances possible (in this spe-
cific scenario) and study a suitable mitigation strategy, which will be certainly effective also
in the case of an actual accident (being it less severe).

4.2.3.1. Case I: no intervention of the mitigation system

When the plasma is not turned off after a partial LOFA, the BB will undergo a further heat
deposition inside the solid structures, resulting in a new equilibrium condition, at higher tem-
peratures, soon after the onset of the accident.

The mass flow rate inside each FW channel drops to 16.46 g/s after the accident,
which as expected is approximately half the normal operation value of 33.76 g/s. The mass
flow rate time evolution is shown in figure 4.18. At time 7200 s, as the dwell time begins, the
plasma power is switched off as envisaged in normal operating conditions, and consequently
the helium flow rate rises to about 20 g/s as an effect of the density change.

Temperature time evolution is plotted in figures 4.19 and 4.20 for helium and EU-
ROFER. In this situation, helium exits the front part of the channel with a temperature almost
150 °C greater than in nominal conditions, and the solid structures are subjected, in the front
channel part, to temperatures between 550 °C and 600 °C, with a maximum of 593.7 °C in the
third solid volume. Therefore, the EUROFER97 upper limit of 550 °C has been exceeded, but
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not by much; as a matter of fact, considering that a severe accident has happened, and it hasn’t
even been detected or mitigated, these results are actually less alarming as one might have
expected. The side parts, instead, are safely below 550 °C, as shown in figure 4.21.
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Figure 4.18: Helium mass flow rate time evolution in the front part of each FW channel; case of a partial LOFA without
plasma shutdown.
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Figure 4.19: Helium temperature evolution in a FW channel,; each curve represents a different fluid node of the front part;
case of a partial LOFA without plasma shutdown.
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Figure 4.20: EUROFER temperature evolution in a FW channel; each curve represents a different fluid node of the front
part; case of a partial LOFA without plasma shutdown.
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Figure 4.21: EUROFER temperature distribution along the FW channel length at time t=2851 s; squares represent the value
computed in each solid volume, case of a partial LOFA without plasma shutdown.

4.2.3.2. Case II: intervention of the mitigation system

The mitigation system intervention is simulated under the same three hypotheses of the total
LOFA scenario: the emergency plasma shutdown is actuated after 20, 40 and 60 seconds from
the circulator failure.

In the following plot the results are shown. However, it should be pointed out that the
peak temperatures computed are affected by the approximation made on the failure of the cir-
culator, as explained in the introduction of section 4.2.3.
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Figure 4.22: EUROFER97 temperature time evolution in the 3rd node of the FW channel front part: three hypotheses on the
mitigation system intervention; case of a partial LOFA with plasma shutdown,; a) view of the whole period, b) post-accident
detail (1980 s — 2200 s).
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The maximum temperature computed in the most critical solid volume of the FW is 588 °C
for the 60 s shutdown hypothesis, while 542 °C and 516 °C are computed for the 40 s and 20 s
hypotheses, respectively. Therefore, under the unlikely assumption that the circulator stops
instantaneously instead of gradually, a 60 seconds-delayed emergency plasma shutdown
would cause the temperatures to rise above 550 °C for some instants, in three solid volumes
of the front part (see figure 4.23).

However, considered that the results obtained for a mitigated total LOFA (section
4.2.2.2) highlighted that, even with a 60 s delayed plasma shutdown, the solid temperature is
kept under safety limits, then it is safe to say that also in the case of a less severe accident as a
partial LOFA (with an appropriate assumption on the circulator failure) this must be true.
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Figure 4.23: EUROFER temperature distribution along the FW channel length at time t=2060 s, squares represent the value
computed in each solid volume, case of a partial LOFA with plasma shutdown after 60 s.
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4.2.4. Obstruction of a FW channel

The last scenario simulated for this thesis work focuses on the accidental obstruction of a sin-
gle FW channel, which produces a localized heat deposition in the solid walls surrounding the
said channel. This situation is not expected to represent a severe threat to the thermo-
mechanical resistance of the EUROFER97 structures (because of the mild temperature in-
crease expected), but a relevant temperature difference between the damaged channel and the
others could still bring thermal stress issues. Moreover, it is interesting to see how the over-
heating of the obstructed channel is attenuated by the neighboring channels.

For this scenario, the model has been adjusted by adding a third in-vessel hydraulic-
branch, in parallel with the others and with the same counter current cooling scheme. This
new branch features the same objects as the other two, with the difference that the FW object
models one channel instead of four. In addition, a valve is placed at the inlet of the branch in
order to simulate the obstruction; by closing the valve, the mass flow rate in the obstructed
channel gradually reduces and it is redistributed between the other channels. The valve has
closed up to the 99.5 % of its wide-open position, leaving just a small fraction of the mass
flow rate still flowing in the channel.

As usual, the model has been simulated in both cases with and without the interven-
tion of the mitigation system.
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4.2.4.1. Case I: no intervention of the mitigation system

Here the results in the case of the unmitigated LOFA accident are presented. With respect to
the two scenarios showed in previous sections, now it is interesting to compare the results for
different channels since the nature of the accident is localized in a specific poloidal location
and not uniformly distributed for the entire segment.

In figure 4.24 the mass flow rate evolution in different channels is shown. The green
dashed line represents the obstructed channel: at time 2000 s, the channel is almost entirely
shut and the mass flow rate drops to 2 g/s (starting from about 33 g/s before the accident). The
loss of mass flow rate in one channel is uniformly distributed among the others, which see an
increase of 3 g/s each.
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Figure 4.24: Helium mass flow rate time evolution in the front part of each FW channel; case of a channel obstruction with-
out plasma shutdown.

Also for the temperatures, results shows that the effect of the accident is uniformly
distributed among the non-obstructed channels. In fact, the post-accident temperature reached
by EUROFER97 walls in channel 1, the nearest one to the obstructed channel, is the same of
the one reached in channel 4, the farthest one; this is due to the good heat conduction proper-
ties of EUROFER97. Figures 4.25 and 4.26 show the temperature evolution of helium and
EUROFER97 in the most critical fluid node and solid volume of the FW front channel part. In
figure 4.25 an initial and short term decrease of the helium temperature is highlighted, after
the accident, followed by a sudden increase of a few Celsius degrees. This initial behavior is a
consequence of the mass flow rate increase in the unobstructed channels, and it is more tangi-
ble if looking at the other fluid nodes (discussed later in this section).
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Figure 4.25: Temperature evolution in time of helium in the 5th node of the FW front channel part; case of a channel ob-
struction without plasma shutdown;, in the blue box: magnified view of the channel 4 curve around 2000 s.
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Figure 4.26.: Temperature evolution in time of EUROFER97 in the 3rd solid volume of the FW front channel part; case of a
channel obstruction without plasma shutdown.
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The solid walls of the obstructed channel suffer a temperature increase of 15 °C,
reaching the maximum temperature of 455.6 °C in the 3™ volume of the front channel part, as
usual. On the other hand, a mild AT of 6 °C is computed in the other channels. Moreover, as
anticipated above while commenting on fig. 4.25, a peculiar behavior is noticeable if looking
at the helium temperature evolution in all the different nodes of a FW channel’s front part
(figure 4.27). In the first three fluid nodes the temperature actually decreases after the acci-
dent, while only in the 4™ and 5" node it starts increasing; this trend is explained by the fact
that, as mentioned above, the mass flow rate in the unobstructed channels slightly increases,
resulting in a lower average temperature of the fluid. However, along the flow path, the nega-
tive effect due to the overheating in the solid walls of the obstructed channel overcomes this
mass flow rate positive effect, hence helium exits the front part with a higher temperature than
before the accident.

Also, the comparison between the temperature distributions along the obstructed
channel and its neighboring channel is shown in figure 4.28. Both distributions refer to a fixed
time in which the maximum temperature has been computed, that is about 200 s after the ac-
cident when a new equilibrium is established. Of course, the walls surrounding the obstructed
channel experience the largest AT, but the accident is well mitigated by the neighboring chan-
nels: the maximum temperature is far below the upper boundary for EUROFER97, and, in the
unobstructed channels, temperatures remain close to the normal operation values.
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Figure 4.27: Helium temperature evolution in a non-obstructed FW channel; each curve represents a different fluid node of
the front part; case of a channel obstruction without plasma shutdown.
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Figure 4.28: EUROFER temperature distribution along channel 1 (blue line) and the obstructed channel (red line); squares
represent the value computed in each solid volume, case of a channel obstruction without plasma shutdown.

4.2.4.2. Case II: intervention of the mitigation system

Case I described in the previous section showed that, in the case of a single FW channel ob-
struction, the resulting heat deposition in the solid walls is effectively removed by the helium
still flowing inside the neighboring channels, with only a mild temperature increase widely
within safety limits. However, it could still be required to activate the emergency plasma
shutdown to investigate the causes of the obstruction and avoid any risks for the integrity of
the FW channels close to the obstructed one.

The three usual hypotheses on mitigation system intervention are considered, with the
plasma shutdown triggered after 20, 40 and 60 seconds since the accident. As it can be seen in
figure 4.29, the maximum temperature reached in the obstructed channel walls is almost the
same for the three different hypotheses, going from 454.1 °C to 455.2 °C for the 20 and 60
seconds delayed shutdown cases, respectively (1 °C difference only). That is because the new
equilibrium after the accident is reached in a very short time (very fast transient), so that after
20 seconds the maximum temperature has gone up by 13.9 °C compared to the total 15.2 °C
temperature increase computed in case . In figure 4.30 the temperature distribution in the ob-
structed channel and in channel 1 are compared under the hypothesis of a 60 seconds delayed
intervention of the emergency plasma shutdown. As expected, with respect to case I (see fig-
ure 4.28) differences are nearly imperceptible, for the reason already discussed above.
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Chapter 5

5. Conclusions

This thesis work presented a preliminary system-level analysis of the global thermal-
hydraulic behavior of the EU DEMO tokamak PHTS, under the accidental scenario of a LO-
FA. In particular, the latest design of the HCPB concept of the BB was considered, focusing
on the temperatures reached inside the solid walls of the FW channels during the accidental
transient, and evaluating different hypotheses on the emergency plasma shutdown interven-
tion.

To perform this analysis, a model based on the GETTHEM code (developed at
Politecnico di Torino) for the HCPB PHTS has been used. The idea was to develop a simple
and intuitive model, which allows fast-running simulations to get global results on the dynam-
ic behavior of the HCPB BB, useful to provide feedbacks on the most critical regions where
further detailed analyses are needed. To this aim, Modelica has been chosen as the modeling
language, because of its objected-oriented nature, useful to easily build complex systems in a
modular architecture, its dynamic nature, and its user-friendly interface. The model consists
of a closed loop where an ex-vessel cooling train, made of one/two circulators and a heat ex-
changer, feeds two parallel branches of the BB object. Each branch is made of a FW object,
which models 4 FW channels, each of them divided in two side parts and one plasma-facing
part, connected in series with two instances of the fuel pin object, one for the cylindrical inner
pin and the other for the annular outer pin. These two branches are thermally coupled at the
FW object level according to a counter-current flow scheme. The objects describing the com-
ponents of the system are modeled with a 0D/1D approach: all the components where the
coolant flow is not fully developed are modeled as 0D object, while for long components,
such as channels and the HX, the mass, momentum and energy conservation equations are
discretized with the 1D FVs method.

The accidental situation of a loss of the coolant flow has been simulated, resulting in
different extents of the severity of the accident depending on the initiating event involved, and
on the hypotheses made on the mitigation system. For the latter, two cases have been taken
into account: case I, the most severe condition when the accident is not automatically detected
and mitigated, meaning that the plasma power still heats up the BB after the accident; case II,
the accident is properly detected, and the plasma shutdown system is triggered to attenuate the
negative effects of the loss of coolant flow in the cooling loop. Moreover, case II has been
simulated under the assumptions that the emergency plasma shutdown intervenes 20, 40 and
60 seconds after the accident, in order to assess the effectiveness of the mitigation interven-
tion in the case of delayed detections of the accident.
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The first scenario simulated regarded a total LOFA due to the simultaneous trip of
both circulators of the cooling loop, which, in turn, might have been caused by a loss of off-
site power. This was the most severe scenario analyzed, since the whole circulating power has
been gradually turned off and the mass flow rate inside each FW channel dropped from 33.8
g/s to about 1 g/s, almost completely compromising the heat removal from the BB solid struc-
tures. For the case I, the temperatures rapidly reached values above 1000 °C exceeding the
EUROFER97 melting point, reason why the simulation stopped 236 seconds after the acci-
dent (when a maximum temperature of 1238 °C was computed), long before the scheduled
end-time. The reaching of the material’s melting point, in such a situation, was expected; the
interesting result, instead, is that the melting point temperature, assumed around 1000 °C, is
reached after two and a half minutes, which is enough time for the operators on duty in the
control room to manually trigger the emergency plasma shutdown. Concerning case II, in-
stead, results showed that, even with a 60 seconds-delayed intervention of the emergency
plasma shutdown, the FW solid wall temperatures are within safety limits. As a matter of fact,
a maximum temperature of 538 °C has been computed in the solid, below the upper limit of
550 °C set for EUROFER97 operation.

The second scenario consisted in the failure of one of the two circulators of the cool-
ing loop, resulting in a 50 % reduction of the mass flow rate in each FW channel, approxi-
mately. In case I, when the emergency shutdown system fails, the system reached a new
thermal equilibrium at higher temperatures; in particular, in the plasma-facing walls of the
FW channels, temperatures between 550 °C and 600 °C have been computed. Considering the
severity of the accident and the failure of the mitigation system, these results are actually re-
assuring, being the maximum temperatures only slightly above 550 °C and far below the ma-
terial melting point temperature. Moreover, this scenario has been simulated with the con-
servative assumption that the circulator stops instantaneously when the accident occurs, hence
the mass flow rate reduction is not gradual as it was for the first scenario. This assumption
affected the results in the case of the emergency plasma shutdown intervention, because of the
unlikely fast temperature increase involved. As a matter of fact, in the case of a 60 seconds-
delayed intervention, the EUROFER97 FW channel walls reached a maximum temperature of
588 °C, which is very close to the value of 593 °C computed in the unmitigated case; howev-
er, the 40 seconds delay hypothesis has proven to be successful to stay within the material
safety limits, with a maximum temperature of 542 °C in the front channel part.

Finally, the accidental obstruction of a single FW channel has been simulated. Differ-
ently from previous scenarios, in this situation the loss of coolant flow (and, as a conse-
quence, the additional heat deposition) is not uniformly distributed among the channels but it
is localized to the obstructed channel. Results showed that the overheating in the obstructed
channel solid walls is well mitigated by the helium flowing inside the other channels, thanks
to the good heat conductivity of EUROFER97; the latter is also the reason why the effects of
the accident are uniform on the unobstructed channels, whether they are close or far from the
obstructed one. In case I, a 15 °C temperature increase has been computed after the accident
in the damaged channel solid walls, while the neighboring channels suffered only a mild 6 °C
overheating. Moreover, the emergency plasma shutdown had no relevant effects on the max-
imum temperatures reached compared to the unmitigated scenario, but it still can be useful to
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avoid any thermal stress issues due to the temperature difference between the obstructed
channels and its neighboring channels.
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