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Abstract

The divertor is a critical in-vessel component of nuclear fusion reactors, being

responsible for the fulfilment of certain fundamental functions for the machine:

it must be able to handle the power deposited by charged particle and neutron

irradiation, ensure the presence of channels through which the fusion ashes can be

removed from the Vacuum Vessel (VV), provide plasma-compatible surfaces, and

shield the VV and magnets from nuclear loads.

The heat load that can be tolerated by the divertor under normal and off-normal

operating conditions is a pivotal parameter when dimensioning a fusion power plant

since exceptionally high heat fluxes can be observed in some regions of the divertor,

in the order of some tens of MW/m2. It is therefore clear that the proper functioning

of this component in steady-state or long pulse conditions is inextricably linked to

the correct design of its cooling circuit, which is required to prevent structural

and functional materials to operate outside their operative limits, avoid unduly

high pressure drops, and operate at the highest possible temperature to ensure the

maximum achievable thermodynamic cycle efficiency while complying with all the

applicable constraints.

In particular, for the case of the European DEMO power plant, during the

Pre-Conceptual Design (PCD) phase which ended in 2020, attention was focused on

the study of a “Double-Circuit” divertor concept, in which two independent cooling

circuits served by two different Primary Heat Transfer Systems (PHTS) were used to

cool the divertor Plasma-Facing Components (PFC) and the Cassette Body (CB).

The possibility to adopt a single cooling circuit to serve both PFCs and CB,

suggested during the divertor final design Review Meeting of the PCD phase, led to

the definition of a new divertor concept, namely the ”Single-Circuit Cooling Option”.

This novel divertor was originally conceived to allow for a simpler balance of plant

design, as it would require a single PHTS, and to ease remote maintenance, as only

one inlet and one outlet pipe should be cut and reweld for each divertor cassette

during replacement operations.

The research activities carried out during the Ph.D. aimed to identify the

strengths and possible shortcomings of this divertor design solution. To this purpose,

attention was at first focussed on the development, validation and application

of a dedicated numerical tool able to perform quick parametric analyses of the
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divertor cooling circuit, allowing for a first screening of coolant operating conditions

and cooling circuit layouts that do not comply with most of the applicable

thermal and thermal-hydraulic requirements and constraints. Therefore, with the

final aim to perform a detailed thermofluid-dynamic assessment with the tools

of Computational Fluid Dynamics (CFD), a simulation technique based on an

equivalent porous medium concept was developed. With this technique it is possible

to reduce the computational costs required to simulate the coolant flow inside

swirl tape-equipped cooling channels, being the most computationally demanding

components of the entire divertor cooling circuit, without compromising the quality

of the results. Finally, the complete 3D-CFD thermofluid-dynamic simulation of

the entire single-circuit cooling option divertor cassette was performed, confirming

the outcomes of parametric analyses and highlighting the occurrence of additional

criticalities in terms of cooling performance and thermal hot spots. In this

dissertation are reported the methodologies developed and their validation, together

with the models, assumptions, and outcomes of this research campaign.

xxvii



Introduction

In recent years, the European Union has promoted research and technological

development for the exploitation of nuclear fusion to produce electricity in order

to meet the ever-increasing demand for energy, while at the same time ensuring a

reduction in greenhouse gas emissions and permitting a decrease in dependence on

conventional fossil fuels.

In 2012, the European Fusion Development Agreement (EFDA) published the

first Fusion Roadmap [1]. This is the pivotal document in fusion research, as it

defines the priorities and the key challenges to be addressed for the realisation of

industrial Fusion Power Plants (FPPs), and sets timelines for achieving the specified

goals. The roadmap was afterwards updated in 2018 [2] after EFDA was succeeded

by EUROfusion, a consortium of fusion research institutes with partners from the

European Union, Switzerland, Ukraine and the United Kingdom, which acts as an

”umbrella” organisation for Europe’s fusion research laboratories. The three main

steps outlined in the roadmap are as follows:

1. the technical demonstration of large-scale fusion power by means of the

International Thermonuclear Experimental Reactor (ITER) machine;

2. the delivery to the grid of electricity via a DEMOnstration fusion power reactor

(DEMO), in parallel with the exploration of alternative machine concepts, such

as stellarators;

3. the large-scale industrial production and exploitation of FPP.

Funded under Horizon 2020, the EUROfusion consortium carried out the

Pre-Conceptual Design (PCD) of the European (EU) DEMO machine, paving the

way for the ongoing conceptual design phase, which is being carried out under

the 2021-2027 Framework Programme for Research and Technological Development

(FP9) Horizon Europe.

Among the milestones defined by this new roadmap, the realisation of DEMO

is of great importance. It is expected to be operational by the end of this century,

delivering several hundred MW of electricity to the grid while operating with a closed

fuel cycle and replicating many of the characteristics required for future commercial

FPPs, thus demonstrating their feasibility.
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Introduction

There are several challenges to be overcome to achieve a sound DEMO design, and

one of the most critical is the technological development of the divertor cassette, the

in-vessel component responsible for power handling and particle exhaust. In fact,

one of the essential aspects of the design of a power-producing FPP is the amount

of power that can be reliably controlled within it. This is highly dependent, among

other things, on the heat load that the divertor can tolerate under normal and

off-normal operation [3], and the correct functioning of the divertor in steady-state

or long-pulse conditions is inextricably linked to the correct design of its cooling

circuit.

The research activity carried out during the XXXV cycle of the Ph.D. course

in Energia e Tecnologie dell’Informazione - Curriculum Fisica Tecnica e Ingegneria

Nucleare, held at the University of Palermo, is framed within DEMO conceptual

design activities and was supported by the EUROfusion consortium, of which

the University of Palermo is an affiliated entity through the Agenzia nazionale

per le nuove tecnologie, l’energia e lo sviluppo economico sostenibile (ENEA). In

particular, the research activity focused on the thermofluid-dynamic study of the

Single-Circuit Cooling Option divertor, developed in 2020 and 2021 and proposed

as an alternative solution to the Double-Circuit Cooling Option, whose design was

carried out during the PCD phase. This solution was investigated with the aim

of simplifying the layout of the divertor Primary Heat Transfer Systems (PHTSs)

and easing maintenance operations. A general description of these two divertor

concepts, together with the details of their cooling circuits and the main constraints

and requirements which guided their design, can be found in chapter 1 of this

dissertation.

During the Ph.D. years, the research activity developed along two parallel paths.

The first, detailed in chapter 2, involved the development of a calculation tool,

implemented in the MATLAB environment, to determine the thermofluid-dynamic

operating map of this new divertor cassette solution. This novel numerical

tool, named Advanced Divertor paRametric Analysis for coolaNt Operating

Scenarios (ADRANOS), performs quick assessments of the mass flow rate, coolant

temperature, and coolant pressure distribution among the different sub-components

constituting the cassette, by adopting a lumped-parameters approach. Moreover, a

2D-Finite Element Method (FEM) module is embedded in ADRANOS and allows

the evaluation of detailed temperature distribution inside the Plasma Facing Unit

(PFU) structures, so to check the compliance with materials temperature limits.

The tool was validated against experimental results and exploited to carry out

a broad parametric analysis campaign to determine the limits and acceptable

operating ranges of different DEMO divertor cooling circuit layouts, both single

and double circuit cooling options. The outcomes of these analyses highlighted

some criticalities for the adoption of the single-circuit solution, being not possible to
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guarantee sufficiently high temperatures for the cassette structures without violating

the Critical Heat Flux (CHF) margin constraint, which results in a reduction of

the divertor cassette lifetime, excepting for a rather complex cooling circuit layout

foreseeing the target connected in parallel and a suitable bypass of the entire Cassette

Body (CB) which would entail additional potential issues to be further investigated.

Moreover, the same tool was employed to check suitable operating conditions for

the divertor Plasma Facing Component (PFC) cooling circuit considering the two

targets connected both in series and parallel, questioning the current constraints on

maximum coolant velocity and CHF margin and exploring the effects of higher peak

plasma heat fluxes.

The second research line focussed instead on the assessment of the complete

thermofluid-dynamic behaviour of the divertor cassette employing detailed

3D-Computational Fluid Dynamic (CFD) calculations. Given the great complexity

of the component, it was deemed necessary to preliminarily define some modelling

techniques to reduce the computational cost required to perform the analyses. In

particular, as will be detailed in chapter 3, the attention was focused on the Swirl

Tape (ST)-equipped PFU cooling channels, difficult to integrate into the complete

cassette model, as they would require an excessive computational cost and an

unduly high pre-processing effort. Several analysis campaigns were carried out to

assess the flow field inside these components, highlighting the occurrence of peculiar

fluid-dynamic phenomena that significantly affect pressure drop and heat transfer,

and to validate the numerical results against relevant correlations. Then, the Virtual

Swirl Tape (VST) approach, a novel modelling technique based on the adoption of

porous media, was developed and tested to assess its pressure drop and heat transfer

coefficient predictive capabilities.

The VST approach was then employed to allow the complete 3D-CFD simulation

of the single-circuit cooling option divertor cassette, as described in chapter 4. First

of all, an extensive mesh independence assessment of the divertor cassette main

components was performed, selecting the optimal mesh size to be adopted, thus

providing reliable results in terms of pressure, temperature, and mass flow rate

distribution. Then, the calculations confirmed the criticalities already observed

with the parametric analyses in chapter 2, confirming the predictive capabilities of

ADRANOS, and highlighted additional issues that must be addressed in the future

design revisions of the divertor cassette, i.e. the occurrence of severe thermal hot

spots in the target supports and in the Shielding Liner (SL).

The research activity described in this dissertation was carried out during my

Ph.D. course from the end of 2019 to the second half of 2022, both at University

of Palermo and Max-Planck-Institut für Plasmaphysik, Garching bei München

(Germany), where I spent a month as a visiting researcher.
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Chapter 1

Fusion Reactor Divertors

1.1 Introduction

The TOroidal’naya KAmera s MAgnaitnymi Katushkami (tokamak) machines

are the most advanced and best-investigated fusion device concepts available today

[4]. These machines rely on the usage of very intense magnetic fields to confine

the plasma particles, i.e. ions and electrons, within a toroidal plasma chamber,

allowing outstandingly high plasma temperatures while protecting the integrity of

the reactor structures. The first generation of FPP will exploit Deuterium-Tritium

(D-T) reaction [5]:

2
1D +3

1 T →4
2 He(3.54MeV ) +1

0 n(14.05MeV ), (1.1)

where deuterium and tritium nuclei fuse, producing a Helium-4 nucleus, also referred

to as α particle, and a neutron. While neutrons are not affected by the magnetic

confinement and are free to escape from the plasma carrying most of the energy

generated by D-T reactions, α particles are purposely conveyed along narrow paths,

resulting in high particle fluxes, and consequently in high heat fluxes, in the

intersection between these trajectories and the reactor inner walls.

In this framework, the divertor is a key in-vessel component of FPP, since it

must be able to handle the above-mentioned power and particle fluxes, together with

neutron irradiation, while ensuring the presence of channels through which the fusion

ashes can be removed from the Vacuum Vessel (VV), providing plasma-compatible

surfaces, and shielding the VV and magnets from nuclear loads [6]. Besides,

neutron irradiation produces defects and damages in the structural materials leading

to embrittlement, while pulsed operation causes fatigue owing to thermal stress

variation, challenging the divertor lifetime. Its importance is emphasised in the

Fusion Roadmap, which defines reliable power exhausting as one of the main

challenges in the realization of a FPP [2]. Moreover, the heat load that can be
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Ch. 1 Fusion Reactor Divertors

tolerated by the divertor under normal and off-normal operating conditions is a

pivotal parameter when dimensioning an FPP [3].

From these considerations, it is therefore clear that the proper functioning of

this component in steady-state or long-pulse conditions is inextricably linked to

the correct design of its cooling circuit, which is required to prevent structural and

functional materials to operate outside their operative temperature limits, avoid

unduly high pressure drops, and operate at the highest possible temperature to

ensure the maximum achievable thermodynamic cycle efficiency while complying

with all the applicable constraints.

Figure 1.1: EU DEMO tokamak and position of the main components [7].

Figure 1.1 shows the DEMO tokamak, with an indication of the position of the

main components: the VV, the Breeding Blanket (BB), the superconducting coils,

i.e., the Toroidal Field (TF) and Poloidal Field (PF) coils and the Central Solenoid

(CS), and the divertor. This latter component directly faces the plasma, and it is

placed in the lower part of the VV. Moreover, it should be mentioned, as it will be

discussed later, that the main tokamak components located below the divertor are

the VV, the TF coils and the lowest PF coil, referred to as PF6.

1.2 Divertor functions and design requirements

As anticipated, the main divertor function is the heat and particle exhaust: in

fact, for a stable fusion operation, the helium concentration accumulated in the

plasma must remain below a threshold concentration value. The ash control is

obtained with the diverted magnetic configuration, in which a mixture of ashes and

5
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fuel particles drifts outwards, crosses the separatrix at the core plasma edge and

enters the Scrape-Off Layer (SOL). These particles are then guided along the SOL

towards the divertor targets, where they are neutralized and pumped out together

with the plasma impurities.

Impinging upon the divertor targets, the particles transfer their kinetic energy to

the divertor, thus macroscopically resulting in intense heat fluxes, which sums up

with the radiative heat fluxes coming from the core plasma and the SOL and the

neutrals, originated by charge exchange reactions in the pedestal region [8]. These

energy channels transport most of the fusion power carried by α particles, together

with the auxiliary heating provided to the plasma for control, heating and current

drive, and this thermal power must be continuously exhausted at the targets by

means of active cooling to enable steady-state or long-pulse operations.

As the characteristic power decay length of the SOL is small, the thermal power

density is concentrated on a narrow band of the targets, around the so-called strike

point, leading to localized high heat flux values.

To reduce the amplitude of this peak, two solutions are generally employed: the

targets are inclined at a shallow angle (few degrees) relative to the grazing magnetic

field lines, so as to increase the projected area [9], and power is preventively radiated

from the SOL using seeded inert gases, forming a detached plasma condition [10].

These strategies make it possible to significantly reduce the expected heat fluxes

at the divertor targets to values that are manageable with the available technologies,

but normal and off-normal plasma transients can lead to very high heat loads that

must be handled by the divertor, in the order of several tens of MW/m2.

Apart from removing the heat deposited by the plasma onto the divertor surfaces,

as well as coping with the neutronic heating, the divertor must fulfil the following

functions:

• to ensure the presence of gas streaming channels towards the pumping ports

for exhausting ashes, as well as limit the eroded impurities entering the main

plasma, with the aim of controlling plasma composition [11];

• to shield the VV, the TF coils and the PF6 superconducting magnets against

nuclear loads, so as to reduce thermal loads and neutron damage on these

components that are not expected to be replaced during the plant lifetime;

• to provide plasma-facing surfaces physically compatible with the plasma, in

terms of sputtering and tritium retention.

Additionally, in an FPP devoted to delivering electricity to the grid, and

therefore for DEMO, the divertor must be compliant with fundamental engineering

constraints and design drivers [12], so it has to minimize nuclear waste from

replaced components, minimize the manufacturing costs and maximize the recycling

potential, and reduce the maintenance downtime.
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1.3 DEMO divertor general design description

The architecture of the EU DEMO divertor, according to the current design, is

the following: it is a modular structure subdivided into 16 toroidal sectors, each

one hosting a set of 3 divertor cassettes, namely one central and two side cassettes

(differentiated only in the position and routing of the coolant pipes), for a total of 48

components distributed symmetrically along the toroidal direction, whose angular

range is equal to 7.5◦, toroidally spaced with a gap of 20 mm [6]. Figure 1.2 shows

three different views of the entire EU DEMO divertor, indicating with the dashed

lines the boundaries of the different sectors.

The division into sectors is imposed by the presence of 16 TF coils, the space

between which houses the lower ports. Through these ports, the divertor coolant

feeding pipes and the outlet pipes are routed and connected to the PHTSs of the

plant, the divertor cassettes are replaced by employing a robot arm manipulator,

and/or pumping path to the main plasma chamber is provided. A sketch of a lower

port devoted exclusively to pumping is depicted in figure 1.3.

Figure 1.2: Entire EU DEMO divertor assembly.

The characteristics of the single divertor cassette, together with the details of their

cooling circuit, have been studied and optimized within the EUROfusion project,

and a final design has not been established yet. In this dissertation, reference will be

made to two cassette designs, namely the 2019 and 2021 configurations, thoroughly

described in the following sections.
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Figure 1.3: Lower port region and the rear casks of the EU DEMO design [13].

1.4 EU DEMO divertor 2019

The DEMO divertor cassette, according to its 2019 design [14], is composed

of a CB equipped with a SL and two Reflector Plates (RPs), and supporting

two PFCs, namely Inner Vertical Target (IVT) and Outer Vertical Target (OVT).

This cassette configuration, with an indication of the position of the supported

components, is depicted in figure 1.4, while a detailed description of all the divertor

main components is given in the following subsections.

Figure 1.4: EU DEMO divertor cassette (2019 design).

1.4.1 Cassette Body

The CB is a Eurofer97 (a Reduced-Activation Ferritic/Martensitic (RAFM) steel)

welded box-like structure made of a 30 mm external shells and internal ribs of 20
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mm, acting as stiffeners to provide adequate structural robustness while serving

as partition walls with holes for guiding coolant streaming [6]. A square-shaped

pumping duct penetrates the central region of the CB, referred to as the vacuum

pumping hole, required to provide a gas channel towards the pumping lower ports.

The CB is designed to achieve the following main functions [15]:

• to support the major sub-components, allowing for the removal of the CB itself

and all the sub-components through the lower port;

• to ensure the correct positioning and alignment of the Vertical Targets (VTs);

• to provide structural stability under ElectroMagnetic (EM) impact loads and

primary/secondary loads by means of suitable cassette-to-VV fixation systems;

• to exhaust volumetric thermal power by means of an appropriate cooling water

system;

• to shield the VV from direct exposure to neutron radiation;

• to guide the gas flow to enhance pumping efficiency.

The EU DEMO divertor CB (2019 design) is depicted in figure 1.5, together with

its cross-section, clearly showing the internal ribs and the connection holes required

to route the coolant.

(a) (b)

Figure 1.5: EU DEMO divertor CB (a) with the details of its internal structure (b),
2019 design.

The CB-to-VV fixation system acts as an interface between the divertor system

and VV. It is required to withstand all the loads resulting from EM events (i.e.

disruptions or discharge of the magnet system) and to ensure electrical connection

between the divertor and the VV.

On the inboard side, two noses, placed symmetrically with respect to the

poloidal-radial cassette midplane, have been selected for the fixation system,

designed to reduce the gap with the blanket during final installation movements

and to be engaged in the VV to react radial moments. The noses will be in radial

contact with the VV in their installed configuration, thus precisely controlling the

position of the targets, being locked to a socket pair mounted on the inboard wall of
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the VV. Once engaged, the locking gives rise to full constraints against toroidal and

poloidal displacement, maintaining the required gap between the blanket edge and

the CB. The details of the inboard cassette fixation support are shown in figure 1.6.

Figure 1.6: Details of the inboard cassette fixation support.

The outboard fixation system relies on the adoption of a special component,

referred to as wishbone, which is depicted in figure 1.7 in its locked position.

In addition to fixing function, the wishbone is designed to provide the flexibility

required to accommodate differential thermal expansion of the VV and CB

during both plasma and eventually baking operating conditions [6], allowing radial

expansion and transferring vertical and toroidal loads at the same time, while

ensuring electrical continuity and maintaining its properties under irradiation. The

material selected for the wishbone is the Ti-6Al-4V alloy and, since the divertor

cassettes will be replaced through Remote Handling (RH) systems, it must be

compatible with the RH manipulators and tools.

Figure 1.7: Details of the onboard cassette fixation support in the locked position
(wishbone).

1.4.2 Vertical Targets

The VTs are deemed to be the most important and technologically critical

component of the entire divertor, since they must withstand the outstanding peak
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heat fluxes at the strike point, and are provided with a dedicated cooling circuit,

that will be thoroughly detailed in section 1.5.1.

The VTs are composed of ITER-like PFUs [16], designed with monoblocks made

of tungsten cooled by pressurized water flowing through CuCrZr pipes running

through the centre bore of the blocks. The PFUs are grouped in toroidally-arranged

PFU assemblies, 31 and 43 respectively for IVT and OVT. A sketch of the two VTs

with the detail of a single PFU assembly is visible in figure 1.8.

Figure 1.8: Details of the VTs and of a single PFU assembly [6].

Each cooling channel is equipped with a thin copper ST turbulence promoter,

whose width is 0.8 mm, to enhance heat transfer performance, which extends along

the entire straight part of the channel, for a length of approximately 575 mm for

the IVT and 493 mm for the OVT. Moreover, the PFUs cooling channels are

joined to the tungsten blocks with a thin (1 mm) copper interlayer to accommodate

their differential thermal expansions. Each individual monoblock is a parallelepiped

structure with a width of 23 mm, height of 28 mm and depth of 12 mm. Its

geometrical features are depicted in figure 1.9a, while the details of part of one

PFU with its connection to the CB are depicted in the figure 1.9b.

The design of the monoblock is the same as the one adopted in ITER, except for

the section width, reduced from 28 to 23 mm, in order to improve the structural

integrity to crack propagation [17]. Moreover, the front side armour thickness of 8

mm was chosen to maximize the erosion lifetime, paying the price of higher tungsten

temperatures.

The gap clearance between tungsten monoblocks are 0.5 mm in both toroidal

and poloidal direction, and it is kept constant over the entire target, including the
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(a) (b)

Figure 1.9: Geometrical details of the DEMO PFU monoblock, (a), and details of a
region of the PFU assembly and its supports, (b).

curved baffle region, where the axial section of the monoblocks is tapered so as to

maintain a constant gap clearance along the curvature.

The PFU supports, inherited from ITER design, consist of four Eurofer97

components, providing their connection to the CB: support plug, support leg, fixing

pin, and pin lock, whose details are depicted in figure 1.9b. In the bottom zone of the

support plug, there is a rectangular base that is inserted and welded in a dedicated

hollow inside the CB surface. The plug hosts an obround hole enabling the sliding

of the inserted fixing pin to provide the anchoring element between the support plug

and the support leg, which is brazed directly to the tungsten monoblock, allowing

for axial thermal expansion of the cooling pipe to reduce pipe stress.

Additionally, to ensure electric insulation of the target from the CB, the contact

surfaces of all constituents within the attachment unit shall be coated with a thin

ceramic film [18].

Figure 1.10: Integration of PFCs cooling circuit on CB.

As anticipated, the PFUs are supplied with cooling water from a dedicated

cooling circuit. This routes the water through a system of pipes and manifolds that
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wrap around the CB, feeding, through the vacuum pumping hole, two distributors

internally equipped with specially shaped baffles to improve the uniformity of water

distribution in the various PFUs cooling channels. The integration between the

cooling circuit of the VTs, which is usually reported as the cooling circuit of the

PFCs, and the CB is shown in figure figure 1.10, while the detail of the distributor

of the IVT is shown in figure 1.11. The pipes and distributors/manifolds composing

the PFC cooling circuit will be made of AISI 316 [19].

Figure 1.11: Details of the IVT distributor showing the internal baffles.

1.4.3 Shielding Liner

A protection system for shielding from thermal and particle loads the CB, the TF

coils, PF6, and VV, this latter related to particle and radiation transport through

the vacuum pumping hole, has been introduced in the divertor design in 2018 [20].

This system, namely the SL, consists of a linear plate mounted above the vacuum

pumping hole, covering almost the entire CB length and width, as depicted in

figure 1.12.

The SL is composed of three Eurofer97 layers. From bottom to top, the first

layer is a 210 mm thick plate crossed by semi-circle-shaped slots for coolant flow.

Both second and third layers are 5 mm thick plates joined together to form an array

of 8 mm circular cooling channels to remove the significant plasma surface heat

load. The front face of the steel heat sink plate is armoured with a tungsten coating

(2 mm) to ensure physical compatibility with the plasma and to protect the steel

structure from neutron flux, radiation and gas particles.

To allow for differential thermal expansions along the radial direction and,
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(a)

(b)

Figure 1.12: Divertor SL and its supports, (a), and details of its cross section, (b).

consequently, to avoid high secondary stresses, the SL is connected to the CB

through a system consisting of four multilink/link supports welded to the CB. These

supports consist of two single hinges on the outboard side and two double hinges on

the inboard side, and their shape and size were optimized to avoid the occurrence

of thermal hot spots caused by nuclear heating.

The dimensioning of the SL was made considering the capability to handle particle

and radiation heat loads at which the component is exposed, the necessity to

provide adequate shielding capacity to the underlying components, to be structurally

resilient against impact loads and thermal stresses, as well as to guarantee a sufficient

gas conductance for the plasma exhausts.

1.4.4 Reflector Plates

RPs, depicted in figure 1.13, are additional shielding components, introduced in

2019 [14] aiming to protect the VTs cooling distributors depicted in figure 1.11

from neutron irradiation. They are Eurofer97 components that have the same

internal configuration as the SL, are provided with a 2 mm tungsten armour, and

are connected to the CB with a system of two single hinges on the side closer to the

SL and two double hinges on the side closer to the targets.
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Figure 1.13: Details of the divertor RPs and their supports.

1.5 The EU DEMO divertor 2019 cooling circuits

Two separate and independent cooling circuits, one for the PFCs and the other

for CB, SL and RPs (this latter is referred to in the following simply as CB

cooling circuit) are foreseen for the 2019 EU DEMO divertor design, and both the

cooling circuits are actively cooled by adopting sub-cooled pressurized water. In the

following sections 1.5.1 and 1.5.2, the details of each cooling circuit layout and the

operative conditions selected within the EUROfusion project will be discussed in

detail.

1.5.1 The PFC cooling circuit

As far as the PFCs cooling circuit is concerned, IVT and OVT are connected in

parallel by three-way branching to the inlet and outlet manifolds supplying water

to their PFU assemblies.

The PFCs cooling circuit is designed to withstand the exceptional heat fluxes

expected from the plasma, assuming a nominal peaked heat flux values at the strike

point in the order of 20 MW/m2 during normal and off-normal operation transient

conditions. The component thus requires high mass flow rates of low-temperature

water, resulting in average velocities inside the PFU cooling channels in the range

of 12 to 15 m/s [21], so to guarantee a sufficient margin against the CHF occurrence

to avoid dry-out phenomena that could jeopardize the structural integrity of the

component itself.

The PFCs cooling circuit is depicted in figure 1.14, with a detail of the STs,

while its schematic flowchart is shown in figure 1.15, with the indications of coolant

temperatures, pressures, and mass flow rates, according to the results reported

in [21]. The design of the DEMO divertor PFCs cooling circuit was the result

of a long thermal-hydraulic research campaign, which began in 2015 and was

performed mainly by adopting a numerical approach based on the Finite Volume

Method (FVM) [22, 23, 24, 25].
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Figure 1.14: DEMO divertor PFCs cooling circuit (2019 design) [21].

Figure 1.15: DEMO divertor PFCs cooling circuit flowchart (2019 design).

1.5.2 The CB cooling circuit

Regarding the CB cooling circuit, its layout is shown in figure 1.16, while its

flowchart is visible, with coolant temperature, pressure and flow rate indications, in

figure 1.17, according to the results reported in [26].

As can be argued from figure 1.17, the CB cooling circuit is supplied with water at

a higher temperature than the PFCs cooling circuit, while both mass flow rate and

inlet pressure are lower. These conditions are suggested by both the significantly

lower surface power density to which the sub-components of the CB [26, 27] are

exposed and the choice to adopt Eurofer97 as structural material, requiring higher

operating temperatures to comply with resilience requirements for the expected

lifetime.

The individual components supported by the CB are themselves cooled by a
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Figure 1.16: DEMO divertor CB cooling circuit (2019 design).

Figure 1.17: DEMO divertor CB cooling circuit flowchart (2019 design).

rather complex system of cooling channel arrays arranged in series and parallel to

each other. In particular, the SL cooling circuit consists of four layers of cooling

channels connected in series to each other. The cooling water coming from the CB

is routed, at first, to the SL First Wall (FW) channel layer, composed of a parallel

arrangement of 52 small circular cooling channels with a diameter of 12 mm, then to

the other three layers, cooled by quasi-rectangular large cooling channels, 8 for each

layer, and in the end, it is collected back to the CB. Concerning the RPs cooling

circuit instead, it is composed of two layers of cooling channels connected in series.

Inboard and outboard RPs FW channels are composed of a parallel arrangement of

62 and 49 circular cooling channels with a diameter of 12 mm, respectively. The

other layer is cooled by semi-circular large cooling channels both in the case of

inboard and outboard RPs. The two RPs are hydraulically connected in series by a

set of four connection pipes, as visible in figure 1.13.

As for the PFC cooling circuit, the design of the CB cooling circuit was supported

by a thermal-hydraulic research campaign, reported in [28, 29, 30, 31].
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1.6 EU DEMO divertor 2021

During the entire PCD phase, which ended in 2020 [32], attention was focussed

on the study of a double-circuit divertor concept, in which two independent cooling

circuits served by two different PHTSs were used to cool the PFCs and the CB.

The 2019 configuration, discussed in section 1.4, represents the final design of this

divertor concept achieved at the end of the PCD phase.

The possibility to adopt a single cooling circuit to serve both PFCs and CB,

suggested during the divertor final design review meeting of the PCD phase, led to

the definition of a new divertor concept, namely the single-circuit cooling option,

first developed in 2020 [33] and then improved in 2021 [34]. This solution was

proposed with the aim to both ease the remote maintenance, as only one inlet

and one outlet pipe should be cut and reweld for each divertor cassette during

replacement operations, and to allow for a simpler balance of plant design and

integration [35], as it would require a single PHTS. Compared to the previous

design, the following main changes were introduced together with the integration of

the two cooling circuits:

• an ITER-like fixation system between the PFCs and the CB was introduced

to ease maintenance operation;

• an additional neutron shielding system inside the CB vacuum pumping hole

was designed to improve the VV protection from neutron damage;

• a revised version of the wishbone was introduced in the divertor design.

The EU DEMO divertor 2021 configuration is depicted in figure 1.18, while a

detailed description of all its main components is given in the following subsections.

Figure 1.18: DEMO divertor cassette (2021 design).
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1.6.1 Cassette body

As can be argued figure 1.19, the design of the 2021 divertor cassette is

conceptually identical to that of the 2019 configuration. In fact, it is a Eurofer97

box-like structure consisting of external plates with a thickness of 40 mm and internal

ribs of 20 mm, supporting all the other divertor sub-components. Its shape was

modified with respect to 2019 configuration to accommodate the presence of the

new ITER-like fixation system between the VTs and the CB and to comply with

revised in-vessel space reservation constraints.

(a) (b)

Figure 1.19: EU DEMO divertor CB (a) with the details of its internal structure
(b), 2021 design.

Concerning the fixation system, the same socket-nose solution already foreseen

for the 2019 cassette has been selected, while on the outboard side, the wishbone

design was revised to improve its mechanical performance, ensuring the component

integrity under EM loads [36]. The revised wishbone design is depicted in figure 1.20,

also showing the novel bridge-like removable system connected to the VV to which

the central cassette is locked.

(a) (b)

Figure 1.20: Cassette in locked position (a) and details of the revised wishbone
design (b).
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1.6.2 Vertical Targets

One of the major novelties introduced in the 2020 design is the adoption of an

ITER-like fixation system between the VTs and the CB. In particular, the VTs

were provided with their own bodies, namely Target Bodys (TBs), with a structure

similar to that used for the CB, connected to this latter with a multi-link fixation

system consisting of hinges and double hinges, similarly to the solution employed

for SL and RPs. The material selected for the TBs will probably be Eurofer97,

although other options are currently being considered.

(a) (b)

Figure 1.21: OVT (a) and IVT (b) assemblies with supports, TB, and feeding pipes.

Each TB moreover comprises two toroidal-symmetrical units requiring two

separate inlet and outlet pipes for each part of the target, located on the cassette

side in such a way to ease the pipe cutting and rewelding.

Figure 1.21a shows the OVT assembly with its supports, TB, and cooling pipes.

Since the cooling water is fed to the entire divertor cassette by routing it firstly

through the OVT, it is provided with a single feeding pipe coming from the lower

port, then requiring an inlet manifold to distribute the coolant to the two units.

Similarly, the IVT assembly is depicted in figure 1.21b.

Each OVT TB unit hosts 23 PFU assemblies, for a total of 46 elements, while

each IVT TB unit hosts 17 PFU assemblies, for a total of 34 elements, whose details

are unchanged with respect to 2019 configuration. It is worth noting how the same

system of connecting the PFU assemblies with the CB discussed in section 1.4.2 is

now used to connect the PFUs to the TBs.

1.6.3 Shielding Liner

During 2020 and 2021, the design of the SL underwent very few changes compared

to the 2019 layout. In particular, minor adjustments were made to the cooling

circuit, in order to eliminate regions of coolant stagnation [37], and to the dimensions

of the supports.
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1.6.4 Reflector Plates

As for the SL, also the RPs were marginally changed during 2020 and 2021.

More in detail, the RPs were brought closer to the CB, as the PFCs distributors

were no longer present, resulting in a change in the size of the supports and, at the

same time, improving the pumping performances through the gap between the SL

and the RPs. Additionally, in 2021 some improvements were made to the cooling

circuit [37] by increasing the volume of the internal manifolds in order to improve

the distribution of coolant among the RPs FW channels, considered unacceptably

uneven in the 2019 configuration [26].

The possibility of removing the RPs in the future divertor designs is currently

being investigated within the EUROfusion project, once the elements that were in

charge of shielding, i.e. the PFCs distributors, are no longer present.

1.6.5 Neutron Shields

The Neutron Shields (NSs) consist of two 60 mm thick Eurofer97 plates positioned

inside the vacuum pumping hole and connected directly to the cooling circuit of the

cassette, namely upper and lower NSs. They were introduced in the 2020 design to

improve the VV protection from neutron damage and optimised in 2021 based on

the results of preliminary fluid-dynamic analyses [37].

The NSs position is depicted in figure 1.22, showing the cooling channels inside

the lower NS.

(a) (b)

Figure 1.22: DEMO divertor NSs (2021 configuration, a) with a detail of their
internal cooling layout (b).

It should also be pointed out that the current NS design presents some

manufacturability issues and, therefore, different geometric solutions are being

considered and will be included in the future DEMO divertor design.
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1.7 The EU DEMO divertor 2021 cooling circuits

The integration of the PFCs and CB cooling circuits, together with the inclusion

of the NSs, leads to a significant increase in the complexity of the cooling circuit

layout, which can be schematised as shown in figure 1.23 with reference to the

region nomenclature depicted in figure 1.24, showing the coolant volume only. The

2021 divertor design foresees the adoption of pressurised water as a coolant, the

operating conditions of which are still under discussion and will be detailed in part

of this dissertation.

Figure 1.23: DEMO single-circuit cooling option divertor cassette cooling scheme.

Specifically, the coolant is routed to the divertor through an inlet pipe whose

internal diameter is 142 mm, which is directly connected to the OVT distribution

manifold, as shown in figure 1.21a. At the inlet manifold, the fluid splits and

independently feeds the two TB units through two 87 mm pipes. The TBs have

toroidal-radial internal ribs not provided with communicating holes, forcing the

coolant to flow through the 46 PFU cooling channels of the OVT, from bottom to

top. The straight part of these channels is equipped with STs, 637 mm in length,

which improves the fluid cooling capabilities in the region around which the strike

point is established. The coolant is then collected in the upper part of the TBs and

is routed to the cassette through two pipes with an internal diameter of 87 mm.

The CB has ribs with no communication holes running along the entire

toroidal-radial plane, defining two non-communicating environments, one upper and

one lower. The water is channelled from the OVT into the lower part of the CB and

flows in the radial direction until it encounters a poloidal-radial rib, which forces it

to move from the first region of the box (CB1 in figure 1.24) to the lower NS.

The lower NS (the same applies to the upper one) cooling circuit comprises two

independent cooling circuits, each one consisting of an array of 10 inlet and 10

outlet channels arranged in a toroidal direction, interconnected by a central radial

manifold. A simplified description of the flow field inside the NS cooling channels is

given in figure 1.25 both for lower and upper NSs.
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(a)

(b)

Figure 1.24: DEMO divertor cooling circuit main regions (2021 design), bottom (a)
and top (b) views.
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Additionally, as visible in figure 1.22, the diameter of these cooling channels

is variable along the radial direction, as a result of a preliminary fluid-dynamic

optimisation campaign reported in [37], which also guided the design of the baffles

also visible in figure 1.22.

(a) (b)

Figure 1.25: Coolant routing inside the lower (a) and upper (b) NSs.

Once out of the lower NS, the cooling water continues flowing inside the lower

part of the cassette (CB2 in figure 1.24), until it reaches the inboard side. Here it is

conveyed to the IVT, through two pipes with an internal diameter of 70 mm, visible

in figure 1.21b, following a similar fluid path as for the OVT. In particular, the

coolant is routed to the lower part of the TBs, then to the 34 PFU cooling channels

encompassed with 660 mm long STs and finally to the upper part of the TBs, where

it is collected and routed to the upper segmentation of the CB via other two pipes

with the same size of the inlet ones.

From the upper part of the cassette (CB3), the coolant flows back to the outboard

of the divertor. Here, there is a branching of the coolant: part of it is routed to the

RPs system, while the other to the SL and the upper NS.

Regarding the first branch in parallel, i.e. the one of the RPs, the coolant is spilt

from the CB from four small pipes (internal diameter of 15 mm) placed in the upper

part of the cassette and is routed to the inner RP. Inside this component, the fluid is

firstly collected inside one toroidal manifold, then it moves back to the inboard side

through a parallel array of 23 semi-circular Rear Channels (RCs) with a diameter

of 30 mm, collected back into another toroidal manifold and then routed to 49 12

mm FW channels towards the outboard. The coolant is collected in a final toroidal

manifold and from there sent to the outer RP, through four 15 mm inner diameter

tubes (referred to as RPs manifolds) running along the flat part of the cassette in

the space between the CB and the SL, for a length of about 1.6 m each. Within

the outer RP, water routing is similar to that of the inner RP, the only difference
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being the number of RCs, equal to 29, and FW channels, equal to 61. Finally, the

coolant is again fed into the cassette through four pipes with an internal diameter

of 15 mm.

Concerning the second branch, the one comprising the SL, the coolant is routed

at first inside the upper NS following the path depicted in figure 1.25, and then it is

collected back to some small CB volumes, the ones referred to as CB4 in figure 1.24.

From here, water is routed to the SL, at first to the three levels of RCs, eight for

each level, and then is fed to 53 toroidally-parallel FWs channels. The connection

between the different levels of RCs and the FW channels is ensured by the presence of

toroidal manifolds, collecting and distributing the water inside the SL. Additionally,

it should be noticed how, with respect to the 2019 design, the water is fed in the

opposite direction inside the SL.

Finally, the coolant is collected back to the CB from the two branches and leaves

the divertor through a 70 mm inner diameter pipe directly connected to the CB

(Outlet CB in figure 1.24).

The routing of the fluid within the entire divertor cassette is sketched in

figure 1.26.

Figure 1.26: Coolant routing inside the entire divertor cassette.

As can be seen, the geometric complexity of the single-circuit cooling option

divertor cassette is remarkable, given the lack of symmetries (the outlet pipe is not

positioned on the centre plane of the component but is displaced to the side) and

due to its multiscale nature, characterized by an overall length of more than 4 m,

and featuring around 400 channels with diameters of the order of ≈1 cm.
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1.8 Thermal and thermal-hydraulic constraints

As already discussed, the correct DEMO divertor cooling circuit design should

prevent the structural and functional materials from working outside their operative

limits, avoid excessive pressure drops, ensure that the coolant temperature is as high

as possible in order to maximise the thermodynamic cycle efficiency, and allow the

component to fulfil its functions for the desired lifetime.

With regard to the first aspect, i.e. the necessity to operate structural materials

inside their temperature limits, a complete discussion is beyond the scope of this

dissertation. Nevertheless, the temperature distribution within the structures plays

an essential role in determining both the thermo-structural performance of the

divertor cassette and its lifetime. Therefore, some aspects will be mentioned here,

as they are essential for the next chapters. Given that the link among temperature,

thermo-structural performance and lifetime is not trivial and a complete picture can

only be obtained from the detailed thermo-mechanical analysis of the component

once the thermal field and the neutron-induced effects on materials have been

determined (requiring a multiphysics approach), it is yet possible to draw conclusions

from knowledge of the thermal field alone, allowing a first screening of unacceptable

cooling circuit configurations or unsuitable coolant operating conditions. In the

following, all the constraints and relevant indications that can be directly derived

from the knowledge of the temperature field alone are provided for the structural

and functional materials foreseen for the EU DEMO divertor.

Eurofer97

As far as the Eurofer97 is concerned, the optimum operating temperature range is

300-550◦C [6]. The upper limit is dictated by creep and creep-fatigue considerations,

while the lower is related to the possibility to keep the structural material in a

range of temperatures that allows for a sufficient ductile behaviour during both

plant operation and maintenance [38], for the entire DEMO lifetime. However,

the design of the DEMO divertor has been carried out during the PCD phase

considering a minimum acceptable temperature of Eurofer97 equal to the coolant

temperature, i.e. 180◦C, according to the rationale described in [39]. Given the

effects of neutron-induced damage and transmutation on materials, it is in fact

possible to select an operating temperature that is just sufficient to guarantee a

minimum divertor lifetime, lower than that of the entire plant. This approach is

reasonable because the divertor lifetime can be dictated by other aspects, such as the

erosion of the VTs due to interaction with the plasma, thus requiring its replacement

in any case. In particular, the structural material behaviour can be assessed by

determining the effects of temperature, irradiation and helium production on the

Ductile-to-Brittle Transition Temperature (DBTT) and the Fracture Toughness
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Transition Temperature (FTTT), as investigated at the DEMO PCD stage, and

the relationship between the operating temperature and the component lifetime can

be assessed as reported in the following.

1. Starting from the results of dedicated neutronic analyses of the divertor, such

as those reported in [40, 41], it is possible to obtain an indication of the

radiation damage due to neutron bombardment, expressed in Displacement

per Atom (dpa) for Full Power Year (FPY) of operation of the machine, and

helium production in Eurofer97 per FPY. A maximum radiation damage of

≈5 dpa/FPY is in particular reached in the upper part of the SL, while lower

values are obtained in the CB. The helium production can be estimated at

roughly 110 appm/FPY for the SL.

2. Supposing a component lifetime τ expressed in FPY, it is possible to calculate

the total radiation damage and the total amount of helium accumulated at

the end of the component life, simply by multiplying τ by the values reported

in the previous point.

3. The shifts in DBTT and in FTTT due to neutron damage and He production

can be then evaluated from figure 1.27, based on the data reported in [42],

adopting the neutron damage and helium production values of the previous

point.

(a) (b)

Figure 1.27: Irradiation induced shift in FTTT and DBTT for Eurofer, (a) and
He-induced extra embrittlement for irradiated boron doped steels, (b), from [42]

4. Starting from DBTT and the FTTT of Eurofer in the unirradiated condition,

being respectively equal to -80 and -108◦C [39, 42], it is possible to obtain

the DBTT and the FTTT after τ FPY of operation from equation (1.2) and

equation (1.3).

FTTT = −108◦C +∆FTTTn(τ) + ∆FTTTHe(τ) (1.2)
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DBTT = −80◦C +∆DBTTn(τ) + ∆DBTTHe(τ) (1.3)

5. Since the material temperature should remain above the DBTT and FTTT

during operation and maintenance, it is reasonable to suppose that, by keeping

always the coolant at a minimum temperature of at least 5◦C higher than these

two temperature thresholds, this condition is met at least for the operation

phase.

By following these steps, it is possible to construct by points the curve of divertor

lifetime τ expressed in FPY against the coolant operating temperature, as depicted

in figure 1.28.

Figure 1.28: Divertor lifetime as a function of coolant temperature considering
DBTT and FTTT.

It can be noted from the figure that every increase in the divertor coolant

temperature would lead to an increase in the lifetime of the component and, vice

versa, every reduction in coolant temperature would lead to a reduction of the

component lifetime.

To avoid unduly conservative results, differently from what is reported in [39],

DBTT can be adopted to assess the component lifetime, as agreed with the material

experts in EUROfusion Work Package Divertor (WP-DIV) and consistently with the

results reported in [6]. In fact, for the case of coolant inlet temperature of 180◦C,

as for the case of the CB cooling circuit, it is possible to estimate a cassette life of

≈0.8 FPY considering the FTTT as the limiting parameter, while a τ value of ≈1.2

FPY is obtained considering the DBTT.

It should be furthermore pointed out that the selection of the low operating

temperature for the CB cooling circuit was done based on not well-grounded data,

since the shifts in FTTT and DBTT versus dose and He production were evaluated
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on experimental tests carried out at an irradiation temperature of 300-330◦C,

according to the data presented in [42], and thus they are not fully applicable

at temperatures lower than 300◦C. Nevertheless, in the absence of more relevant

experimental data, the only possible estimates of the lifetime of the components

made of Eurofer can be made by adopting this procedure.

Tungsten

Regarding tungsten, no indication is given within the project in terms of the

optimal temperature window. Nevertheless, two constraints can be derived just

by evaluating the temperature. The first one is the melting temperature, equal to

3422°C, which clearly cannot be overcome to avoid loss of control over the shape and

thickness of the plasma-facing components. A 200°C margin against melting can be

moreover considered, as suggested by [43], to cope with the uncertainties related to

plasma physics.

An additional temperature constraint that could be easily verified and considered

is the tungsten recrystallization limit. It is the temperature at which the

recrystallization and grain growth occur in the material, accompanied by a change in

its mechanical properties, such as a decrease in hardness and strength, that strongly

affects the tungsten thermal shock resistance and can favour the appearance of

deep macrocracks. The exact value of this threshold temperature typically depends

on the level of cold deformation applied during manufacturing and values in the

range 1100–1500◦C can be found in literature [44]. However, recent experiments [45]

have shown that, even in the presence of tungsten recrystallisation, the structural

integrity of the component is not compromised and, therefore, this constraint will

not be extensively considered in this dissertation.

CuCrZr

For CuCrZr, the optimal temperature range is between 150 and 350°C, as reported
in [6]. The lower temperature limit can be set between 150 and 250°C, but the

exact value depends on the specific structural design criterion selected to verify

the design. At lower temperature values, the CuCrZr experiences loss of ductility,

while, overcoming the upper limit, strength loss due to thermal softening and

irradiation creep is observed. As for the Eurofer, the current DEMO divertor

design foresees the operation of CuCrZr outside these limits, due to the need to

find a compromise between material properties and thermal-hydraulic constraints,

as detailed in [6]. The definition of clear limits based on these considerations is

therefore not straightforward by relying only on temperature distribution.

Different constraints that can be easily applied are instead presented in [43],

derived specifically for the PFU cooling channels, and temperature limits are given
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to obtain negligible creep. In particular, the thickness-averaged temperature of the

pipes should not exceed 300°C at 10 MW/m2 and 450°C at 20 MW/m2.

Copper

As far as copper is concerned, it is possible to define an upper temperature limit

of 1085°C due to melting. As for the tungsten, a temperature margin of 200°C can

be considered to cope with uncertainties, as suggested in [43].

Ti-6Al-4V

No temperature ranges or limits are usually considered for this material.

AISI 316

No temperature ranges or limits are usually considered for this material.

Apart from the aspects closely related to material and component temperatures,

additional constraints must be taken into account to obtain the desired cooling

circuit thermal-hydraulic performance. During the PCD phase, the following list of

design constraints was developed for the EU DEMO divertor [14]:

• coolant total pressure drop lower than 14 bar for both the CB and PFC cooling

circuits, calculated only for the in-vessel components;

• Maximum water axial velocity in PFU cooling pipes lower than 16 m/s to limit

potential corrosion, erosion and fretting issues;

• minimum margin against bulk saturation greater than 20°C for both the

cooling circuits;

• a CHF margin greater than 1.4 for the PFC cooling channels, under the

nominal heat flux of 20 MW/m2.

Regarding the last cooling circuit constraint, it is worth mentioning that the CHF

margin is defined as the ratio between the incident CHF, a definition of which can

be found in [46], and the actual heat flux on the plasma-facing walls.

Although the design of the divertor cooling circuit must comply with all the

constraints listed above, this only defines necessary and not sufficient conditions for

the proper functioning of the entire divertor, which must be able to fulfil all the

other requirements and functions already described in section 1.2.
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1.9 Study objective and methodologies

Within the framework of the Work Package DIV 1 - “Divertor Cassette Design

and Integration” of the EUROfusion action, a research campaign has been carried

out at the University of Palermo since 2020 to theoretically assess the steady-state

thermal-hydraulic performances of the DEMO divertor cooling system, focussing the

attention on the single-circuit cooling concept. This thesis work is framed within

this context and describes the methodologies developed and analyses performed to

evaluate the thermal and thermal-hydraulic performance of this newly-introduced

divertor concept, by identifying suitable coolant operating conditions, and aiming

to assess the compliance with the constraints discussed in the previous section. In

chapter 2, the steady-state thermal-hydraulic performance of this divertor cooling

option is assessed by means of preliminary parametric analyses, adopting the

dedicated coupled lumped-parameters-FEM code ADRANOS. The code has been

developed in MATLAB [47] environment as part of the Ph.D. research activities, and

is able to provide the steady-state coolant temperature, pressure and mass flow rate

distribution among the main divertor sub-components, and allows for evaluating 2D

thermal fields within selected structures, relying on its FEM module. It has been

developed and tailored to perform quick and preliminary screening studies, to assess

whether a given layout of the DEMO divertor cooling circuit is capable of working

in compliance with several constraints and to select suitable coolant operating

conditions. ADRANOS has been conceived with an object-oriented approach,

in order to have a flexible tool that can automatically handle different cooling

circuit layouts and is optimized for parallel computing, allowing for a significant

reduction of the calculation time. Moreover, the tool relies on the MATLAB built-in

FEM module [48], directly executed within the code to evaluate the steady-state

temperature distribution in the VT monoblocks exposed to the highest thermal

loads. To carry out these preliminary analyses, the following list of actions is

required:

• cooling circuit volume discretization;

• volumes characterization and connection;

• operating condition range selection;

• constraint definition;

• results post-processing.

As far as the first step is concerned, the divertor cooling circuit is subdivided into

different volumes, each one generally representing one of its major sub-components,

even if more detailed 1D analyses can be performed. Each volume must then

be characterized by providing its typology, the total deposited power and a

characteristic function curve, drawn from 3D-CFD calculations. Additional data

should be provided for special volumes, such as those representing the VTs. The
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volumes are thus connected in series and parallel, and the cooling circuit connectivity

is provided in a simple text file format. ADRANOS is then set by selecting the range

of operating conditions and the constraints to be taken into account, and after

the calculations are completed, the data can be post-processed with a dedicated

post-processing script.

Chapters 3 and 4 rely instead on the adoption of the FVM to perform the detailed

fluid-dynamic assessment of the divertor cooling circuit, adopting the well-known

and qualified commercial 3D-CFD code Ansys CFX [49].

To investigate numerically the steady-state thermofluid-dynamic behaviour of the

DEMO divertor cassette cooling circuit, fully-3D steady state CFD analyses were

performed to assess the total pressure drop required for the coolant circulation,

to assess the uniformity of flow distribution inside the parallelly-arranged cooling

channels of the cassette sub-components and to determine the temperature field

within the coolant and cassette structures. To this purpose, specific 3D finite volume

models were set up, to realistically reproduce the divertor and its cooling circuit,

whose development can be schematised in the following steps:

• geometry cleaning, defeaturing and preparation;

• flow and solid domains discretization;

• constitutive model definition;

• loads and Boundary Conditions (BCs) selection;

• turbulence modelling.

As far as the first step is concerned, it was carried out by adopting the Ansys

SpaceClaim 3D Computer Aided Design (CAD) modelling software [50]. The CAD

model, provided by the WP-DIV EUROfusion CAD designers are imported into the

modelling software, allowing the geometry to be manipulated by cleaning some issues

related to CAD format conversions, some details whose sizes are small and that can

be safely neglected in the calculation are removed, the fluid domain is extracted,

and macro-regions are defined, aiming at easing the successive mesh preparation

and pre-processing phases.

The second step, domain discretization, was carried out by adopting the Ansys

Mesh tool [51]. During this phase, the named selections are defined and a suitable

mesh is produced for each domain region. As a general strategy, it was decided to

opt for hybrid structured-unstructured meshes: whenever the geometry allowed it

(simple geometries or extrusion bodies), structured meshes were employed, while

unstructured meshes were used for complex shapes. In addition, an attempt was

made, where possible, to ensure conformal meshes between the different grid regions.

The only general exception was at the solid-fluid interfaces, where sometimes

considerably less dense meshes were used for the solids.

As far as the constitutive model is concerned, water coolant transport and

thermofluid-dynamic properties defined in the IAPWS IF97 library [52] were
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adopted, while, for the different solid materials, temperature-dependent values of

density, specific heat and thermal conductivity were considered [53, 54].

Concerning the loads and BC definition, a suitable set of values is mandatory to

obtain realistic predictions. As far as the coolant is concerned, pressure, mass flow

rate and temperature conditions were agreed upon with the engineers responsible

for the divertor and the PHTS. Additionally, the thermal loads were drawn from

dedicated neutronic analyses and plasma simulations.

Regarding the turbulence modelling, the k − ω-based Shear Stress Transport

(SST) Reynolds Averaged Navier Stokes (RANS) model was generally selected,

giving a more accurate description of the near-wall region, especially in the case

of flow separation. It is a hybrid model that uses a transformation of the k − ϵ

model into a k − ω model in the near-wall region and the standard k − ϵ model

in the fully turbulent region far from the wall. In CFX, this model adopts the

automatic wall treatment, which automatically switches from wall functions to a

low-Re near-wall formulation as the mesh is refined. The choice of the turbulence

model is a topical matter in a CFD simulation, highly depending on the flow regime

predicted in the flow domain as well as on the robustness of its parameters and, as

a consequence, it should be selected on a base case.

Once the setup is complete, the code solves the Navier-Stokes equations

numerically by adopting suitable algorithms and discretization schemes and, finally,

the results can be post-processed.
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Parametric Analyses and

Operational Limits of the Divertor

Cooling Circuit

During the years 2020 and 2021, the thermal-hydraulic performances of the

single-circuit cooling option divertor cassette were preliminarily assessed by means

of 3D-CFD isothermal calculations [37, 55]. The results of these analyses are not

reported here for the sake of brevity and the preliminary nature of the assessments

made. However, the results obtained showed how the CHF margin resulted always

lower than the prescribed limit of 1.4 considering a coolant inlet pressure of 50 bar

and inlet temperatures higher than 70◦C, even assuming high values of coolant mass

flow rates, compatible with the constraint on maximum pressure drop.

Moreover, these analyses shed light on two fundamental aspects of the study of

this divertor concept. The first is the need to define new operating conditions for

the coolant, necessarily different from those employed for the cooling circuits of

the double-circuit cooling option divertor, due to the larger set of constraints to be

considered, and the second is the impossibility of making this selection relying on

3D-CFD calculations, that would result in unduly high computational costs.

It is interesting to highlight how the compliance with most of the constraints listed

in section 1.8 can be verified by adopting rather simple calculations by applying

the First Principle of Thermodynamics and employing appropriate correlations,

for example following the procedure described in [25]. The only exception is the

evaluation of the temperature distribution in solids, which are determined by the

complex geometrical shape of the components and which, therefore, compulsorily

require the use of 3D coupled fluid-structure thermofluid-dynamics simulations in

most of the cases.

Although this statement is strictly true for most of the cassette sub-components,

it is possible to evaluate the temperature distribution inside the PFUs by carrying

out 2D steady-state thermal simulations of a section of the PFU located at the strike
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point. This is possible thanks to their relatively simple geometry, together with the

peaked shape of the surface power density, as can be observed in figure 2.1, showing

the heat flux expected over the plasma-facing surfaces of the divertor under normal

operating conditions (detached plasma). The peak value of 5 MW/m2 visible in the

figure is highly localized and strongly dependent on the considered plasma scenario,

as it is affected by the fraction of energy that can be radiated before reaching the

divertor targets.

Figure 2.1: Heat flux profile for the different regions of the divertor, from [56].

Based on this reasoning, a novel numerical tool, namely ADRANOS, has been

developed in order to predict, with a reduced computational effort, the divertor

thermal-hydraulic performance map as the topology of the cooling circuit, the

coolant inlet conditions and mass flow rate vary, with the final aim to assess

the feasibility of the DEMO divertor cooling circuits integration foreseen with the

single-circuit concept. The development of this calculation tool initiated several

research campaigns, which will be described in the final part of this chapter, focusing

on the operating condition limits of the different divertor cooling circuits.

It should be noted that the results obtained with ADRANOS are only able to

assess most of the thermal and thermo-hydraulic performance of the divertor cooling

circuit. Therefore, other aspects, such as the verification of the thermo-structural

performance, should be addressed separately. This aspect is of great importance and

is strictly linked to the choice of coolant operating conditions, due to the variation of

mechanical properties with the combined effect of temperature and neutron-induced

damage. It follows that additional analyses must be performed to check whether

selected configurations or operating conditions are able to comply with additional

constraints, not considered in ADRANOS. Nevertheless, any configuration or

operating condition that is discarded by ADRANOS will certainly be not suitable

for the DEMO divertor, as some of the design constraints are not met.
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2.1 ADRANOS development

2.1.1 Overview

ADRANOS is a coupled lumped-parameter/2D FEM simulation tool originally

created with the aim of evaluating the steady-state performance map of the

DEMO divertor cooling circuit, to be intended as the domain of the phase

space of coolant inlet mass flow rate, pressure and temperature conditions that

allow the cooling system to safely perform its target mission under steady-state

conditions. In particular, it allows parametric analyses to be carried out over

a large number of different configurations and inlet coolant conditions with an

acceptable computational effort, evaluating the compliance of the component’s

thermal-hydraulic operating conditions with the set of constraints already discussed

in section 1.8. The code has been developed in MATLAB [47] with an object-oriented

approach, to make it extremely flexible in evaluating different cooling system

topologies, and it has been optimised for parallel computing, so to potentially reduce

the overall time required for simulations, depending on the available computational

resources.

The code takes advantage of the FEA toolbox [48] FEM solver available in the

MATLAB package, with the aim to perform 2D steady-state thermal analyses of

the PFU monoblocks located at the IVT and OVT strike points, to evaluate the

temperature distribution in the most critical region of the PFCs.

The code relies on preliminary thermofluid-dynamic analyses performed with

dedicated 3D-CFD calculations, whenever the geometric complexity of the

sub-components constituting the divertor is too great to allow characteristic curves

to be defined on the basis of simple correlations.

It is also important to point out that the methodologies and procedures

implemented in the ADRANOS tool are inspired by and based on the efforts of

[57, 58, 59, 60]. The element of novelty introduced in the present work is the

coupling between the lumped-parameter simulation of the entire DEMO divertor

cooling circuit and the FEM module, as well as the adoption of this methodology as

a screening tool capable of quickly assessing whether a given layout of the DEMO

divertor cooling circuit is capable of working in compliance with several constraints,

and if so, for which ranges of coolant temperature, pressure and mass flow rates.

2.1.2 Methodology - Lumped parameters module

The code is grounded on a calculation module that evaluates the steady-state

coolant temperature and pressure distribution within the considered cooling circuit,

as well as the mass flow rate distribution among the main sub-components connected

in parallel, by adopting a theoretical approach based on the lumped-parameter
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method. The cooling circuit must be at first subdivided into different volumes,

each one representing a relevant sub-component to be analysed in detail, as it will

be detailed in section 2.1.4. The volumes can be then arranged in series or parallel,

and it is furthermore possible to group them into higher-level assemblies, so to ease

the circuit definition, as well as to perform more detailed 1D assessments (e.g. if it

is required to obtain pressure and/or temperature profiles). The layout of the input

cooling circuit is thus provided to the code in the form of a cooling scheme, similar

to those reported in figures 1.15, 1.17 and 1.23.

Each volume requires the knowledge of its hydraulic characteristic function,

which can be determined by suitable correlations for simple components. However,

whenever the geometrical complexity of the cooling circuit embedded in the selected

volume is too great, it is necessary to rely on the results of preliminary 3D-CFD

calculations. In these cases, the hydraulic characteristic function can be defined

according to equation (2.1), where ∆p is the total pressure drop, ρ is the average

density calculated starting from the average values of temperature T and pressure

p inside the volume (arithmetic averages between inlet and outlet conditions), ṁ is

the mass flow rate, while a and b are the fitting parameters and ρref is the reference

density of the CFD simulation.

∆p =
ρref

ρ
(
T , p

)aṁb (2.1)

More in detail, starting from a dataset containing different ∆p values at different

mass flow rates, a curve with the general form ∆p = aṁb is fitted by choosing

optimal a and b values. To take then into account the variation of pressure drop

with the coolant temperature, the density correction ρref/ρ
(
T , p

)
is introduced,

where the reference density is calculated from the CFD simulations as a proper

volume-averaged density value.

For simplicity, the volumetric kinetic energy density terms are generally neglected

in the pressure drop equation but are taken into account when dealing with special

volumes, such as those representing the VTs, as will be discussed later in this section.

The code solves sequentially the cooling circuit, starting from the inlet volume

and proceeding downstream to the outlet of the circuit. For each volume, for a given

set of inlet conditions Tin, pin and a given ṁ, energy conservation in steady-state

conditions equation (2.2) and pressure drop equation (2.3) are solved iteratively to

calculate the outlet fluid conditions, where cp is the fluid heat capacity under isobaric

conditions calculated at the volume average values of pressure and temperature,

while W is the total deposited power, sum of integral surface and volumetric heat

loads.

All the thermodynamic and transport properties of water are evaluated by

adopting a MATLAB implementation [61] of the IAPWS IF97 water library [52].
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T j
out = Tin +

W

ṁcp

(
T

j−1
, pj−1

) (2.2)

pjout = pin −
ρref

ρ
(
T

j−1
, pj−1

)aṁb (2.3)

At each iteration j, outlet temperature and pressure values are updated adopting

the fluid properties obtained from the previous iteration, and the calculation

proceeds until relative errors of outlet temperature and pressures calculated at two

consecutive iterations result lower than a given tolerance, set equal to 0.01%.

Special attention has to be paid when two blocks are arranged in parallel. The

code is currently able to handle only the parallel connection of two components

(referred to as A and B in the following) by performing an additional outer loop,

adopting an optimization algorithm to find the value of the branching factor χ such

that the difference between the pressure drops in the two branches is the same.

χ =
ṁA

ṁ
(2.4)

The factor χ, defined according to equation (2.4) and given ṁA the mass flow

rate flowing inside the branch A of the parallel, is iteratively updated by adopting

the Golden-section search algorithm [62] until the ratio between the pressure drop

unbalances between the branches and the average pressure drop reaches values below

a given tolerance, chosen equal to 0.01%. The mass flow rate fed to branch B of the

parallel is calculated simply as ṁB = (1− χ) ṁ. Each optimization outer iteration

of mass flow rate branching requires an inner loop to obtain consistent values of

pressure and temperature, according to equations (2.2) and (2.3).

Once the iterative procedure converges, outlet pressure (the same for the two

branches) is adopted as the input value for the following volume, while the

temperature to be passed downstream is obtained by solving the energy conservation

law for two mixing flows, according to equation (2.5), where i is the fluid specific

enthalpy.

ṁiout (Tout, pout) = χṁiout,A (Tout,A, pout) + (1− χ) ṁiout,B (Tout,B, pout) (2.5)

When average temperature and pressure values are available for all the

components, the lowest margin against saturation is assessed according to

equation (2.6), where Tsat is the saturation temperature calculated at the outlet

pressure of the volume. This variable is calculated and stored for each volume, and

the minimum value over the entire cooling circuit is successively compared with the

applicable constraint.
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∆Tsat = Tsat (pout)− Tout (2.6)

Special attention is moreover paid to the VT volumes, which require an estimation

of the CHF margin and maximum velocity according to the procedure detailed in the

following. For these additional assessments, the VT volumes must be provided with

the number and geometrical details of the PFU cooling channels, i.e. the channel

diameter, the thickness and the twist ratio of the ST.

Firstly, the average coolant axial velocity v along PFU cooling channels is

determined according to equation (2.7), where A is the net cross-section of each

cooling channel, considering the presence of the ST, while n is the number of PFU

cooling channels of the selected VT.

v =
ṁ

nAρ
(
T , p

) (2.7)

Given the axial fluid velocity, the fluid average thermodynamic conditions and

the geometrical details of the PFU cooling channels, the CHF margin can be

derived according to the procedure described in [46], by adopting the well-known

Tong-75 correlation of equation (2.8) to calculate the incident CHF, where the

Fanning friction factor is calculated according to equation (2.9), r is the enthalpy

of vaporization, pcrit is the water critical pressure of 220.64 bar, Re is the Reynolds

number, calculated according to equation (2.10), Ja is the Jacob number, calculated

as per equation (2.11), and finally Cf is a factor to account for the specific

geometrical configuration, that, for the case of ST-equipped channel can be assumed

equal to 1.67.

CHF = 0.23f
ṁ

A
rCf

[
1 + 0.00216

(
p

pcrit

)1.8

Re0.5Ja

]
(2.8)

f = 8Re−0.6

(
dh
dref

)0.32

(2.9)

Re =
vdhρ

(
T , p

)
µb

(
T , p

) (2.10)

Ja =
ρ
(
T , p

)
ρv

·
cp
(
Tsat − T

)
r

(2.11)

With reference to equations (2.8) to (2.11), dh is the PFU channel hydraulic

diameter defined according to equation (2.12), being d0 the channel inner diameter

and δ the ST thickness, dref is a reference diameter equal to 12.7 mm, µb is the water

bulk dynamic viscosity, while ρv is the water vapour saturation density calculated

at the fluid pressure. Moreover, the average volume static pressure p is calculated
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net of the fluid dynamic pressure 1
2
ρ
(
T , p

)
v2, and the calculation of the CHF is

made, according to the current implementation, assuming that at the strike point

the coolant is at the average water thermodynamic conditions within the VT volume.

However, it should be mentioned that by adopting a suitable discretization of the

VTs with several volumes connected in series, it is possible to refine the calculation

and obtain more precise values of the coolant static pressure and temperature at

the strike point location to be employed for the CHF margin calculation.

dh =
πd0 − 4δ

π + 2− 2δ/d0
(2.12)

Once the CHF is calculated, it is compared with the maximum heat flux qw,max

expected at the interface between the PFU channel and the coolant, calculated

according to equation (2.13),

qw,max = qwfp, (2.13)

where qw is the nominal heat flux onto the armour plasma-facing surface (e.g. 20

MW/m2), while fp is a peaking factor (equal to 1.60 for the considered monoblock

geometry) to take into account the uneven distribution of the heat flux around the

channel diameter. The CHF margin definition is given in equation (2.14), where the

factor 0.95 is required to take into account the uneven flow distribution among PFU

channels, supposing a 5% deviation from average CHF value, conservatively taken

on the basis of the 3D-CFD calculation results of the entire EU-DEMO divertor

PFC cooling circuit of the past years [21, 37].

MCHF = 0.95
CHF

qw,max

(2.14)

Finally, concerning the maximum velocity in the PFU cooling channels, it is

calculated for each VT by increasing the average velocity of equation (2.7) of 5%

(again in accordance with the results of the 3D-CFD simulations).

The ADRANOS tool performs all the calculations described above in order to

assess, for each triplet (pin, Tin, ṁ), whether the cooling circuit is able to provide

results compatible with the constraints of maximum pressure drop, minimum

saturation margin, adequate CHF margin and maximum PFU cooling channel

coolant velocities for both IVT and OVT, in accordance with the applicable limits.

If the verification is successful, the tool performs further 2D steady-state

thermal analyses to verify that the PFC temperature constraints are met.

This condition significantly reduces the overall calculation time, as the more

computationally-intensive 2D-FEM simulations are only performed when necessary.
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2.1.3 Methodology - 2D steady-state FEM thermal

analyses module

As anticipated, the ADRANOS FEM module performs 2D steady-state thermal

simulations of a section of the monoblock located at the strike point. The

calculations are performed both for IVT and OVT, and considering surface heat

loads under normal operation and during slow transient conditions, according to

the values indicated in [6].

The geometrical details of the domain considered are those of figure 1.9a while

the mesh adopted for the 2D simulations is shown in figure 2.2 (only half domain has

been taken into account for symmetry), showing the different regions characterized

by different materials (tungsten, CuCrZr and copper), the boundaries between them,

as well as the nomenclature adopted for the assignment of the BCs.

Figure 2.2: Mesh adopted for the monoblock steady-state thermal simulations with
indications of the regions and boundary nomenclature.

Table 2.1: Summary of the main mesh parameters.

Mesh Parameter Value

Nodes 1279

Elements 2384

Elements Order and Topology Linear Tria

Maximum Element Size [mm] 0.5

Minimum Element Size [mm] 0.25

Mesh Growth Rate (GR) 1.5
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The computational mesh, whose details are summarized in table 2.1, was selected

by preliminary performing a grid-independence assessment considering both 10 and

20 MW/m2 incident heat fluxes. In particular, this assessment was carried out by

adopting the well-established Grid Convergence Index (GCI), derived in [63], and

considering the Least-Square (LS) error estimation described in [64]. More in detail,

given any monitored quantity ϕ, it is possible to define a dependence on the average

mesh size by adopting equation (2.15), where ϕi is the measured value obtained with

a selected mesh of average linear size hi, ϕ0 is the estimate of the asymptotic value,

α is a constant and p is the observed order of convergence.

ϕi = ϕ0 + αhp
i (2.15)

Given the results obtained with a set of at least three meshes, it is then possible

to obtain, by proper interpolation, the values of ϕ0, α and p, e.g. by adopting the LS

method. The GCI can be therefore calculated for the selected i-th grid, as follows

GCIi = Fs

∣∣∣∣ϕi − ϕ0

ϕi

∣∣∣∣ = Fs

∣∣∣∣ αϕi

∣∣∣∣hp
i , (2.16)

where Fs can be interpreted as a safety factor, chosen here equal to 1.25 as suggested

in [64], being the observed order of convergence close to the theoretical one, i.e. 2.

The results of the analysis campaign, summarized in figure 2.3, show how

adopting the selected mesh (corresponding to the mesh M2 in figure), the GCIs

are well below 1% for maximum temperatures in tungsten, copper, and CuCrZr,

both under plasma heat fluxes of 10 and 20 MW/m2. Moreover, the mesh M2 of

figure 2.3, being the same described in table 2.1, was selected to obtain deviation

with respect to asymptotic values below 1°C.

Figure 2.3: GCI results of the monoblock mesh independence assessment.
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The 2D thermal steady-state simulations are carried out considering the BCs

given in table 2.2. The volumetric heat loads are neglected, being the volumetric

density of nuclear-deposited power significantly lower than the surface loads.

Nevertheless, they are still considered in the lumped-parameter module of the

ADRANOS tool. Concerning the materials, temperature-dependent properties are

considered for tungsten, CuCrZr and copper interlayer, respectively taken from [65],

[66] and [67].

Table 2.2: Summary of BCs adopted for the 2D FEM simulations.

Boundary Applied BC

Plasma-facing wall Heat flux of 10 and 20 MW/m2

Bottom and side walls Adiabatic

Symmetry plane Symmetry

Heat sink Robin BC

Regarding the BC adopted for the heat sink, a Robin BC, necessary for

the well-posedness of the problem, is adopted. More in detail, an equivalent

convective heat transfer coefficient is calculated, being dependent on the local

CuCrZr temperature, as well as on the local pressure and bulk temperature values

of the coolant, under both single-phase and two-phase heat transfer conditions. It

is computed simply by dividing the heat flux calculated according to the procedure

detailed in the next section by the temperature difference between the bulk of the

fluid and the local wall temperature.

2.1.3.1 Heat Transfer Coefficient Calculation

In order to correctly assess the steady-state thermal response of the PFUs, it is

necessary to accurately reproduce the convective heat transfer mechanisms involved.

This is only possible if a model capable of predicting the Nukiyama boiling curve

(see figure 2.4) under the conditions of interest is available.

To this purpose, the correlations reported in the following, calculated at each node

of the heat sink boundary, have been implemented into the tool to properly predict

the heat transfer coefficient in the various sub-regions of the Nukiyama curve.

Single-phase Forced Convection Heat Transfer

With regard to the correlations used for the calculation of the single-phase

convective heat transfer coefficient, ADRANOS adopts the Sieder-Tate correlation

[68] (valid for Re > 10000 and a broad range of Prandtl number Pr) with the

Gambill correction factor [69] to take into account the presence of the ST, as reported

in equation (2.17).
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Figure 2.4: Nukiyama’s Boiling Curve [58].

Nu = 0.027Re0.8Pr
(
T , p

)1/3( µb

(
T , p

)
µw (Tw, p)

)0.14 (
2.18γ−0.09

)
(2.17)

With reference to equation (2.17), Nu is the Nusselt number, Pr is calculated

at the coolant average pressure and temperature, γ is the dimensionless twist ratio

(the ratio between the ST pitch and the cooling channel diameter), while µw is the

water dynamic viscosity calculated at the average coolant pressure and considering

the local wall temperature Tw. From equation (2.17) is then possible to calculate

the heat transfer coefficient and thus to evaluate the local heat flux qsp, according

to equation (2.18), where λ is the bulk fluid thermal conductivity.

qsp =
Nuλ

(
T , p

)
dh

(
Tw − T

)
(2.18)

This latter equation is required to calculate the heat transfer coefficient in

two-phase heat transfer conditions.

Two-phase Forced Convection Heat Transfer

The correlations used for the various regimes of the Nukiyama boiling curve are

taken entirely from the procedure described in [58] and [70]. Boiling incipience is

evaluated by adopting the Bergles-Rohsenow onset of nucleate boiling correlation

[71], reported in equation (2.19), where the average pressure p is expressed in bar.

The correlation is valid for water only, for a pressure range between 0.1 and 13.8

MPa [70].

qbi = 1082p1.156 (1.799 (Tw − Tsat))
2.1598
p0.0234 (2.19)
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Fully developed nucleate boiling is evaluated with the Araki correlation [72],

reported in equation (2.20), while the partially developed nucleate boiling is

calculated with the Bergles-Rohsenow interpolation [71] of equation (2.21).

qfdnb = 106

 Tw − Tsat(
25.72e

−p
86

)
3

(2.20)

qpdnb =
√
q2sp + (qfdnb − qfdnb,bi)

2 (2.21)

Although Araki’s correlation is derived from experiments conducted with inlet

pressures up to 13 bar and temperatures up to 80°C, in [70] it is adopted up to

significantly higher values of the two parameters, maintaining a very good agreement

with the experimental data.

More in detail, according to the rationale defined in [71], the entire two-phase

flow regime is calculated by adopting the partially developed nucleate boiling of

equation (2.21). With this formulation, the heat flux asymptotically approaches

fully developed boiling at high wall superheat. In particular, when the heat flux

calculated with equation (2.18) is lower than the one of (2.19), the formulation given

in (2.18) is applied, otherwise, the heat flux is evaluated by adopting equation (2.21).

Finally, as regards the calculation of the CHF and the estimation of the post-CHF

heat transfer regime, it is interesting to note that the lumped-parameters module

discussed in section 2.1.2 discards configurations characterised by a CHF margin

lower than 1.4. Consequently, the FEM module will never operate under post-CHF

heat transfer conditions and, therefore, the evaluation of this boiling regime of the

Nukiyama curve has not been implemented. The code, in fact, is meant to operate

only between the forced convection regime and the point C of figure 2.4.

2.1.4 Spatial discretization and input data

As anticipated, the layout of the input cooling circuit is thus provided to the code

in the form of a cooling scheme, composed of several volumes connected in series or

in parallel. The divertor single-circuit cooling option cooling scheme is reported in

figure 2.5 as an example of typical spatial discretization to be provided to the code.

Each box in figure 2.5 represents a volume of the spatial discretization, and is

generated as an instance of a Matlab class, named GeneralVolume. It entails being

provided with the total deposited powerW , the a and b parameters and the reference

density ρref required to define its characteristic function.

The boxes in green represent instead the volume assemblies. These are employed

either to handle the parallel of different branches or to perform more detailed

simulations with a 1D approach. These kinds of volumes should be provided with

lists of W , a, b, and ρref , each of those has as many elements as there are in the
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Figure 2.5: Example of ADRANOS input spatial discretization.

embedded sub-volume. Finally, the boxes in orange are those representing the VTs,

named VTVolume. They are implemented as a sub-class of GeneralVolume, thus

inheriting from this latter parameters and methods. The definition of the VTVolume

objects require additionally to provide the number of PFU cooling channels, and

additional parameters are hard-coded but can be superseded if required.

Table 2.3: Summary of input parameters and outputs for the different ADRANOS
volumes.

Required

Input Param.

Optional

Input Param.

Upstream

Input Param.

Output

Results

GeneralVolume

W pin pout

a Tin Tout

b ṁ ṁ

ρref ∆Tsat

GeneralVolume

Assembly

W (list) pin pout (list)

a (list) Tin Tout (list)

b (list) ṁ ṁ

ρref (list) ∆Tsat (min)

VTVolume

W d0 pin pout

a δ Tin Tout

b Cf ṁ ṁ

ρref fp ∆Tsat

n qw MCHF

∆v v

∆CHF

A comprehensive list of the three volumes input and output data is provided in

table 2.3, where are reported the input parameters required to create the objects, the

optional input parameters that can be superseded, the data provided by upstream

volumes, and finally, the output data. With reference to the table, ∆v and ∆CHF

are the coefficients that take into account the non-uniform distributions of velocities

and CHF margins, set by default equal to 0.95.
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Moreover, a snippet of the ADRANOS input file is shown in figure 2.6, where it is

possible to notice at the last line how the divertor cooling scheme layout is provided

to the code.

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% CB0

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

W=0; % [MW]

aa=1.941E−05; % [MPa s ˆ b / kg ˆ b ]

bb=2; % [ − ]

r h o r e f =963.099; % [ kg /mˆ 3 ]

CB0=Gen e r a l V o l um e (W, aa , bb , r h o r e f , ’ CB0 ’ ) ;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% OVT

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

n=46; % [ − ]

W=2.018E+00; % [MW]

aa=1.338E−04; % [MPa s ˆ b / kg ˆ b ]

bb=2; % [ − ]

r h o r e f =963.096; % [ kg /mˆ 3 ]

OVT=VTVolume ( n ,W, aa , bb , r h o r e f , ’OVT ’ ) ;
% Op t i o n a l

OVT . qw=20; % [MW/mˆ 2 ]

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% CB1S

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% S e r i e s c ompo s e d o f CB1 , NS ( l ow ) , and CB2

W=[1.769E−01, 0 . 015 , 1 .769E−01] ; % [MW]

aa=[4.687E−05, 3 .117E−05, 6 .041E−05] ; % [MPa s ˆ b / kg ˆ b ]

bb=[2 , 2 , 2 ] ; % [ − ]

r h o r e f =[962.995 , 962 .988 , 9 6 2 . 9 4 5 ] ; % [ kg /mˆ 3 ]

CB1S=Ge n e r a l V o l um eA s s emb l y (W, aa , bb , r h o r e f , ’ CB1S ’ ) ;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% D i v e r t o r C o o l i n g C i r c u i t L a y o u t

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

s ch eme={{CB0} ,{OVT} ,{CB1S } ,{ IVT } ,{CB3} ,{ LinerNSU , RPs } ,{CB4 }} ;

Figure 2.6: ADRANOS input code snippet.

Finally, the ADRANOS tool should be supplied with the range and the number

of sample points to be considered for inlet pressure, inlet temperature and mass flow

rate to perform the parametric analyses.
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2.1.5 Output data description

In this section, a typical output map obtained with ADRANOS is presented and

discussed. Once the analysis step is completed, the outcomes of the simulation

are stored in a dedicated text file and are post-processed with a dedicated Matlab

script. During the post-processing stage, the compliance with the constraints listed

in table 2.4, drawn from section 1.8, is checked for each coolant operating condition.

Table 2.4: List of constraints and their IDs considered for the simulations.

ID Constraint Region Load

A MCHF = 1.4 OVT 20 MW/m2

B MCHF = 1.4 IVT 20 MW/m2

C ∆p = 14 bar All -

D vmax = 16 m/s OVT -

E vmax = 16 m/s IVT -

F ∆Tsat = 20◦C All -

G Tmax = 300◦C OVT CuCrZr 10 MW/m2

H Tmax = 300◦C IVT CuCrZr 10 MW/m2

I Tmax = 450◦C OVT CuCrZr 20 MW/m2

J Tmax = 450◦C IVT CuCrZr 20 MW/m2

K Tmax = 3222◦C OVT tungsten 20 MW/m2

L Tmax = 3222◦C IVT tungsten 20 MW/m2

M Tmax = 885◦C OVT Cu 20 MW/m2

N Tmax = 885◦C IVT Cu 20 MW/m2

With regard to the maximum temperatures within the CuCrZr cooling pipe, these

are calculated as average values along the path indicated in figure 2.2 with a red

dashed line, as prescribed in [43].

A typical ADRANOS output is depicted in figure 2.7, showing the operating

map at a given coolant inlet pressure, where the region in which the cooling circuit

can operate being compliant with all the selected constraints is filled in green.

Every constraint of table 2.4 is represented with a curve (the letter in the figure

legend corresponds to the ID of the table), the locus of points where the monitored

parameter is exactly equal to the limit value. The tags depicted in the figure are

shown only for clarity and are not usually present in the tool output data.

The results relevant to the constraints A to F are calculated by the ADRANOS

lumped-parameters module, and thus there is always an output value in terms of

CHF margin, pressure drop, saturation margin, and maximum coolant axial velocity

for each triplet of coolant inlet pressure, inlet temperature and mass flow rate.

Constraints G to N are calculated instead by the ADRANOS FEM module, and

they are evaluated only in a small portion of the selected phase space, the ones

filled in orange and green in figure 2.7. The orange filling is usually omitted to

avoid confusion, but its boundaries can be easily distinguished, being characterized
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by jagged contours, which are precisely determined by the preliminary screening

carried out by the lumped-parameter module. It follows that curves from G to N

are physically meaningful only if they are inside the orange region, as for the case

of temperature limits in CuCrZr in figure 2.7. When no orange region is reported,

curves G to N should be considered only if they delimit the green region.

Figure 2.7: Example of ADRANOS output file.

It is interesting to note that the curves representing the different constraints can

be grouped into two categories: those relevant to thermal aspects (curves A, B,

and F to N) and those related to the coolant velocity (D and E, and indirectly the

pressure drop curve C, being a function of the coolant mass flow rate). The curves

belonging to the first category delimit the phase space in such a way that acceptable

configurations can be obtained at higher values of mass flow rate and lower values of

coolant temperature, so moving from the curve in the top-left direction. The curves

of the second category, instead, are mainly affected by the coolant mass flow rate

and less remarkably by coolant temperature. The acceptable configurations are thus

below these curves. It follows that the green region is always delimited in the upper

part by curves related to the coolant velocity (e.g. curve C in figure 2.7), and in

the lower-right part by curves associated with temperature (curve G in figure 2.7).

A comprehensive description of the dependence of all the ADRANOS monitored

quantities on coolant inlet pressure, inlet temperature and mass flow rate is given

in appendix A. It should also be pointed out that the 2D-FEM analyses are usually

performed also for operating conditions slightly outside the limits A to F of table 2.4,

in order to improve the graphical quality of the results and avoid the superposition of

the green and orange regions. Further developments of the code are ongoing, with the

aim to improve the graphical quality of the results by plotting the curves resulting
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from FEM analyses only when they are truly representative of the temperature

limits.

2.2 ADRANOS validation

To check the correctness of the implementation, the ADRANOS tool underwent

a validation campaign of both the FEM and the lumped-parameters modules. First

of all, the experimental setup of [73] was reproduced, and the outcomes of the

stand-alone FEM module were compared to experimental data. Then, the divertor

PFC cooling circuit of the double-circuit cooling option was studied, to check if the

ADRANOS outputs under design operating conditions are in agreement with the

CFD calculation and if the temperature distributions in the monoblocks are in line

with the results of dedicated assessments.

2.2.1 FEM validation

The ADRANOS FEM module was validated by comparing the code predictions

with the experimental results obtained by Mashall [74] and reported in [75]. The

comparison was made by reproducing Marshall’s experimental setup reported in

[73], by looking at the temperature of the oxygen-free high-conductivity copper

monoblock at the thermocouple location, i.e. 0.6 mm from the plasma-facing surface

on the side of the monoblock, as shown in figure 2.8. The comparison between

Marshall’s experimental results and those obtained with ADRANOS are depicted

in figure 2.9.

Figure 2.8: Experimental setup adopted by Marshall [73].
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(a)

(b)

(c)

Figure 2.9: Comparison between ADRANOS and experimental results at inlet
pressure of 10 (a), 20 (b) and 40 (c) bar.
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As can be seen, there is a very good correspondence between the ADRANOS

results and the experimental data, with errors in predicting thermocouple

temperatures within the ±10% range. At high heat flux values, a significant

deviation between the curves is observed, related to the occurrence of CHF and

post-CHF heat transfer regimes, not predicted by the calculation tool. Nevertheless,

as already pointed out in the previous section, this does not impair the code

predictive potential, since the occurrence of these conditions is already excluded by

the lumped-parameter module and the tool is not conceived to deal with a coolant

experiencing such an extreme heat transfer mechanism.

2.2.2 DEMO divertor PFC cooling circuit validation case

The parametric study of the PFCs cooling circuit of the divertor double-circuit

cooling option (2019 design) was carried out starting from the layout and volume

discretization shown in figure 2.10, with the aim to evaluate the capability of

the ADRANOS tool to reproduce the outcomes of CFD calculations under design

operating conditions and to evaluate if the temperature distributions in the

monoblocks are in line with the results of analyses available in literature.

Figure 2.10: DEMO divertor PFCs cooling circuit ADRANOS volume discretization.

The ADRANOS volumes have been defined by considering integral surface and

volumetric heat loads of 2.42 and 0.46 MW, respectively, drawn from [14], while as

far as the characteristic curves are concerned, reference was made to the pressure

drop breakdown reported in [21]. Since simulations of the PFC cooling circuit at

different coolant mass flow rates are not available, a value of 2 was chosen for the

b exponent of equation (2.1), taking into account that this coefficient has shown to

be lower but reasonably close to 2 in similar components [76].

The analysis was therefore carried out by keeping the coolant inlet pressure

fixed at 5 MPa while varying both the inlet temperature and the overall flow

rate, respectively from 70 to 180°C and from 50 to 150 kg/s. The selected inlet

temperature and mass flow rate ranges were discretized with 30 points each, for a

total of 900 cases, while the overall run time to perform all the simulations was of

approximately 7 minutes on a 3.00 GHz 18 core i9-9980XE workstation.
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The results obtained are shown in figure 2.11, with reference to the constraints

listed in table 2.4. The figure shows in red the PFCs cooling circuit design operating

point, i.e. ṁ=98.58 kg/s and Tin=130°C, while the region in which the circuit can

operate being compliant with all the selected constraints at the given inlet coolant

pressure is filled in green.

Figure 2.11: Range of acceptable operating conditions for the PFCs cooling circuit
(2019 design, in green) and design operating point (in red).

A comparison between the results obtained by ADRANOS for the design

operating point with those of the 3D-CFD analysis of [21] is reported in table 2.5.

As it may be argued from the table, there is a very good prediction of the overall

pressure drop, of the flow distribution between IVT and OVT, of the maximum

fluid velocities that occur in the targets, and of the CHF margins, with maximum

relative errors er below 3%. Furthermore, the results obtained with ADRANOS are

conservative if compared to those of the detailed CFD calculations. These findings

are not surprising since the ADRANOS simulations were set up on the basis of the

results of the 3D-CFD analysis.

Table 2.5: Comparison between ADRANOS and CFD results.

CFD ADRANOS er [%]

∆ptot [bar] 9.40 9.43 0.32

vmax,OV T [m/s] 14.91 15.09 1.21

vmax,IV T [m/s] 13.18 13.22 0.30

MCHF,OV T [-] 1.47 1.43 -2.55

MCHF,IV T [-] 1.39 1.38 -1.15

It can also be argued that the design operating point is on the outer edge of the

region in which the circuit can operate. The two constraints delimiting this region
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are the CHF margin at the IVT and the maximum coolant velocity in the OVT PFU

cooling channels. All other constraints are less relevant, including the temperatures

in the PFUs, for which only approximate boundaries are shown in the figure, as the

steady-state 2D thermal simulations were only performed in a small region of the

ṁ− Tin space, as already thoroughly discussed.

To further validate the FEM module, figure 2.12a shows the thermal field

predicted by the ADRANOS tool for an OVT PFU considering the PFCs cooling

circuit coolant under coolant design conditions and under an incident heat flux of 10

MW/m2 (similar results are obtained for the IVT), with a maximum temperature

value predicted in tungsten around 1100°C, in good agreement with the value

reported in [6]. The temperature distribution inside an OVT PFU under an incident

heat flux of 20 MW/m2 is depicted instead in figure 2.12b (also in this case, a

similar distribution is observed also for the IVT). Under this heat flux condition,

the maximum temperature in tungsten is predicted to be approximately 2220°C.

(a) (b)

Figure 2.12: Temperature distributions for an OVT PFU under an incident heat
flux of 10 (a) and 20 (b) MW/m2.

Further tests were carried out to assess how the results would change if PFUs

with a height of 25 mm (and not 28 mm as in the reference case, so decreasing

the thickness of tungsten in the plasma-facing region of 3 mm) were considered, in

order to have additional validation tests to compare the results with. The maximum

temperature values predicted in tungsten in this case were of approximately 830°C
as visible in figure 2.13a, with a ≈6% deviation with respect to the results reported

in [77]. For completeness, the results obtained with the 25 mm thick monoblock

under the incident heat flux of 20 MW/m2 are depicted in figure 2.13b, showing a

maximum temperature in tungsten of around 1650°C.
As can be argued from the results shown in figure 2.12 and figure 2.13, increasing

the monoblock thickness from 25 to 28 mm increases the maximum temperature by

approximately 300°C for the 10 MW/m2 case and approximately 600°C for the 20

MW/m2 case.
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(a) (b)

Figure 2.13: Temperature distributions for a 25 mm OVT PFU under an incident
heat flux of 10 (a) and 20 (b) MW/m2.

Additionally, it can be noticed that under the 10 MW/m2 heat flux condition,

the maximum temperatures in the tungsten remain below the recrystallisation limit,

being in the range of 1100-1500°C as reported in section 1.8, except for the sides of

the plasma-facing surface.

2.3 Application of ADRANOS to the DEMO

divertor cooling options

The ADRANOS tool was employed to study the performance map of both

the DEMO divertor single-circuit cooling option and the PFCs circuit of the

double-circuit cooling option with target connected both in series and in parallel.

As far as the CB cooling circuit relevant to the double-circuit cooling option

is concerned, the results obtained with the ADRANOS tool are not reported here

as they are of minor interest. In fact, for this specific cooling circuit, only the

constraints on maximum pressure drop and minimum saturation margin apply.

This latter parameter determines the possible range of acceptable coolant operating

conditions, at least considering low coolant pressures. Additionally, the analyses of

the CB cooling circuit showed that, with an inlet pressure of 35 bar, it is possible to

go up to maximum inlet temperatures only slightly higher than 180 °C, highlighting
how the cooling circuit is already working close to the best operating conditions

compatible with the current design.

Moreover, to provide a reference scenario to compare the divertor cooling

circuit thermal-hydraulic performance, a theoretical assessment of the limit coolant

operating conditions is presented first, providing an indication of the highest coolant

temperatures and mass flow rate values that can be selected for PFC cooling circuit,

valid for both the single and double circuit concepts.
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2.3.1 Theoretical assessment of limit operating conditions

for VTs

Assuming that the considered cooling circuit has no hydraulic resistances, that

the coolant is always at its inlet temperature, and that the fluid is distributed

uniformly between the various PFU assemblies (this is the most favourable possible

scenario, as the maximum available cooling potential is considered), it is possible

to reformulate the CHF margin equation (2.8), taking into account the definition

of the various terms as given in equations (2.9) to (2.11) and (2.14). Under the

hypotheses of isothermal flow and no hydraulic losses, the only relevant constraints

are the maximum coolant axial velocity inside the PFU cooling channels and the

CHF margin. Substituting the limits on MCHF and v, it is thus possible to obtain

a function f (p, T ) = 0 that relates coolant pressure and temperature at which are

met at the same time the conditions of v = vlimit and MCHF = MCHF,limit. The

resulting formulation is the following, where pressure and temperature are present

both explicitly and implicitly, the latter through the dependence of water properties

from p and T :

ρ0.4µ0.6r + Γ2p
1.8ρ1.9µ0.1ρ−1

v cp (Tsat − T )− Γ1 = 0 (2.22)

where

Γ1 =

(
MCHF,limit

v0.4limit

)
qw

(
0.132fpd

0.28
h

Cf

)
, (2.23)

and

Γ2 = 1.302 · 10−7v0.5limitd
0.5
h . (2.24)

Equation (2.22) has two parameters, Γ1 and Γ2, which are not dependent on p

and T and take into account the considered constraints, the design heat flux of the

divertor PFCs, and the geometry of the monoblock.

Equation (2.22) is valid for a single target but it is still applicable when having

two or more VTs in parallel, as it is analogous to increasing the number of PFU

assemblies in parallel to each other. When, on the other hand, there are several

targets in series, it should be noted that the margin against CHF should be

calculated on the target with the largest number of PFU assemblies, where the

fluid velocity is lower, while the constraint on the maximum axial velocity should

be evaluated on the target with the smallest number of PFU assemblies, simply for

the mass conservation constraint. It follows that the axial velocity at the VT with

the lower number of PFU assemblies is equal to

v∗limit = vlimit
nmin

nmax

, (2.25)
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where nmin and nmax are the minimum and maximum number of PFUs in the

targets. By replacing vlimit with v∗limit in equations (2.23) and (2.24), it is possible

to obtain the temperature limits with targets in series, which is then achieved

simply by reducing the coolant maximum axial velocity. By plotting this function,

it is possible to derive the maximum inlet temperature of the coolant as its inlet

pressure varies both for targets connected in series and in parallel, as depicted in the

following pictures. It is moreover possible to study how the results vary as the model

parameters change. In particular, figure 2.14 shows the trend of the maximum inlet

temperature of the coolant as a function of its pressure at various heat flux values,

both for the configuration with targets in parallel and in series.

As it can be argued from figure 2.14a, the maximum inlet coolant temperature

value for the VTs in parallel, considering the current geometry and then nominal

constraints, is approximately 150◦C when considering water at 50 bar and 190◦C

at 75 bar. Concerning the targets in series, calculated considering the number

of PFUs assemblies of the VTs for the 2021 divertor design, a limit temperature

of 130◦C is obtained when considering water at 50 bar and 160◦C at 75 bar, as

depicted in figure 2.14b. The reduction of the maximum coolant inlet temperature

in this latter case can be derived from the condition of equation (2.25): for two

VTs in series, the maximum velocity condition is reached at the IVT, while the

limit CHF margin is reached at the OVT, due to the different number of PFU

assemblies. To take into account both these conditions, equation (2.22) is applied

to the OVT, and the maximum PFU cooling channel axial velocity in the OVT

cooling channels is properly reduced. As an example, considering the number of

PFUs assemblies for the VTs of the 2021 DEMO divertor and supposing a uniform

coolant distribution among the different PFU assemblies for each target, a maximum

coolant axial velocity of 16 m/s in the IVT would result in a coolant axial velocity

of 11.83 m/s in the OVT, significantly lower than the original velocity limit.

It can also be noted that an increase in the maximum heat flux leads to a

significant reduction in the maximum coolant inlet temperature. The same type

of trend is expected by varying the fp and the MCHF,limit, as they are also present

in the Γ1 term with a unitary exponent. This can be easily interpreted as the

product of the three terms MCHF,limitfpqw is equal to the incident critical heat flux.

Additionally, it should be mentioned that these results are only qualitative, as it is

possible to expect that at very high flux values, other constraints may come into

play, e.g. the melting temperature in tungsten.

Figure 2.15 shows how the maximum coolant inlet temperature varies with

the maximum coolant axial velocity, while figure 2.16 shows how the maximum

temperature varies as the diameter of the PFUs cooling channels changes, keeping

the fp, and the ST thickness δ constant.
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(a)

(b)

Figure 2.14: Maximum allowable inlet coolant temperature as a function of inlet
coolant pressure for VTs connected in parallel (a) and in series (b), calculated at
different maximum heat fluxes.
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(a)

(b)

Figure 2.15: Maximum allowable inlet coolant temperature as a function of inlet
coolant pressure for VTs connected in parallel (a) and in series (b), calculated at
different maximum coolant axial velocities.
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(a)

(b)

Figure 2.16: Maximum allowable inlet coolant temperature as a function of inlet
coolant pressure for VTs connected in parallel (a) and in series (b), calculated at
different PFUs cooling channels diameters.
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The dependence on these parameters is more complex than the dependence on the

heat flux, as it is present in both terms Γ1 and Γ2. It can be observed that a reduction

in maximum coolant axial velocity always leads to a reduction in maximum coolant

temperature, while for the diameter of PFUs cooling channels, the behaviour is much

more complex, and it is found that for inlet pressure values below approximately

40 bar the use of cooling channels with smaller diameters is favoured to increase

the coolant inlet temperature, while it is reversed at higher pressures. The same

behaviour is observed for both VTs connected in series and in parallel. However,

the sensitivity of the results from the latter parameter is very low compared to those

analysed previously.

It should be pointed out that, under the hypothesis of no pressure loss for

the cooling circuit and by taking into account only the constraints on maximum

coolant axial velocity inside the PFU cooling channels and CHF margins, the other

components of the divertor, i.e. CB, SL, RPs, and eventually NSs are not relevant,

and thus the results drawn here for the VTs can be applied also to the single-circuit

cooling option divertor.

2.3.2 DEMO divertor single-circuit cooling option

The parametric study of the DEMO divertor single-circuit cooling option was

carried out starting from the cooling circuit layout and discretization shown in

figure 2.17, referring to the results reported in [37] for the hydraulic characterisation.

Figure 2.17: DEMO single-circuit cooling option divertor cassette ADRANOS
volume discretization.

As for the validation case performed on the 2019 design, since the results were

not available at different values of coolant mass flow rate, it was decided to adopt

an exponent b for the characteristic function equal to 2. Regarding thermal loads,

the same integral surface loads considered for the 2019 divertor were adopted, while

volumetric loads obtained from dedicated neutronic analyses of the 2021 divertor

design [40] were considered, whose breakdown is reported in table 2.6.
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Table 2.6: Deposited volumetric power breakdown for each divertor cassette.

Component Power [MW]

CB 0.717

SL 1.558

RPs 0.150

NSs 0.030

IVT 0.620

OVT 0.633

TOTAL 3.707

The analysis was performed considering the coolant inlet pressure at 50, 75, 100,

and 150 bar varying the overall flow rate from 20 to 60 kg/s and the inlet temperature

from 70 to 180°C. The selected inlet temperature and mass flow rate ranges were

discretized with 30 points each, for a total of 3600 cases, while the overall run time

to perform all the simulations was of approximately 24 minutes on a 3.00 GHz 18

core i9-9980XE workstation.

The results obtained are shown in figures 2.18 to 2.21, with reference to the

constraints listed in table 2.4.

Many interesting conclusions can be drawn from the analysis of the results

obtained. First of all, up to about 100 bar of coolant inlet pressure, the operating

range of the cooling circuit is limited solely by the pressure drop and the CHF margin

of the OVT. Unlike the PFCs circuit discussed in the previous section, in this case,

the OVT is the critical component, as the two targets are now connected in series

and the same mass flow rate is distributed across a greater number of PFUs cooling

channels within the OVT, resulting in lower velocities (and thus lower heat transfer

coefficients). At even higher pressures, however, the constraint on maximum CuCrZr

temperature for the OVT at 10 MW/m2 comes into play, which is more stringent

than the CHF margin, ultimately limiting the maximum coolant inlet temperature

to around 154°C.
It should be noted, however, that these results are only qualitative, as such a

significant increase in coolant inlet pressure would certainly require a thorough

overhaul of the entire DEMO divertor cassette, thus reducing the reliability of the

maps presented here.

As it may be argued from the results, if the single-circuit cooling divertor option

is chosen to work at lower pressures, i.e. 50 and 75 bar (possibly with no or minor

changes in the component design), it would be possible to work with maximum inlet

coolant temperatures of 85 and 115°C, respectively. Using the same reasoning on the

maximum irradiation dose damage discussed in section 1.8 and the curves plotted in

figure 1.28, it is therefore possible to estimate a component lifetime of approximately

0.6 and 0.8 FPY, respectively, which would clearly lead to an unduly reduction of the
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Figure 2.18: Range of acceptable operating conditions for the divertor single-circuit
cooling option (in green) for an inlet pressure of 50 bar.

Figure 2.19: Range of acceptable operating conditions for the divertor single-circuit
cooling option (in green) for an inlet pressure of 75 bar.
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Figure 2.20: Range of acceptable operating conditions for the divertor single-circuit
cooling option (in green) for an inlet pressure of 100 bar.

Figure 2.21: Range of acceptable operating conditions for the divertor single-circuit
cooling option (in green) for an inlet pressure of 150 bar.
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plant availability due to the frequent divertor cassettes replacements, an increased

amount of nuclear waste, thus higher costs.

In order to provide an additional basis for assessing the feasibility of the

single-circuit cooling option, four additional scenarios were evaluated, listed in the

following.

Cooling circuit optimization

The first scenario foresees an optimisation of the cooling circuit to drastically

reduce the total pressure drop. This scenario is highly unlikely, as most of the

pressure drop occurs in the components directly exposed to the plasma (VTs, SL

and RPs), which require high coolant velocities and small channel and channel sizes

(thus resulting in high pressure drop) to handle the surface and volumetric loads to

which they are subjected.

According to the results obtained, shown in the previous section, the maximum

coolant operating temperature can certainly be increased, but only to a small extent.

In fact, looking at figure 2.18 and figure 2.19, it can be seen how, in the absence of

the pressure drop constraint, the acceptable operating region of the circuit would

be delimited by the OVT CHF margin curve and the maximum velocity in the IVT

PFU channels (curve E), as it was for the theoretical assessment of section 2.3.1.

This constraint was investigated by considering the limiting condition of a

zero-loss cooling circuit but, differently from the theoretical case of section 2.3.1,

here the coolant temperature increase is taken into account, together with the

5% non-uniformity of coolant velocity and CHF distributions in VTs The results

obtained, depicted in figures 2.22 to 2.25, highlighted how at an inlet pressure of 50

bar it would be possible to reach up to 115°C coolant inlet temperature, and up to

≈150°C at 75 bar, while it is not possible in any case to overcome the maximum

inlet temperature limit of 175°C due to CuCrZr constraints.

By performing additional parametric analyses, it is possible to assess the

dependency of the results respectively on the two deviations from the theoretical

model. The results obtained are not reported here, as they are very similar to those

depicted in the following figures, but it can be observed that the heat loads have

less influence on results than the non-uniformity in coolant distribution. This result

is not surprising, as non-uniformities lead to a direct shift in both the CHF margin

and maximum coolant axial velocity curves, while the effect of thermal loads is less

pronounced. In fact, the coolant axial velocity inside the IVT PFU cooling channels

increases due to density variations with temperature (low in the case of high mass

flow rates), while the OVT CHF margin is affected uniquely by the power deposited

on the OVT, being the first component exposed to high thermal loads in the divertor

cassette cooling circuit. More realistically, an optimisation of the hydraulic circuit

could allow an increase in operating temperature of only a few degrees, not solving
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Figure 2.22: Range of acceptable operating conditions for the no-loss divertor
single-circuit cooling option (in green) for an inlet pressure of 50 bar.

Figure 2.23: Range of acceptable operating conditions for the no-loss divertor
single-circuit cooling option (in green) for an inlet pressure of 75 bar.

the issues related to the component lifetime. Additionally, it is interesting to note the

shift in the CHF margin curves (A and B) from their analogues seen in the previous

section, due to the dependence of CHF on pressure, detailed in equation (2.8). In

particular, the CHF margin curves are shifted towards higher temperatures, and the

effect is particularly visible for the IVT, characterized by a lower coolant pressure

due to its position inside the cooling circuit (downstream the OVT and part of the

CB).
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Figure 2.24: Range of acceptable operating conditions for the no-loss divertor
single-circuit cooling option (in green) for an inlet pressure of 100 bar.

Figure 2.25: Range of acceptable operating conditions for the no-loss divertor
single-circuit cooling option (in green) for an inlet pressure of 150 bar.

VTs in parallel

The second scenario investigated relies on the adoption of a parallel connection

between the two VTs, as in the case of the PFC cooling circuit of the 2019

DEMO divertor double-circuit cooling option design. The cooling scheme adopted as

reference is shown in figure 2.26, while loads, characteristic curves and assumptions

are the same as those used for the single-circuit cooling option calculation with the

divertor targets in series.
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Figure 2.26: Cooling scheme and ADRANOS volume discretization of the DEMO
divertor single-circuit cooling option with VTs in parallel.

Figure 2.27: Range of acceptable operating conditions for the single-circuit cooling
option divertor with VTs in parallel (in green) for an inlet pressure of 50 bar.
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Figure 2.28: Range of acceptable operating conditions for the single-circuit cooling
option divertor with VTs in parallel (in green) for an inlet pressure of 75 bar.

Figure 2.29: Range of acceptable operating conditions for the single-circuit cooling
option divertor with VTs in parallel (in green) for an inlet pressure of 100 bar.

69



Ch. 2 Parametric Analyses and Operational Limits of the Divertor Cooling Circuit

Figure 2.30: Range of acceptable operating conditions for the single-circuit cooling
option divertor with VTs in parallel (in green) for an inlet pressure of 150 bar.

The results obtained showed that considering an inlet coolant pressure of 50

bar, no acceptable operating condition can be found for the circuit, as visible in

figure 2.27. The results relevant to the inlet coolant pressure of 75, 100, and 150

bar condition are depicted in figure 2.28, figure 2.29, and figure 2.30.

As can be seen from the pictures, the single-circuit cooling option with VTs in

parallel allows operation only at even lower coolant temperatures with respect to

the configuration with targets in series. By further increasing the inlet pressure of

the coolant up to 150 bar, it is possible to increase the inlet temperature up to a

maximum of about 115°C, beyond which the constraint of the maximum temperature

in the CuCrZr comes into play.

CB bypass

The third scenario analysed involves the presence of a bypass line which ensures

that only part of the coolant mass flow rate is fed to the CB, while maintaining full

flow rate at the VTs, in order to prevent the CHF limit curves from moving further

to the left (with reference to the previous maps), reducing the region in which the

cooling circuit can operate.

In the case of series-connected VTs, this is equivalent to a relaxation of the

maximum pressure drop constraint, so the results obtained are similar to those of

the first scenario, i.e. the cooling circuit optimization, thus no further investigations

were performed. In the case of targets in parallel, on the other hand, reference is

made to the cooling scheme shown in figure 2.31, where the bypass line is shown in

red.
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Figure 2.31: Cooling scheme and ADRANOS volume discretization of the DEMO
divertor single-circuit cooling option with VTs in parallel and CB bypass.

Figure 2.32: Range of acceptable operating conditions for the single-circuit cooling
option divertor with VTs in parallel and CB bypass (in green) for an inlet pressure
of 50 bar.
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Figure 2.33: Range of acceptable operating conditions for the single-circuit cooling
option divertor with VTs in parallel and CB bypass (in green) for an inlet pressure
of 75 bar.

Figure 2.34: Range of acceptable operating conditions for the single-circuit cooling
option divertor with VTs in parallel and CB bypass (in green) for an inlet pressure
of 100 bar.
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Figure 2.35: Range of acceptable operating conditions for the single-circuit cooling
option divertor with VTs in parallel and CB bypass (in green) for an inlet pressure
of 150 bar.

The bypass line was modelled by imposing a fixed mass flow rate through the

CB equal to 35 kg/s for all the operating conditions of the map, a value close to

the one adopted for the double-circuit cooling option divertor CB [26], so to provide

adequate cooling to the components.

The results obtained are reported in figures 2.32 to 2.35. As can be seen,

comparing the results shown here with those of the previous section, the gain

obtained with the CB bypass is remarkable, with a maximum value of coolant

inlet temperature of about 135°C at 50 bar, 175°C at 75 bar, and 195°C at higher

coolant inlet pressure values due to CuCrZr temperature constraints. Although this

configuration appears promising, some additional issues should be considered: it is

necessary to provide for the adoption of properly sized orifices downstream of the

targets, capable of producing a localized pressure loss of ≈7 bar, resulting in high

localized coolant velocities that could cause erosion problems. Moreover, considering

the coolant operating point at the maximum allowable coolant inlet temperature of

figure 2.34, the orifice alone would result in a loss of fluid mechanical power in the

order of ≈60 kW per cassette (approximately equal to the 50% of the pumping power

required by both the CB and PFC cooling circuit of the double-circuit configuration

[6]), which would have to be supplied to the fluid by the circulation pumps. Finally,

it should be further investigated the behaviour of the cooling circuit under transient

conditions, and the possibility to establish flow distribution instabilities between

the CB and the bypass line, which could potentially pose a risk for the structural

integrity of the cassette.

73



Ch. 2 Parametric Analyses and Operational Limits of the Divertor Cooling Circuit

Cooling circuit optimization with VTs in parallel

Finally, the last scenario focussed on a hypothetical optimization of the cooling

circuit with the VTs in parallel, aimed at reducing the total pressure drop. As for

the case of targets in series, the limiting condition of a zero-loss cooling circuit was

considered.

Figure 2.36: Range of acceptable operating conditions for the no-loss single-circuit
cooling option divertor with VTs in parallel (in green) for an inlet pressure of 50
bar.

Figure 2.37: Range of acceptable operating conditions for the no-loss single-circuit
cooling option divertor with VTs in parallel (in green) for an inlet pressure of 75
bar.

The results obtained, depicted in figures 2.36 to 2.39, show that considering an

inlet pressure of 50 bar it would be possible to reach up to 145°C coolant inlet
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Figure 2.38: Range of acceptable operating conditions for the no-loss single-circuit
cooling option divertor with VTs in parallel (in green) for an inlet pressure of 100
bar.

Figure 2.39: Range of acceptable operating conditions for the no-loss single-circuit
cooling option divertor with VTs in parallel (in green) for an inlet pressure of 150
bar.
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temperature, and up to ≈180°C at 75 bar, while it is not possible in any case to

overcome the maximum inlet temperature limit of 195°C due to CuCrZr constraints,

as for the case discussed in the previous sections.

These results shown here are in line with the theoretical limits discussed in

section 2.3.1. Moreover, as for the scenario of cooling circuit optimization with

targets in series, the reduction of coolant maximum inlet temperature is mainly

related to the 5% coolant velocity and CHF margin distribution non-uniformities,

while the effects of the heat loads are practically negligible.

In summary, the results obtained in terms of maximum coolant inlet temperature

considering the baseline topology of the DEMO divertor single-circuit cooling option

and the four additional scenarios discussed above are summarised in table 2.7,

together with the pertaining theoretical limits.

Table 2.7: Summary of the results obtained for the different DEMO divertor
single-circuit cooling option cooling circuit topologies.

Maximum coolant inlet temperature

Scenario pin=50 bar pin=75 bar Max

Theoretical series ≈128°C ≈159°C -

Baseline ≈85°C ≈115°C ≈155°C
Baseline optimization ≈115°C ≈145°C ≈175°C
Theoretical parallel ≈154°C ≈186°C -

Parallel VTs - ≈80°C ≈115°C
Parallel VTs and Bypass ≈135°C ≈175°C ≈190°C
Parallel VTs optimization ≈145°C ≈180°C ≈195°C

The cooling circuit optimisation scenarios return excessively optimistic outcomes

and are reported only to allow for simple comparison with the pertaining theoretical

limits. Concerning the different cooling circuit arrangements, excepting for the

scenario with targets connected in parallel and CB bypass, it can be clearly observed

that it is not possible to exceed a maximum coolant inlet temperature of 120°C for

coolant inlet pressures up to 75 bar, while temperatures lower than 85°C are required

at 50 bar inlet pressure. Under these conditions, according to the lifetime estimation

described in section 1.8, the divertor cassette needs replacement every 0.6 and 0.8

FPY, respectively considering 50 and 75 bar as inlet coolant pressure conditions.

The most promising single-circuit divertor cooling circuit arrangement is the

one with targets in parallel and CB bypass, which permits to adoption of coolant

conditions close to the theoretical limits, allowing for a coolant maximum inlet

temperatures approximately of 135 and 175°C, respectively for an inlet pressure of

50 and 75 bar. Under these conditions, the lifetime of the divertor cassette can be

extended up to 0.9 and 1.1 FPY, depending on the coolant inlet pressure.

At higher pressures it is feasible to increase these values, but, as can be argued
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from the summary table, it is never possible to obtain the same inlet temperature of

the CB circuit as in the double-circuit cooling option configuration, except for the

configuration with VTs in parallel and CB bypass, which would entail the criticality

of providing suitable orifices to reduce the pressure in the bypass line, with potential

issues in terms of erosion and coolant distribution instabilities, as well as an increase

in pumping power.

As already pointed out, the analyses carried out only take into account aspects

of thermal-hydraulics and, therefore, increases in coolant inlet pressure must

necessarily be accompanied by a review of the design of the divertor to ensure its

structural integrity. It is reasonable to argue that if a coolant pressure much higher

than the current one (e.g. 100 bar or above) is considered, the results obtained

would lose their relevance, as modifications would be required to the PFUs cooling

channels which would change their thermal and hydraulic behaviour.

Focusing on a narrower pressure range (e.g. below 75 bar), it can be seen that

the maximum coolant temperature is solely determined by three constraints, i.e.

the pressure drop, the CHF margin, and the maximum velocity in the PFUs cooling

channels, while in the case of assuming a no-pressure-loss cooling circuit, solely by

the last two conditions.

2.3.3 DEMO divertor double-circuit cooling option - PFC

cooling circuit

The last topic dealt with in this chapter is the analysis of the operational map of

the PFCs cooling circuit of the divertor double-circuit cooling option, considering

two different layouts: the one with the VTs connected in parallel, i.e. the 2019

layout already discussed in the chapter 1, and a new design, presented in 2022,

which is characterised by the series connection of the two targets. The analysis was

carried out using ADRANOS, with the aim of defining a rationale for the selection

of acceptable operating conditions for the divertor cooling circuit, questioning

the constraints used to date and assuming a possible increase in heat flux under

slow-transient conditions to which the component could be subjected.

The parametric analyses took into account realistic thermal loads of the divertor

VTs, based on the latest DEMO energy map, reported in [78]. Additionally, the

analyses considered the realistic pressure drops of both the VTs cooling circuits

drawn from dedicated 3D-CFD analyses ([21] and [79]) and of the PFCs PHTS.

Regarding the VT power distribution, a steady-state peaked plasma heat flux of 10

MW/m2 was considered, representative of normal operating conditions, while three

different slow-transient heat load scenarios were evaluated, namely 20, 25 and 30

MW/m2, to assess how the maximum plasma heat fluxes expected during plasma

operation may influence the operating map.
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As already discussed, the ADRANOS code provides necessary but not sufficient

conditions to assess the complete performance of the component, which must be

successively verified in terms of structural response and expected lifetime due to

neutron-induced damage of the PFUs and their supporting structures.

The attention was at first focused on the 2022 PFCs divertor cooling circuit

design, described in [80], which features a dedicated cooling circuit for the two VTs,

which are connected in series. The analyses were performed by considering the list of

constraints already discussed in section 1.8, also taking into account the additional

aspects summarized in the following.

• Maximum CHF margins higher than 1.4 were checked both for the IVT and the

OVT, considering the incident heat flux selected for the specific scenario (20,

25 and 30 MW/m2). Additionally, a scenario with CHF margins higher than

1.2 was included, to reduce the conservativeness of this constraint, allowing

the component to operate at higher heat fluxes, otherwise unachievable. The

CHF margins are conservatively calculated at the outlet of the ST section of

the VTs, so as to account for possible controlled or uncontrolled displacements

of the strike point.

• A maximum allowable total pressure drop curve, to be considered as the

maximum net value that can be spent inside the VTs cooling circuit, as

reported in figure 2.40, was obtained supposing a pump head water column

for the PFCs PHTS of 230 m and taking into account the pressure drop

inside the PHTS itself. The data reported in figure 2.40 were obtained by

considering the PHTS layout reported in [56], calculated according to the

methodology presented in [81]. It should be noted that, at low mass flow

rates, a reduction of the size of the various pipes and equipment of the PHTS

was performed, maintaining a minimum PHTS pressure drop of ≈5 bar while

ensuring a reduction in water inventory, as depicted in figure 2.41.

• A maximum coolant axial velocity inside the PFUs cooling channels of 16,

12 and 10 m/s was considered. These three values were selected to provide

potential limits, in the case fretting issues and flow-induced corrosion are

proven to pose a risk to the component integrity and are calculated both

for the IVT and OVT.

• A maximum temperatures for CuCrZr cooling channels lower than 450◦C was

considered also for heat fluxes higher than 20 MW/m2.

• The temperature limit of tungsten has been selected equal to its melting

temperature, i.e. 3422◦C, to avoid unduly conservative results.

The operating map of the PFCs cooling circuit with targets connected in series

was calculated by considering the inlet coolant temperature ranging between 70 and

180◦C, the coolant mass flow rate between 10 and 60 kg/s, and the coolant inlet
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Figure 2.40: Curves of maximum pressure drop provided by the pump (green),
pressure drop due to PHTS losses (blue) and pressure drop available for the PFCs
cooling circuit (red). The mass flow rates are relevant to a single divertor cassette.

Figure 2.41: Total PFC PHTS water inventory for the different mass flow rates
considered. The mass flow rates are relevant to a single divertor cassette.
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pressure between 50 and 75 bar. The results obtained are depicted in figure 2.42 and

figure 2.43 for the 20 MW/m2 case, where it is possible to distinguish a green region,

in which the cooling circuit can operate in compliance with all the constraints and

with a CHF margin higher or equal to 1.4 and a yellow region, in which the cooling

circuit can operate with a CHF margin between 1.2 and 1.4.

The results are presented for two different values of inlet pressure (50 and 75 bar)

and for the three maximum axial coolant velocities inside the PFU cooling channels

of 16, 12 and 10 m/s (top, middle and bottom rows, respectively). Additionally, the

curve CHF equal to 1 has been included with a dashed line and should be intended

as an indication to evaluate whether the loss of coolant event from one of the pumps

of the PFC PHTS may lead the system to a mass flow rate value that could start

thermal crisis of the cooling channels.

As may be argued from the results, the green and yellow regions of the maps

are delimited uniquely by the CHF margin at the OVT (red curve) and by the

maximum axial coolant velocity inside the IVT PFU cooling channels (light green

curve), analogously to the results of the single-circuit cooling option.

It is also interesting to note that although the IVT is fed with a coolant that is

at a lower pressure and higher temperature, this does not constitute a critical issue

for the circuit, as the critical target in terms of margin against CHF remains the

OVT. Note also in figure 2.42 how, at low coolant inlet pressure values, there is

a crossing of the CHF margin curves of the IVT and OVT, linked precisely to the

phenomenon just described, i.e. the degradation of the cooling performance of the

IVT cooling circuit related to variations in coolant pressure and temperature.

In case fretting and flow-induced corrosion phenomena are not critical for the

component, or at least not critical with respect to the expected lifetime of the

divertor, the green and yellow regions of the map would be still limited by the

pressure drop curve (blue line), which is only slightly higher than the maximum

velocity in the PFU cooling channels of 16 m/s.

As can be argued from the picture, the green and yellow regions decrease in

amplitude as the maximum coolant PFU cooling channel axial velocity decreases

(the green region disappears completely at 50 bar coolant inlet pressure and 10 m/s)

and become more extended as the coolant inlet pressure increases. In particular,

considering the intermediate limit value of the maximum PFU coolant axial velocity

(12 m/s), at 20 MW/m2 it is possible to operate in the green area at all the coolant

inlet pressure values in a range of mass flow rates between 26 and 39 kg/s and

a temperature lower than 112◦C, while in the yellow area at all the considered

pressures (50 to 75 bar) at temperatures lower than 130◦C and mass flow rates in

between 22 and 39 kg/s.

The choice of operating conditions within the green region then has to be based

on several additional considerations, herewith summarized.
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(a)

(b)

(c)

Figure 2.42: Map of divertor (VTs in series) cooling circuit operating conditions for
a maximum plasma heat flux of 20 MW/m2 considering 50 bar inlet pressure and
three different maximum PFU cooling channel axial coolant velocities (16, 12 and
10 m/s, respectively first, second and third row).
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(a)

(b)

(c)

Figure 2.43: Map of divertor (VTs in series) cooling circuit operating conditions for
a maximum plasma heat flux of 20 MW/m2 considering 75 bar inlet pressure and
three different maximum PFU cooling channel axial coolant velocities (16, 12 and
10 m/s, respectively first, second and third row).
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• It must be verified that the PFUs can withstand the thermo-mechanical

stresses that result from the particular choice of coolant operating conditions

since the calculations made do not take into account the mechanical problem.

In particular, the variation in the mechanical properties of the irradiated

materials should be considered. Consequently, additional analyses must be

performed to provide a complete picture of the operating map.

• An operating point characterized by low mass flow rates would be beneficial

in terms of water inventory, as clearly visible in figure 2.41.

• By operating the cooling circuit with a high mass flow rate, on the contrary,

the divertor is more likely to survive off-normal conditions induced by the

plasma and the PHTS.

• By operating the cooling circuit with a high inlet temperature, it can be

beneficial for the lifetime of the supporting structures of the PFUs, i.e. its

manifolds or the target bodies. Additionally, it is known that at temperatures

lower than 150◦C, irradiated CuCrZr undergoes hardening. This effect

should be properly accounted for by performing dedicated thermo-mechanical

analyses.

By increasing the plasma heat flux to 25 MW/m2, the results obtained are

qualitatively identical, but all green and yellow areas are reduced, as depicted in

figure 2.44 and figure 2.45. Under these conditions and considering the intermediate

limit value of the maximum PFU coolant axial velocity (12 m/s), it is possible to

operate in a range of mass flow rates between 35 and 39 kg/s, a temperature lower

than 80◦C and a pressure higher than 65 bar within the green area, while in the

yellow area for all the considered coolant inlet pressure values, for a coolant inlet

temperature lower than 100◦C and a mass flow rate within the range 29-39 kg/s.

Finally, by increasing the plasma heat flux to 30 MW/m2, tungsten melting

phenomena occur in the OVT, as depicted in figure 2.46 and figure 2.47. Acceptable

conditions at intermediate pressures (65-70 bar) are available for a very narrow range

of flow rates and inlet temperatures and have therefore not been reported here, due

to the very small extent of the yellow and green regions. Moreover, these regions are

accessible only if a maximum coolant axial velocity of 16 m/s is considered inside

the PFU cooling channels.

A second parametric analysis campaign was then carried out, once again

considering the plasma heat flux scenarios previously described, focusing the

attention on the 2019 divertor cooling circuit design described in section 1.4. The

operating map of the PFCs cooling circuit was calculated by considering the inlet

coolant temperature ranging between 70 and 180◦C, the coolant mass flow rate

between 25 and 150 kg/s, and the coolant inlet pressure between 50 and 75 bar.

As may be argued from the following results, the green and yellow regions of the

maps are delimited uniquely by the CHF margin at the IVT (orange curve), by the
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(a)

(b)

(c)

Figure 2.44: Map of divertor (VTs in series) cooling circuit operating conditions for
a maximum plasma heat flux of 25 MW/m2 considering 50 bar inlet pressure and
three different maximum PFU cooling channel axial coolant velocities (16, 12 and
10 m/s, respectively first, second and third row).
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(a)

(b)

(c)

Figure 2.45: Map of divertor (VTs in series) cooling circuit operating conditions for
a maximum plasma heat flux of 25 MW/m2 considering 75 bar inlet pressure and
three different maximum PFU cooling channel axial coolant velocities (16, 12 and
10 m/s, respectively first, second and third row).
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(a)

(b)

(c)

Figure 2.46: Map of divertor (VTs in series) cooling circuit operating conditions for
a maximum plasma heat flux of 30 MW/m2 considering 50 bar inlet pressure and
three different maximum PFU cooling channel axial coolant velocities (16, 12 and
10 m/s, respectively first, second and third row).
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(a)

(b)

(c)

Figure 2.47: Map of divertor (VTs in series) cooling circuit operating conditions for
a maximum plasma heat flux of 30 MW/m2 considering 75 bar inlet pressure and
three different maximum PFU cooling channel axial coolant velocities (16, 12 and
10 m/s, respectively first, second and third row).
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maximum axial coolant velocity inside the OVT PFU cooling channels (dark green

curve), and by the pressure drop (blue curve) at higher values of maximum PFU

cooling channel axial velocity.

The results obtained considering a plasma heat flux of 20 MW/m2 are depicted

in figure 2.48 and figure 2.49. In particular, a comparison with figure 2.42 and

figure 2.43 highlights how connecting the VTs in parallel it is possible to obtain a

broadening of green and yellow areas. Considering the intermediate limit value of

the maximum PFU coolant axial velocity (12 m/s), it is possible to operate in the

green area in a range of mass flow rates between 43 and 82 kg/s, a temperature

lower than 135◦C and at all the considered pressure values, while in the yellow area

at all the considered pressures (50 to 75 bar) at temperatures lower than 155◦C

and mass flow rates in between 36 and 82 kg/s. Comparing the results with those

shown in figure 2.42 and figure 2.43, it can be seen that the maximum coolant inlet

temperatures for both green and yellow areas are increased by approximately 25◦C.

It is worth pointing out that, with reference to figure 2.48, the inlet coolant

working conditions depicted in figure 1.15 is characterised by a CHF margin lower

than 1.4, thus not meeting all the requirements. The discrepancy with the results

reported in [21] is related to the CHF margin calculation, here performed at the

outlet section of the PFU cooling channel section equipped with the swirl tapes to

take into account any displacement of the strike point on the target, while in [21] this

margin was calculated assuming a fixed strike point located at the central section

of the target.

By increasing the plasma heat flux to 25 MW/m2, the results obtained are

qualitatively identical to those reported above, but all green and yellow areas are

reduced, as visible in figure 2.50 and figure 2.51. Under these conditions and

considering the intermediate limit value of the maximum PFU coolant axial velocity

(12 m/s), it is possible to operate in the green area in a range of mass flow rates

between 56 and 82 kg/s, a temperature lower than 105◦C and a pressure higher

than 55 bar, while in the yellow area at all the considered pressures (50 to 75 bar)

at temperatures lower than 125◦C and mass flow rates in between 48 and 82 kg/s.

Comparing the results with those relevant to the 20 MW/m2 condition, it can be

seen that the maximum coolant inlet temperatures for both green and yellow areas

are increased by approximately 25◦C.

Finally, by increasing the plasma heat flux to 30 MW/m2, the operation is allowed

inside small regions, due to the occurrence of tungsten melting of the IVT, as

depicted in figure 2.50 and figure 2.51.

More in detail, the yellow region of the operating map is shown for six pressure

values between 50 and 75 bar in figure 2.54 and figure 2.55, considering a maximum

coolant velocity of 12 m/s. As can be seen, it is not possible to work at low pressures

due to the constraint on the CHF margin, while as the coolant inlet pressure

88



Ch. 2 Parametric Analyses and Operational Limits of the Divertor Cooling Circuit

(a)

(b)

(c)

Figure 2.48: Map of divertor (VTs in parallel) cooling circuit operating conditions
for a maximum plasma heat flux of 20 MW/m2 considering 50 bar inlet pressure
and three different maximum PFU cooling channel axial coolant velocities (16, 12
and 10 m/s, respectively first, second and third row).
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(a)

(b)

(c)

Figure 2.49: Map of divertor (VTs in parallel) cooling circuit operating conditions
for a maximum plasma heat flux of 20 MW/m2 considering 75 bar inlet pressure
and three different maximum PFU cooling channel axial coolant velocities (16, 12
and 10 m/s, respectively first, second and third row).
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(a)

(b)

(c)

Figure 2.50: Map of divertor (VTs in parallel) cooling circuit operating conditions
for a maximum plasma heat flux of 25 MW/m2 considering 50 bar inlet pressure
and three different maximum PFU cooling channel axial coolant velocities (16, 12
and 10 m/s, respectively first, second and third row).
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(a)

(b)

(c)

Figure 2.51: Map of divertor (VTs in parallel) cooling circuit operating conditions
for a maximum plasma heat flux of 25 MW/m2 considering 75 bar inlet pressure
and three different maximum PFU cooling channel axial coolant velocities (16, 12
and 10 m/s, respectively first, second and third row).
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(a)

(b)

(c)

Figure 2.52: Map of divertor (VTs in parallel) cooling circuit operating conditions
for a maximum plasma heat flux of 30 MW/m2 considering 50 bar inlet pressure
and three different maximum PFU cooling channel axial coolant velocities (16, 12
and 10 m/s, respectively first, second and third row).

93



Ch. 2 Parametric Analyses and Operational Limits of the Divertor Cooling Circuit

(a)

(b)

(c)

Figure 2.53: Map of divertor (VTs in parallel) cooling circuit operating conditions
for a maximum plasma heat flux of 30 MW/m2 considering 75 bar inlet pressure
and three different maximum PFU cooling channel axial coolant velocities (16, 12
and 10 m/s, respectively first, second and third row).
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increases, a shift of the tungsten melting curves upwards is observed. This is related

to the increase in water saturation temperature with pressure, which determines the

heat sink temperature for the PFUs. The resulting range of operating conditions

that could be considered is between 55 and 65 bar of water inlet pressure, a coolant

mass flow rate between 70 and 82 kg/s and a coolant inlet temperature lower than

88◦C.

Moreover, as can be easily deduced, a further increase in plasma heat flux quickly

leads to the total disappearance of the yellow region due to the melting temperature

constraint, and no acceptable operating condition can be found. Furthermore, it is

interesting to note how the results obtained are not far from those reported in [45],

documenting 31-32MW/m2 as the heat flux value at which tungsten melting begins

to take place.

In conclusion, the results of the parametric analysis on the PFCs cooling circuit

revealed some limitations on the coolant operating conditions that can be selected to

guarantee the correct operation of the component, in compliance with the thermal

and hydraulic constraints.

The maximum coolant inlet temperatures are summarized in tables 2.8 to 2.10

for the different maximum axial coolant velocity of 16, 12, and 10 m/s, supposing a

minimum CHF margin of 1.4, and in tables 2.11 to 2.13 supposing a CHF margin

of 1.2. Moreover, all the results have been compared to the pertaining theoretical

limits.

Finally, the most important outcomes are summarized in the following.

• The cooling circuit in which the VTs are connected in parallel has a higher

thermal performance than the circuit in which the targets are connected in

series. This results in a reduction of the maximum coolant inlet temperature

in the order of 15-25◦C, calculated considering all the coolant inlet pressure

and incident heat flux values assessed.

• The potential occurrence of fretting and flow-accelerated corrosion problems,

which impose constraints on the maximum coolant velocities within the

cooling channels of the PFUs, is pivotal in determining the extension of the

operating map. As a general trend, a reduction of the maximum coolant

axial velocity from 16 to 12 m/s produces a lowering of the maximum coolant

temperature up to 30◦C, while a reduction from 16 to 10 m/s a lowering up to

50◦C. These values are calculated considering the average values of maximum

temperature reduction for all the cases considered (both series and parallel).

This significantly limits the maximum heat flow that can be safely handled

by the monoblocks and forces the adoption of a lower temperature and higher

pressure coolant.

• If the monoblocks are expected to operate at high heat fluxes (higher than
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(a)

(b)

(c)

Figure 2.54: Map of divertor (VTs in parallel) cooling circuit operating conditions
for a maximum plasma heat flux of 30 MW/m2 considering increasing inlet coolant
pressure values, from 50 to 60 bar.
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(a)

(b)

(c)

Figure 2.55: Map of divertor (VTs in parallel) cooling circuit operating conditions
for a maximum plasma heat flux of 30 MW/m2 considering increasing inlet coolant
pressure values, from 65 to 75 bar.
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Table 2.8: Summary of the results obtained for the different DEMO divertor PFC
double-circuit cooling option cooling circuit topologies for a limit coolant axial
velocity of 16 m/s and a minimum CHF margin of 1.4.

Series VTs Parallel VTs

pin=50 bar pin=75 bar pin=50 bar pin=75 bar

20 MW/m2

Theoretical limit ≈128°C ≈159°C ≈154°C ≈186°C
DEMO PFC cooling circuit ≈105°C ≈140°C ≈118°C ≈155°C

25 MW/m2

Theoretical limit ≈98°C ≈129°C ≈125°C ≈159°C
DEMO PFC cooling circuit ≈75°C ≈110°C ≈90°C ≈125°C

30 MW/m2

Theoretical limit ≈74°C ≈104°C ≈101°C ≈135°C
DEMO PFC cooling circuit ≈55°C ≈60°C ≈65°C ≈100°C
Table 2.9: Summary of the results obtained for the different DEMO divertor PFC
double-circuit cooling option cooling circuit topologies for a limit coolant axial
velocity of 12 m/s and a minimum CHF margin of 1.4.

Series VTs Parallel VTs

pin=50 bar pin=75 bar pin=50 bar pin=75 bar

20 MW/m2

Theoretical limit ≈102°C ≈131°C ≈129°C ≈160°C
DEMO PFC cooling circuit ≈80°C ≈110°C ≈100°C ≈135°C

25 MW/m2

Theoretical limit ≈73°C ≈100°C ≈99°C ≈131°C
DEMO PFC cooling circuit ≈50°C ≈80°C ≈70°C ≈105°C

30 MW/m2

Theoretical limit ≈51°C ≈75°C ≈75°C ≈105°C
DEMO PFC cooling circuit ≈30°C - ≈50°C -

Table 2.10: Summary of the results obtained for the different DEMO divertor PFC
double-circuit cooling option cooling circuit topologies for a limit coolant axial
velocity of 10 m/s and a minimum CHF margin of 1.4.

Series VTs Parallel VTs

pin=50 bar pin=75 bar pin=50 bar pin=75 bar

20 MW/m2

Theoretical limit ≈86°C ≈113°C ≈113°C ≈143°C
DEMO PFC cooling circuit ≈65°C ≈90°C ≈85°C ≈115°C

25 MW/m2

Theoretical limit ≈58°C ≈82°C ≈83°C ≈112°C
DEMO PFC cooling circuit ≈35°C ≈60°C ≈55°C ≈85°C

30 MW/m2

Theoretical limit ≈38°C ≈57°C ≈60°C ≈87°C
DEMO PFC cooling circuit ≈15°C - ≈35°C -
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Table 2.11: Summary of the results obtained for the different DEMO divertor PFC
double-circuit cooling option cooling circuit topologies for a limit coolant axial
velocity of 16 m/s and a minimum CHF margin of 1.2.

Series VTs Parallel VTs

pin=50 bar pin=75 bar pin=50 bar pin=75 bar

20 MW/m2

Theoretical limit ≈148°C ≈178°C ≈172°C ≈202°C
DEMO PFC cooling circuit ≈125°C ≈160°C ≈140°C ≈175°C

25 MW/m2

Theoretical limit ≈118°C ≈150°C ≈145°C ≈178°C
DEMO PFC cooling circuit ≈95°C ≈130°C ≈105°C ≈145°C

30 MW/m2

Theoretical limit ≈94°C ≈125°C ≈121°C ≈155°C
DEMO PFC cooling circuit ≈70°C ≈60°C ≈85°C ≈105°C
Table 2.12: Summary of the results obtained for the different DEMO divertor PFC
double-circuit cooling option cooling circuit topologies for a limit coolant axial
velocity of 12 m/s and a minimum CHF margin of 1.2.

Series VTs Parallel VTs

pin=50 bar pin=75 bar pin=50 bar pin=75 bar

20 MW/m2

Theoretical limit ≈123°C ≈152°C ≈149°C ≈180°C
DEMO PFC cooling circuit ≈100°C ≈130°C ≈120°C ≈155°C

25 MW/m2

Theoretical limit ≈93°C ≈122°C ≈120°C ≈151°C
DEMO PFC cooling circuit ≈70°C ≈100°C ≈90°C ≈125°C

30 MW/m2

Theoretical limit ≈69°C ≈96°C ≈95°C ≈127°C
DEMO PFC cooling circuit ≈51°C - ≈65°C -

Table 2.13: Summary of the results obtained for the different DEMO divertor PFC
double-circuit cooling option cooling circuit topologies for a limit coolant axial
velocity of 10 m/s and a minimum CHF margin of 1.2.

Series VTs Parallel VTs

pin=50 bar pin=75 bar pin=50 bar pin=75 bar

20 MW/m2

Theoretical limit ≈107°C ≈135°C ≈134°C ≈164°C
DEMO PFC cooling circuit ≈85°C ≈110°C ≈105°C ≈140°C

25 MW/m2

Theoretical limit ≈77°C ≈103°C ≈104°C ≈134°C
DEMO PFC cooling circuit ≈55°C ≈80°C ≈75°C ≈105°C

30 MW/m2

Theoretical limit ≈55°C ≈78°C ≈79°C ≈108°C
DEMO PFC cooling circuit ≈35°C - ≈55°C -
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20 MW/m2) it is mandatory to increase the coolant inlet pressure or to

significantly reduce the coolant inlet temperature.

• Operation at heat fluxes of 30 MW/m2 is limited to small regions of the

operating space, due to the occurrence of tungsten melting phenomena.

Adopting even higher plasma heat fluxes is most likely not possible due to

the limitations imposed by melting.

• The choice of operating conditions within the operating map may be dictated

by different, often conflicting requirements:

– working at lower flow rates may lead to benefits in terms of water

inventory in the PFCs PHTS circuit. This effect is less accentuated in

the case of parallel VTs due to the higher mass flow rates;

– working at higher mass flow rates ensures that the system can avoid the

occurrence of CHF phenomena in the event of a loss of flow of one of the

circulators of the PFCs PHTS;

– working at higher coolant temperatures is beneficial in terms of materials,

possibly increasing the component lifetime;

– working at lower coolant temperatures may allow the operation at higher

heat fluxes.

• Further thermo-mechanical analyses are mandatory to verify that the selected

operating conditions are acceptable from the structural standpoint, and the

proper variation of mechanical properties due to irradiation should be properly

taken into account.
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Chapter 3

Preliminary Analyses and

Criticalities in the

Thermofluid-Dynamic Simulation

of the EU DEMO Divertor

Cassette

3.1 Introduction

In 2020, a mock-up of the OVT [82] of the EU DEMO divertor was built by ENEA

research group. The mock-up was tested at ENEA Brasimone Labs with the aim

to demonstrate the feasibility of the manufacturing procedures, to experimentally

characterize the hydraulic behaviour of the OVT cooling circuit and to validate

the CFD finite volume models developed at the University of Palermo against

experimental data.

A research campaign was therefore carried out to experimentally and theoretically

assess the steady-state hydraulic performances of the OVT mock-up, paying

particular attention to the coolant mass flow rate distribution among the PFUs

assemblies and the total pressure drop across the inlet and outlet sections of the

mock-up.

The outcomes of this research activity, reported in [76], highlighted an overall

good agreement between CFD calculations and experimental data, with an error on

pressure drop estimation between -7.22% and -0.77% over a quite broad range of

mass flow rates, between 12 and 35 kg/s. Similarly, a good agreement was obtained

also for the coolant mass flow rate distributions among the PFUs cooling channels,

with maximum deviations always below 10% between numerical and experimental

data.
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Additionally, in [76] it is stressed how the need to use a very fine calculation grid

is mandatory for the specific OVT geometry to avoid the influence of the mesh on

the results obtained: in particular, with a calculation mesh with a bulk size of 1.3

mm for the region of the PFU cooling channel (to be compared with the pipe internal

diameter of 12 mm) and a less dense mesh for the manifolds and the rest of the pipes

(10 mm), an error ranging between 8 and 10% is obtained with respect to the values

obtained by means of a Richardson extrapolation procedure at the various mass flow

rates considered. Furthermore, by adopting coarser meshes, the numerical results

are significantly overestimated if compared to experimental outcomes, especially at

high coolant mass flow rates.

The coarsest mesh that has been considered in the study mentioned above, i.e.

the one with the largest errors, is still made up of around 20 million finite volumes,

required to model a system that incorporates only 39 PFU cooling channels with

a section occupied by the STs of only 470 mm, and a total length of the CuCrZr

tubes of only 852 mm for each PFU cooling channel. Wanting to make a rough

estimate of the number of cells that would be required to prepare a mesh of the

same characteristics for the PFUs cooling channels of the 2021 divertor cassette,

appropriately scaled to the total volume of water inside the PFUs (just to give an

idea, the CuCrZr pipes of the IVT are almost 1.6 m long in the 2021 design), it

can be conservatively assumed a number close to 60 million, without considering

the TBs and especially neglecting the monoblock structures, which would entail

a further and unmanageable computational burden. Instead, by adopting a mesh

with similar features to the one reported in [76] to obtain errors with respect to

mesh-independent results below 5%, this number of finite volumes would be in the

order of 150 million only for the fluid domain.

Additionally, it should be considered the efforts required for the preparation of

the geometry and the mesh, being the integration of the ST regions with the PFU

cooling channel CAD the most time-consuming part of the pre-processing phase. In

fact, the CAD files representing the divertor cooling circuit are provided without the

STs, so it is required for each PFU assembly to align the ST geometry to the cooling

channel, to merge the geometries and to fix the unavoidable issues that may arise

from these operations. Furthermore, special care must be paid to the preparation

of these geometries, since it is a common practice to define several mesh regions for

each PFU cooling channel, in order to adopt structured mesh any time it is allowed

by the geometry, with the final aim to reduce the overall number of finite volumes.

These preliminary considerations led to the decision to investigate the problem

of fluid flow within the PFU cooling channels in greater detail, with the aim to:

• perform a mesh-independence study on the specific PFUs cooling channel

geometry;

• check whether the minimum node density required to correctly simulate
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STs with fairly mesh-independent results is affordable with the available

computational resources, and estimate the errors related to mesh size;

• compare the numerical results with experimental findings in terms of integral

quantities of interest, i.e. pressure drop and mass flow rates, in order to check if

the adopted numerical methods are adequate to correctly predict fluid-dynamic

features of pipes equipped with STs;

• investigate alternative modelling strategies to accurately simulate the PFUs

cooling channels with reduced computational cost and time required to prepare

the simulations.

The entire preliminary campaign was performed following a theoretical-numerical

approach based on the FVM and adopting the Ansys CFX 2021 R1 commercial CFD

code [49].

The models developed and the results obtained are herewith reported and

critically discussed.

3.2 Preliminary mesh independence studies and

validation campaign

The first preliminary analyses were carried out on a small portion of a

cooling channel embedded with an ST turbulence promoter, whose characteristic

dimensions, depicted in figure 3.1, are those currently selected for the EU DEMO

divertor [6]. In particular, the main ST geometrical parameters, i.e. the internal

diameter d0 of the pipe, the ST thickness δ, and the ST pitch H are reported in

table 3.1.

Figure 3.1: Schematics of the ST geometrical features.

This very simple geometry was selected as starting point because a large number

of experimental data and correlations are available in the literature, making it

possible to easily validate the numerical results.
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Table 3.1: Main ST-equipped channel geometrical parameters.

Parameter Value

d0 12 mm

δ 0.8 mm

H 24 mm

3.2.1 Mesh independence

To perform the preliminary mesh-independence analysis and validation campaign,

the attention was focused on the computational domain shown in figure 3.2. As can

be noted, a section (a single 180° twist pitch) of the ST-equipped half channel was

considered due to its symmetries.

Figure 3.2: Half ST-equipped channel geometry selected for the preliminary
analyses.

Six different meshes, whose details are reported in table 3.2, have been considered

to assess the mesh independence of the results (the details of one of the finest meshes

adopted, namely M5, are depicted in figure 3.3, while a comparison of the different

meshes is visible in figure 3.4).

Table 3.2: Preliminary ST analyses mesh parameters.

Mesh M1 Mesh M2 Mesh M3

Elements 1.55·104 2.30·104 4.46·104

Element Size [mm] 1.30 1.00 0.77

Element Density [m-3] 6.24·109 9.26·109 1.79·1010

Mesh M4 Mesh M5 Mesh M6

Elements 7.98·104 1.37·105 2.37·105

Element Size [mm] 0.59 0.46 0.35

Element Density [m-3] 3.21·1010 5.52·1010 9.54·1010
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Figure 3.3: Mesh M5 adopted for the preliminary CFD analyses.

(a) (b) (c)

(d) (e) (f)

Figure 3.4: Comparison of the different meshes adopted for the mesh-independence
assessment, M1 to M6 from (a) to (f).

All the meshes from M1 to M6 were produced with a sweeping algorithm, and

are thus consisting of hexahedral and triangular prism elements. A fixed first-layer

thickness of 20 µm and a total of 12 inflation layers was considered, while the

inflation GR was fixed at 1.2.

The simulations were performed under the assumptions and considering the BCs

and the models summarized in table 3.3. In particular, the k-ω SST turbulence

model was chosen, being a good compromise between the accuracy of the results

and the required overall computational time. Moreover, it should be noted that the

assumption of isothermal flow is commonly adopted for the PFC cooling circuit, as

reported for example in [21], since the coolant temperature rise between inlet and

outlet sections is lower than 10°C, as already detailed in section 1.5.
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Table 3.3: Summary of assumptions, models and BCs for the ST calculations.

Analysis Type Steady-state isothermal

Material Library Water (constant properties)

Reference temperature 133°C
Reference absolute pressure 45 bar

Turbulence Model k-ω SST

Boundary Layer Modelling Automatic Wall Functions

Pipe Roughness 1 µm [46]

ST Roughness 0.5 µm [46]

Inlet/Outlet BC Cyclic (translational periodicity)

Imposed pressure drop values see table 3.4

Table 3.4: List of pressure drop values.

Imposed pressure drop [kPa]

Case #1 0.25

Case #2 0.50

Case #3 1.00

Case #4 2.00

Case #5 4.00

Case #6 8.00

Case #7 16.00

Case #8 32.00

Adopting the near-wall discretization previously described, the boundary layer

is treated both with a High and Low Reynolds approach, based on the velocities

values resulting from the analyses. Although this setting is not optimal for correctly

capturing the fluid behaviour in the boundary layer, it was decided not to employ

a fully Low Reynolds approach for all the mass flow rate values considered, as it

would have required a significantly higher number of finite volumes, particularly for

the simulations described in the next section.

As can be seen from table 3.3, the simulations were performed by imposing a

periodicity condition between the inlet and outlet sections of the geometry and

applying an imposed pressure drop, whose values are reported in table 3.4. By

adopting this setup, it is possible to reproduce a fully-developed flow field without

modelling several ST pitches. Additionally, the water properties were selected

consistently with the selected pressure and temperature values, relevant to the 2019

divertor design.

A single Figure of Merit (FoM) was employed to assess the quality of the results,

i.e. the Fanning friction factor f , defined according to equation (3.1), where ∆p is

the imposed pressure drop, ρ is the water density, L is the length of the pipe section,

and u0 is the empty-pipe flow velocity calculated as shown in equation (3.2), where
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ṁ is the coolant mass flow flowing inside the pipe.

f =
d0∆p

2Lρu2
0

(3.1)

u0 =
ṁ

ρπd20/4
(3.2)

It should be pointed out that the parameter f was selected as FoM because of

the availability of different correlations in literature allowing easy validation of the

numerical results, as will be detailed in the following section 3.2.2.

The results obtained for the eight different pressure drops considered were

collected and elaborated, in order to obtain curves of Fanning friction factor as

a function of the number of elements of the different meshes. The corresponding

values of u0 lie between approximately 1 (Case #1) and 16 m/s (Case #8).

In particular, the grid-convergence analysis was carried out by adopting the

well-established GCI, derived in [63], and considering the LS error estimation

described in [64], already discussed and employed in chapter 2. For each mesh and

for each pressure drop value, the GCI together with the asymptotic values obtained

with the generalized Richardson extrapolation (that will be referred to simply as

asymptotic values in the following) were calculated.

Additionally, the safety factor Fs was conservatively chosen here equal to 3 being

the observed order of convergence greater than 2, as prescribed in [64].

An example of the results of this procedure is depicted figure 3.5, reporting the

FoM values obtained with the different meshes and the extrapolated asymptotic

value (red dashed line), representing an estimate of a mesh-independent result, while

the results in terms of GCI are reported for all the pressure drop investigated in

figure 3.6, where the GCI is referred to the values of f .

Figure 3.5: Grid independence results obtained for a pressure drop of 4.00 kPa.
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Figure 3.6: GCI results for all the considered pressure drop values.

Looking at the results depicted in figure 3.6, it is possible to notice how:

• the friction factor is always overestimated when considering coarse meshes,

thus obtaining conservative results. Adopting the mesh M1, the resulting

friction factor is overestimated, with a GCI in the order of 60%;

• only meshes M4, M5 and M6 are characterized by GCI values lower than 20%

for all the considered pressure drop values, and below 15% for pressure drop

higher or equal to 0.5 kPa;

• it is difficult to draw conclusions on the dependency of GCI on pressure drop,

due to the effects of noisy convergence;

• high GCI values are obtained with the mesh independence assessment. This

outcome is due to the FoM selected, being dependent quadratically on the real

result of the simulation, i.e. the coolant mass flow rate.

From the outcomes of these analyses, it was decided to consider mesh M4 as

the minimum size required to obtain fairly mesh-independent results, being the

GCI values lower than 15% for almost all the pressure drop values considered, thus

resulting in deviations lower than 5% with respect to the pertaining asymptotic

values obtained by means of the Richardson extrapolation procedure.

3.2.2 Results validation

To further assess the quality of the results, the CFD outcomes were compared

to literature data, selecting different correlations from [46, 83, 84]. To provide

a common framework to compare the results of the different correlations, the

formulation given by Manglik and Bergles [83], i.e. the friction factor expressed

according to equation (3.1) and the Reynolds number according to equation (3.3),

was considered.
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Re0 =
ρu0d0
µ

(3.3)

By employing this formulation, reference is made to quantities calculated

considering an empty pipe, i.e. the tape envelope and the effects of swirl on velocity

are not taken into account, making it straightforward a comparison with straight

pipe results. Some preliminary definitions are given in the following, with reference

to the geometrical features of the ST, depicted in figure 3.1. In particular, it is

possible to define the dimensionless twist ratio parameter γ, defined as

γ =
H

d0
, (3.4)

the dimensionless area ratio Ar, that can be interpreted as the ratio between the

empty cooling channel without ST area and the actual ST-equipped pipe area, i.e.

Ar =
π

π − (4δ/d0)
, (3.5)

and dr, the dimensionless diameter ratio, given in equation (3.6), representing the

ratio between the hydraulic diameter and the inner pipe diameter.

dr =
π + 2− (2δ/d0)

π − (4δ/d0)
, (3.6)

Considering the geometrical features of the PFU cooling channels relevant to the

DEMO divertor, it can be possible to calculate γ = 2.00, Ar = 1.09, and dr = 1.74.

With reference to the definitions given in the previous equations, it is possible to

assume a general formulation of the friction factor formula as follows:

f = αReβ0 d
η
rA

θ
rg (γ) , (3.7)

where the coefficients α, β, η, θ, and the function g(γ) depend on the specific

correlation selected. This expression is valid for all the considered correlations,

with the only exception of the one proposed by Dedov [84], for which the formula

of equation (3.8) applies (which cannot be reduced to the given functional form of

equation (3.7)).

f =
1

4

[
1.82 log Re0 + 1.82 log

(
Ar

√
1 + γ2

dr

)
− 1.64

]−2

drA
2
r

(
1 + γ2

)1.5
(3.8)

A summary of the coefficients of all the selected correlations is reported in

table 3.5. It has to be moreover underlined how it is possible to usually find an
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additional term in equation (3.7), to take into account the effects of temperature

distribution inside the pipe cross-section on the pressure drop calculation. This

term has been neglected here since all the simulations have been performed under

isothermal conditions.

Table 3.5: Summary of the different coefficients of equation (3.7)

Correlation α β η θ f(γ)

Manglik & Bergles [83, 85] 0.0791 -0.25 1.25 1.75 1 + 2.752/γ1.29

Lopina & Bergles [83, 86] 0.1265 -0.2 1.2 1.8 γ−0.406

Ibragimov [83, 87] 0.0791 -0.25 1.25 1.75 1 + 14.375/γ4

Donevski & Kulesza [83, 88] 0.0791 -0.25 1.25 1.75 1 + 3.813/γ1.61

Watanabe [83, 89] 0.046 -0.2 1.2 1.8 1 + 3.65/(2γ/π )2

Raffray [46] 0.0525 -0.2 1.2 1.8
(
1 + (π/2γ )2

)−1.4

Dedov [84] Not applicable, see equation (3.8)

A comparison between the numerical results obtained with the mesh M4 and the

correlations described above is shown in figure 3.7, reporting the 10% error bars

with respect to numerical results. As can be noted, there is a very good agreement

between numerical outcomes and experimental results.

Figure 3.7: Comparison between numerical outcomes and experimental correlations
(Mesh M4).

If the same validation procedure is repeated considering the M1 mesh described

above, the results obtained are those shown in figure 3.8, where it is possible

to clearly realize the magnitude of the pressure drop overestimation due to the

conservative simulation of the Fanning friction factor. The results are reported with

10% error bars with respect to numerical results.

The results for the M1 mesh are reported here because the same size was used in

the preliminary simulations of the 2021 divertor reported in [55], due to limitations
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Figure 3.8: Comparison between numerical outcomes and experimental correlations
(Mesh M1).

on the available computational resources.

Finally, figure 3.9 reports the results obtained with meshes M1, M4, and M6,

showing the small differences between M4 and M6, an indication of acceptable mesh

independence of the results.

Figure 3.9: Comparison between numerical outcomes and experimental correlations
for meshes M1, M4, and M6.

3.2.3 Sensitivity on turbulence modelling approach

Finally, the effect of employing different turbulence models was considered, and

the results obtained are reported in figure 3.10. In particular, one additional from

the k-ω family, i.e. the Ansys Generalized k − ω (GEKO) model, and two from

the k-ϵ family, i.e. the standard and Re-Normalisation Group (RNG), details of
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which can be found in [49]. For all the cases, the mesh M6 was considered to safely

assume all the simulations to be close enough to their asymptotic values, and a

grid with a coarser first layer was taken into account for the k-ϵ models, so to be

compliant with the requirements of the near-wall treatment. It should be noted

that, by changing the turbulence model, it should be necessary to repeat the entire

grid-independence procedure. To check whether the mesh M6 is fine enough to

obtain mesh-independent results without performing the complete procedure, an

additional set of analyses was performed with the mesh M4, showing how variations

in the order of 5% are obtained between M4 and M6 for all the turbulence models,

thus confirming that the results presented in the following are fairly independent on

the selected mesh.

Figure 3.10: Comparison between numerical outcomes and experimental correlations
for different turbulence models (Mesh M6).

As can be noted, the use of different turbulence models leads to significant

variations in the outcomes of the analyses. Nevertheless, the results always lie within

the region delimited by the different correlations (except for the GEKO model at

high Reynolds numbers), and the most conservative turbulence model among those

considered appears to be the SST for most of the pressure drop values considered.

Despite the significant variation in the results, no over-conservative outcomes as for

figure 3.8 are predicted with different turbulence models.

In conclusion, the results obtained here confirm what was already highlighted in

[76] and add other aspects to be accounted for when performing CFD calculations

of the PFU cooling channels. In particular it was found that:

• particularly dense calculation grids are required to correctly predict the

fluid-dynamic behaviour of the ST-equipped PFU cooling channels. At least

≈ 3 · 1010 elements per cubic meter are required to have a GCI lower than

15-20% for the Fanning friction factor in a reasonable range of empty pipe
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coolant velocities, between 1 and 16 m/s, resulting in ≈5% deviation from the

asymptotic values obtained by means of Richardson extrapolation;

• coarser meshes, such as the M1 described previously (resulting in a grid density

of ≈ 6 · 109 elements per cubic meter), exhibit a significant overestimation of

the Fanning friction factor, with a GCI in the order of 60%, thus resulting in

a poor prediction of the characteristic function curve;

• the adoption of different turbulence models certainly affects significantly the

results, but outcomes obtained with different modelling approaches always lie

within the range delimited by the different correlations;

• among the considered turbulence modelling approaches, k-ω SST provides the

most conservative results in most of the cases.

Unfortunately, employing such fine meshes results prohibitive, and it was then

deemed necessary to find an alternative approach to reduce the computational and

pre-processing efforts required to correctly simulate these components. Moreover,

comparing the results obtained with those of [76], it can be argued how a finer

mesh is required to correctly reproduce the pressure drop of the single PFU cooling

channel, compared to the one adopted for the complete OVT mock-up. This

discrepancy can be probably justified by the fact that having several PFU cooling

channels in parallel, if their pressure drop is overestimated due to an insufficiently

fine mesh, the fluid-dynamic system responds by flattening the flow distribution

between the various PFU assemblies, thus reducing the total pressure drop. In fact,

the distribution of mass flow rate is determined by the combined effect of hydraulic

resistances of the PFU cooling channels, the distributor and the collector. Being

the resistance of all the PFU almost the same for all the channels in parallel to

each other, if the hydraulic resistance of these latter is small, the coolant mass flow

rate distribution is uneven and strongly affected by the resistances of the non-ideal

distributor and collector. Increasing the resistance of the PFU cooling channels,

the effect of collector and distributor becomes less important, and the distribution

tends to flatten, due to the non-linear dependency of the pressure drop on the coolant

mass flow rate. Furthermore, it should be considered the uncertainty on the surface

roughness values of CuCrZr tubes, STs, and manifold, which most likely hide the

effects related to the selection of the mesh size.

3.3 Detailed simulation of a single PFU channel

The problem of reducing the computational cost of simulating the PFU cooling

channels equipped with the STs was already addressed in the first studies on the

fluid-dynamic behaviour of DEMO divertor PFC cooling circuit. The methodology

adopted in [22] and discussed more in detail in [90] foresaw the simulation through

CFD of the simple cylindrical pipe without inserting the STs and leaving the
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evaluation of their effect on the pressure drop to a post-analysis hand-made

correction performed by means of proper correlations.

More in detail, this approach was based on the assumption that the pressure

drop inside the ST-equipped PFU cooling channel can be calculated as the sum

of the pressure drop occurring inside the empty pipe, not considering the presence

of the ST, and an additional correction term, that is in turn composed of three

contributions:

• a concentrated sudden contraction loss, whose loss coefficient Kc is calculated

according to:

Kc = 0.5Ar (Ar − 1) , (3.9)

rearranged from [91], where the loss coefficient is referred to the empty pipe

velocity, i.e. the pressure drop can be calculated as:

∆p = Kc
1

2
ρu2

0, (3.10)

representing the pressure loss related to the change of section occurring at the

beginning of the ST section;

• a distributed pressure drop estimated in terms of Fanning friction factor

correction, simply calculated as the difference between a proper correlation

valid for ST-equipped channels, as those of equation (3.7), and a suitable

correlation for empty pipes;

• a concentrated Borda-Carnot loss, whose loss coefficient Ke is calculated

according to:

Ke = (Ar − 1)2 , (3.11)

rearranged from [91], representing the change of section occurring at the end

of the ST section.

This methodology, although promising, was shortly abandoned as soon as

computing resources allowed the complete simulation of the cooling circuit with the

inclusion of the STs [24]. However, by adopting this approach it was not possible

to correctly estimate the pressure drop of the entire PFU cooling channel, as will

become clear throughout this section, so it would have been necessary to abandon

it anyway.

The analyses discussed in this section take this methodology as a starting point,

assess its limitations and lay the foundations for the implementation of pressure drop

correction through the use of an equivalent porous medium, which will be dealt with
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in detail in the following sections, in such a way as to avoid the correction being

carried out a-posteriori, that would result in particular in a distortion of the coolant

mass flow rate distribution among the different PFU cooling channels connected in

parallel.

First of all, a detailed 3D-CFD simulation of the flow field inside a complete PFU

cooling channel was carried out. The activity was performed focussing the attention

on the 2021 DEMO divertor OVT and IVT PFU channel geometry, already detailed

in chapter 1 but, for the sake of brevity, only the results relevant to the complete

OVT channel are reported here, being the phenomenology involved the same. The

geometry considered for the analyses is the one depicted in figure 3.11, which has

been simulated under the coolant operative conditions, models, and assumptions

summarized in table 3.6.

Figure 3.11: ST-equipped PFU cooling channel computational domain.

Table 3.6: Summary of PFU cooling channel CFD analysis setup.

Analysis Type Steady-state isothermal

Material Library Water (constant properties)

Reference temperature 133°C
Reference absolute pressure 45 bar

Turbulence Model k-ω SST

Boundary Layer Modelling Automatic Wall Functions

Pipe roughness 1 µm [46]

ST roughness 0.5 µm [46]

Inlet velocity 6 m/s

Outlet relative static pressure 0 Pa

The mesh features selected for the PFU cooling channel are reported in table 3.7,

selecting the parameters relevant to mesh M4 discussed in the previous section, while

some details of the mesh set up for the PFU analysis are shown in figure 3.12.
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Table 3.7: PFU cooling channel analysis mesh parameters.

Mesh Parameter Value

Mesh Type Hybrid Hexa - Tetra

Nodes 4.86 · 106

Elements 5.06 · 106

Inflation Layers Number 12

First Cell Height [µm] 20

Layers GR 1.2

Target Element Size [mm] 0.59

Surface with y+>100 [%] 0

Figure 3.12: Mesh adopted for the PFU cooling channel CFD analysis.

The results obtained for the divertor OVT PFU cooling channel in terms of

local Fanning friction factor along s, the curvilinear abscissa of the pipe axial

line, are shown in figure 3.13, also reporting the comparison with Manglik and

Bergles correlation valid for ST-equipped pipes, given in table 3.5, and Haaland

correlation [92] valid for straight empty pipes, detailed in equation (3.12), where ϵ

is the sand-grain equivalent surface roughness.

1√
f
= −3.6 log

(
6.9

Re
+

(
ϵ

3.7d0

)1.11
)
, (3.12)

It should be pointed out that the local Fanning friction factor is simply obtained

from the simulation starting from the average pressure measured at two monitoring

sections, p1 and p2, and the distance l between these two sections, by adopting

equation (3.13).

fCFD =
p1 − p2

2ρu2
0 (l/d0)

(3.13)

As can be noted from figure 3.13, there are two main deviations from the relevant

116



Ch. 3 Preliminary Analyses and Criticalities in the Thermofluid-Dynamic Simulation of

the EU DEMO Divertor Cassette

Figure 3.13: Local Fanning friction factor along the PFU cooling channel curvilinear
abscissa.

correlations: an initial peak, corresponding to the inlet section of the ST region, and

a higher friction factor value in the post-ST region, decaying along the curvilinear

abscissa.

To better understand these two deviations, two further fluid-dynamic analyses

were carried out. In particular, the same results were reproduced considering the

cooling channel without the addition of the ST and the cooling channel with a

no-twist ST, which corresponds to the γ = ∞ condition. These analyses were

performed using table 3.6 settings and mesh parameters similar to those shown in

table 3.7. The results of this comparison are shown in figure 3.14.

Figure 3.14: Comparison of local Fanning friction factor along the PFU cooling
channel curvilinear abscissa.

Regarding the initial peak, its occurrence is related to section restriction at the
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entrance of the ST region, as correctly defined already in [90]. This can be confirmed

by looking at figure 3.14 because the same effect is encountered when no-twist ST

is embedded in the cooling channel, while it is not observed in the case of empty

pipe. However, it can be also argued from figure 3.14 that the concentrated loss of

the pipe with a no-twist ST is significantly lower than in the case of the complete

PFU cooling channel.

A more detailed analysis highlights that this effect is related to the presence

of strong flow separation at the entrance of the ST region, as clearly visible in

figure 3.15. The separation occurs only on one side of the ST, far from the axis

of the cooling channel, mainly promoted by the local unfavourable curvature of the

ST. Even if it is localized on a length scale of a half ST pitch (H), it results in a

localized pressure drop amounting to ≈7% of the overall pressure drop inside the

entire PFU cooling channel. Moreover, it has to be highlighted how the height of

the resulting pressure peak is most likely to depend on the orientation of the ST

inside the PFU cooling channel, as well as on the curvature of the pipe bend in the

PFU inlet region of figure 3.11.

Figure 3.15: Details of the flow field at the entrance of the ST region.

Concerning the second effect, i.e. a higher pressure drop in the post-ST region,

some considerations can be drawn from the comparison of figure 3.14. In particular,

the effect is not related to the curvature of the post-ST part of the PFU cooling

channel, since no similar phenomenon is observed for the empty pipe case (red

line). Moreover, it cannot be neither related to the sudden expansion of the flow,

since the same behaviour is not observed for the cooling channel with the no-twist

ST (light blue line), where the expansion is clearly identifiable as a small ”spike”

corresponding to the outlet section of the ST.

The effect is instead due to the persistence of the swirling motion in the region

downstream of the ST, as clearly visible in figure 3.16.

As may be argued from the picture, the swirling motion decays moving towards

the outlet, resulting in a straightening of the fluid flow inside the pipe, due to the

occurrence of viscous effects. The effect is almost completely lost after the sharp

bend in the final part of the PFU channel. The magnitude of this second effect
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Figure 3.16: Persistence of the swirling motion in the post-ST region.

is estimated to account for ≈2% of the total pressure drop inside the entire PFU

channel, resulting in a lower importance if compared to the initial peak. Nonetheless,

the importance of this second effect may become more relevant if, for example,

shorter STs are equipped, or if the shape of the post-ST region of the cooling channel

is different.

Summing up these two effects, they result in a ≈10% of the overall pressure drop

inside the PFU cooling channel, and thus they must be taken into account to avoid

an unduly underestimation of the pressure drop.

Furthermore, similar results are obtained by varying the coolant inlet velocity, as

suggested by the results of dedicated numerical analyses. In particular, by adopting

the same setup summarized in table 3.6 and the same mesh whose details are

provided in table 3.7, the results obtained for coolant inlet velocities from 6 to 16

m/s are reported in figure 3.17. It should be moreover noted that the preliminary

analyses reported in section 3.2 showed how a fair mesh-independence of the results

is obtained for all the coolant velocities considered for the mesh M4, whose features

are identical to those of the mesh employed for the analysis of the entire PFU cooling

channel.

As can be argued from the figure, the initial peak and the post-ST decay are

observed for all the values of coolant inlet velocity considered, while the friction

factors decrease as the inlet coolant velocity increase, in agreement with the

correlations presented in section 3.2.

From the analysis of the results obtained, it can be argued that the adoption of

concentrated losses at the inlet and outlet of the ST section of the cooling channel

cannot be addressed by using sudden contraction and Borda expansion coefficients

reported in the first part of this section, as they would result in an underestimation

of the total pressure drop. The adoption of an a-posteriori correction of the pressure

loss would thus require a definition of more suitable loss coefficients, but this choice
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Figure 3.17: Local Fanning friction factor along the PFU cooling channel curvilinear
abscissa for different coolant inlet velocity values.

would definitely impair the possibility of realistically predicting the mass flow rate

distribution among the different PFU cooling channels and, hence, the margin

against CHF.

3.4 The virtual swirl tape approach

The development of a numerical model relying on the adoption of porous media

domains to reproduce the effect that the ST has on the flow field, in particular

in terms of pressure drop, was thus pursued. This approach, called VST, was

developed following two parallel research lines, which led to the development of two

different modelling techniques, namely the Isotropic Virtual Swirl Tape (IVST) and

the Orthotropic Virtual Swirl Tape (OVST), that will be detailed in the following.

3.4.1 The isotropic virtual swirl tape approach

The IVST approach is the simplest model that has been developed, and it is

based on the adoption of two distinct porous regions, one aimed at reproducing the

pressure drop inside the ST (accounting for both the initial flow separation-induced

peak and the fully-developed swirling motion inside the ST-equipped pipe), and

the other simulating the additional losses encountered inside the post-ST region,

that are only due to the swirling motion decay already thoroughly discussed in the

previous section. These two porous regions are shown in figure 3.18, respectively in

red and in blue. As can be noted from the figure, the blue porous region is extended

up to the upper straight part of the PFU cooling channel, before the last bend,

coherently with the results discussed in section 3.3.

120



Ch. 3 Preliminary Analyses and Criticalities in the Thermofluid-Dynamic Simulation of

the EU DEMO Divertor Cassette

Figure 3.18: Porous regions adopted in the IVST approach.

It is worth mentioning that two porous media are considered instead of a single

one with the aim to obtain an indication of the static pressure at the outlet section

of the PFU cooling channel equipped with the ST. A good prediction of the coolant

absolute pressure along the entire ST is required to correctly predict the CHF margin

of the component.

Each one of the two regions is simulated taking into account a properly calibrated

isotropic momentum sink term acting as a source term in the Navier-Stokes

equations, defined according to equation (3.14), where u is the local velocity vector

and ∥·∥ is the norm operator.

S = −Kloss
ρ

2
∥u∥u (3.14)

According to this equation, the force per unit volume acting on the fluid S is

oriented along the same direction as the velocity vector u due to the isotropy of the

loss coefficient, here reported as a scalar quantity for simplicity.

The Kloss coefficients relevant to the two porous regions can be determined with

a staged approach:

1. detailed 3D-CFD simulations of the PFU cooling channels, as the one

presented in section 3.3, are performed. The overall total pressure drop and

the total pressure drop relevant to the ST region only can be calculated and

collected considering a single mass flow rate relevant to the considered PFU

cooling channels;

2. the Kloss coefficients are obtained by means of dedicated optimization studies,

performed by adopting the Ansys Direct Optimization tool [93], aimed at

finding a couple of Kloss coefficients for the two porous regions such that the
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overall pressure drop and the pressure drop of the ST region are reproduced

with the smallest error. With this approach, relying on the adoption of an

optimization algorithm, it is possible to easily define the required porous media

domains, with a very limited computational effort;

3. the results obtained at step 1. are compared with those of the IVST PFU

cooling channel, considering mass flow rates within a certain range from

the calibration value, to evaluate if it is able to maintain a good predicting

capability when limited mass flow rate deviations are considered.

An advantage of the VST approach is the possibility, aiming at reducing the

computational grid, to select arbitrarily coarse elements for the porous media,

allowing for a reduction of the computational cost of both the optimization phase

and when adopting VSTs in more complex simulations. In fact, mesh-related errors

can be compensated by an optimal selection of the parameters, provided that the

same mesh used for calibration is later employed for the following analyses.

For the analysis, a mesh bulk size of 1.3 mm was selected, and the mesh was

generated with the same layer parameters reported in table 3.7. The resulting mesh

was composed only of hexa and prism elements, resulting in 5.8 · 105 finite volumes

and 5.6 · 105 nodes, with a reduction in the overall number of cells and nodes by a

factor of 10 compared to the detailed simulation discussed in the previous section.

To test the performance of the IVST approach, the calibration procedure was

performed considering 12 m/s as the reference coolant velocity, and the selection of

the Kloss coefficients was performed with the Multi-Objective Genetic Algorithm

(MOGA) optimizer. The optimization phase took 182 iterations to converge,

resulting in a Kloss of 4.91 m-1 for the ST region and 0.89 m-1 for the post-ST

porous medium, with an error with respect to the reference values of pressure drop

lower than 1%. The comparison of the local Fanning friction factor along the PFU

cooling channel curvilinear abscissa is provided in figure 3.19, while the pressure

evolution along the cooling channel is depicted in figure 3.20.

As it may be argued from the figures, the initial peak is significantly

underestimated by the IVST approach, conversely, its effect on pressure drop is

compensated by a constant and increased loss coefficient along the entire ST region,

thus resulting in a pressure value at the outlet of the ST region close to the one

of the complete PFU cooling channel calculation. The post ST region instead

presents some fluctuations in the Fanning friction factor profile, and it is not able

to compensate for the lack of swirling flow, thus resulting in a lower pressure drop.

The overall behaviour of this approach is however acceptable, and the pressure drop

values deviate by a small amount from the desired target values. In particular,

relative errors on pressure drops with respect to the complete PFU cooling channel

simulation are reported in table 3.8, where the ST mid section is a probing section

placed in the middle of the straight part of the PFU cooling channel, where the
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Figure 3.19: Comparison of local Fanning friction factor along the PFU cooling
channel curvilinear abscissa between complete simulation and IVST approach.

Figure 3.20: Comparison of pressure evolution along the PFU cooling channel
curvilinear abscissa between complete simulation and IVST approach.

strike point is supposed to be located. As it may be argued from the table, the

pressure drops of the entire cooling channel and of the ST region alone are predicted

with good accuracy, while the pressure drop between the inlet and the location of

the strike point is underestimated by 7%.

Table 3.8: Pressure drop relative errors of the IVST approach.

Probing sections Value [%]

Inlet - Outlet -0.1

Inlet - ST Outlet +0.6

Inlet - ST mid section -7.0
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As anticipated, an additional test to be performed is related to the capability of

the approach to maintain bounded errors when the coolant mass flow rate deviates

from the value adopted for the calibration of the porous media. To this purpose,

a set of analyses was performed by changing the inlet velocity from 6 to 16 m/s

and comparing the results with those presented in section 3.3. The outcomes

obtained are reported in figure 3.21, showing the pressure drop predicted for the

entire PFU cooling channel and for the ST region only by the complete CFD model

and by the IVST modelling approach, together with 10% error bars for the results

of the complete model. As it may be argued from the figure, there is a really good

agreement between the curves, showing that by adopting this approach it is possible

to correctly predict the pressure losses over a broad range of coolant inlet velocities.

In particular, the maximum deviations occur for the points characterized by the

lower velocities, for which a relative error of 7% is measured between the complete

and the IVST model.

Figure 3.21: Comparison of pressure drop prediction between complete simulation
and IVST approach.

In conclusion, the IVST approach allows for a reduction in the overall number of

elements of the computational grid almost up to a factor of 10, while maintaining

a good accuracy in the prediction of the pressure drop, being the relative errors

lower than a few per cent. The main drawback related to this method is due to its

lack of generality: in fact, each PFU channel type requires a dedicated calibration

campaign for both regions. Moreover, the swirling motion is not simulated with this

approach, posing some limitations in the adoption of the methodology to perform

non-isothermal simulations, as will be discussed in section 3.4.3.
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3.4.2 The orthotropic virtual swirl tape approach

The idea behind the definition of a second VST approach, different from the IVST,

is to reproduce the pressure drop of the ST region and of the entire PFU cooling

channel by adopting a single porous domain with a properly defined momentum

source term, possibly corresponding to the ST region, as depicted in figure 3.22.

Figure 3.22: Porous region adopted in the OVST approach.

As can be expected, a single isotropic and uniform porous medium should be

in principle able to determine a pressure loss only inside its domain, marginally

affecting the flow field outside this region, and making difficult the realistic

simulation of the local pressure at the outlet sections of both the ST and the entire

PFU cooling channel at the same time. However, if this single porous medium is

defined such as to determine a swirling motion of the fluid, it would be possible to

realistically predict the desired pressure profile.

To this purpose, the porous medium should be able to determine a preferred

direction of fluid motion within its domain, requiring the definition of a non-isotropic

momentum source term in the Navier-Stokes equations.

It should be noted that a momentum source term can be defined directly inside

the ST region of the PFU cooling channel without any need to implement a porous

medium, so to provide a tangential velocity component to the coolant, and to

virtually reproduce the target swirling flow. However, this approach (which was

initially investigated for its simplicity) was soon abandoned because it determined

the feeding of kinetic energy to the fluid, thus resulting in an artificial compensation

of the pressure loss.
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According to the rotating slug flow model proposed by Gambill [69], the tangential

velocity component uθ inside a pipe equipped with a ST can be related to the axial

velocity uz by the relation given in equation (3.15), where r is the radial coordinate

of the cylindrical coordinate system aligned with the axis of the cooling channel.

uθ = uz
π

2γ

r

d0/2
(3.15)

From this equation, it is possible to calculate the preferred flow direction angle θ

with respect to the axial direction, given in equation (3.16).

θ = arctan

(
π

2γ

r

d0/2

)
(3.16)

As it can be argued from the equation, the preferred flow direction is characterized

by a varying angle θ that is a function of the radial coordinate. It is then possible to

determine the directional cosines of this preferred direction of the fluid n1, referred to

the local cylindrical coordinate system reported in equation (3.17), where the three

components are given respectively along the radial, tangential, and axial directions.

n1 (r) =


0

π
2γ

r
d0/2√

1+
(

π
2γ

r
d0/2

)2

1√
1+

(
π
2γ

r
d0/2

)2

 (3.17)

For clarity, the main directions adopted for the OVST modelling are reported

in figure 3.23, together with the definition of the angle θ and an indication of the

cylindrical coordinate system
(
r, φ, z

)
of the single PFU cooling channel.

Figure 3.23: Main directions adopted for the OVST modelling.
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A simple implementation of a numerical model relying on a single porous medium

could be thus based on the adoption of an orthotropic sink term, in which two values

of Kloss coefficients are given, one in the preferred direction n1, namely Kloss,1,

and another (higher) along all the perpendicular directions, namely Kloss,2−3. It is

interesting to note that, adopting a uniform value of Kloss,1 along the n1 direction,

it is not possible to develop a strong swirling motion, as the fluid is most likely to

flow at low values of r, due to the shortest path available. It is in fact possible to

easily calculate that, for the rotating slug flow model, the distance travelled by the

fluid Lfluid varies with the radius and is equal to:

Lfluid = lST

√
1 +

(
π

2γ

r

d0/2

)2

, (3.18)

where lST is the axial length of the ST. Consequently, to force the fluid to

move far from the pipe axis, a non-uniform loss coefficient must be defined. The

function Kloss,1 (r) should be a decreasing function with r, so as to have a maximum

corresponding to r = 0. The loss coefficient function can be chosen arbitrarily, and

the form of equation (3.19) was selected for its simplicity, where B, C and D are

coefficients to be selected through the optimization procedure.

Kloss,1 = (B − Cr)D . (3.19)

Concerning Kloss,2−3, a high value, equal to 100 m-1, was selected, being a good

compromise between the numerical stability of the simulation and the blockage of

fluid motion along the direction perpendicular to the tape. The resulting source

term to be adopted in the Navier-Stokes equations is thus defined according to

equation (3.20).

S = −


(B − Cr)D 0 0

0 100m−1 0

0 0 100m−1

 ρ

2
∥u∥u (3.20)

This first OVST formulation suffers from the fact that the fluid is avoided from

moving along all the directions perpendicular to n1, including the radial direction.

It results that the coolant is forced to flow along the prefixed trajectory defined by

the preferred direction, and thus any rearrangement of the fluid inside the section

is forbidden by the high loss coefficient along the other directions. To overcome

this issue, a different formulation can be given as follows: the high value of Kloss

coefficient is assigned to a single direction, while all the directions perpendicular to

it are provided by a suitable and lower value of the loss coefficient.

The possible choice of this direction is such that to be perpendicular to both the

preferred direction of equation (3.17) and the radial direction. It results in the vector
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reported in equation (3.21), that corresponds to the direction n2 of figure 3.23.

n2 =


0

−1√
1+

(
π
2γ

r
d0/2

)2

π
2γ

r
d0/2√

1+
(

π
2γ

r
d0/2

)2

 (3.21)

The source term to be adopted in the Navier-Stokes equations is thus defined

according to equation (3.22). As can be noted from equation (3.22), the loss

coefficient matrix is diagonal, hence the name orthotropic VST.

S = −


(B − Cr)D 0 0

0 100m-1 0

0 0 (B − Cr)D

 ρ

2
∥u∥u (3.22)

The constants to be adopted for the loss coefficient can be determined always with

an optimization procedure. As can be argued, the OVST approach is in principle

able to reproduce the swirling motion of the fluid, with two main advantages: it could

be better suited to correctly capture the heat transfer coefficient of the fluid, and

it does not require in principle a dedicated calibration depending on the geometry

of the post-ST region. Nevertheless, the complexity of the numerical approach is

significantly greater than that of the IVST model.

As for the IVST, to test the performance of the OVST approach, the results

depicted in figure 3.17 relevant to the velocity value of 12 m/s were taken as

a reference for the calibration of the porous medium, and the procedure for

the calibration of the Kloss constants was performed with the MOGA optimizer.

Moreover, differently from the procedure adopted for the IVST, also the static

pressure drop across the ST-equipped region was selected as a target value to

be obtained through the optimization procedure. Furthermore, the same mesh

employed for the IVST was also selected for the OVST, so as to avoid any

mesh-induced difference in the results.

The optimization phase took 116 iterations to converge, resulting in B, C and D

coefficients as reported, in proper units, in table 3.9.

Table 3.9: Coefficients of the OVST porous medium.

Parameter Value

B 3.21

C 1.99

D 1.45

The comparison of the local Fanning friction factor along the PFU cooling channel
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curvilinear abscissa is provided in figure 3.24, while the pressure evolution along the

cooling channel is depicted in figure 3.25.

Figure 3.24: Comparison of local Fanning friction factor along the PFU cooling
channel curvilinear abscissa between complete simulation and OVST approach.

Figure 3.25: Comparison of pressure evolution along the PFU cooling channel
curvilinear abscissa between complete simulation and OVST approach.

As it may be argued from the figures, the model can capture the initial peak of

the Fanning friction factor, while the pressure drop along the ST region is slightly

overestimated. Regarding the post-ST region, the pressure loss is underestimated

with respect to the original profile, but the profile is similar between the correct

curve and the one resulting from adopting the OVST. These results suggest that

the swirling motion is correctly predicted, but its strength may be underestimated.

More in general, it can be concluded that the pressure drop is overestimated in
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the ST region to compensate for the inability of the model to fully capture all the

features of the swirling motion in the post-ST region.

Relative errors on pressure drops with respect to the complete PFU cooling

channel simulation are reported in table 3.10. As it may be argued from the table,

the total pressure drop and the pressure drop up to the strike point are predicted

with good accuracy, while the result in terms of ST pressure drop is overestimated

by ≈4%, thus resulting in conservative outcomes.

Table 3.10: Pressure drop relative errors of the OVST approach.

Probing sections Value [%]

Inlet - Outlet -1.1

Inlet - ST Outlet +4.5

Inlet - ST mid section -0.1

The resulting flow field is depicted in figure 3.26, showing the fluid swirling motion

induced by the OVST porous medium with a detail of the ST section inlet. It is

interesting to observe from the figure that no flow separation is obviously observed

since there is no solid wall inside the cooling channel. Therefore, the initial peak

visible in figure 3.24 is produced by a different mechanism: it is in fact related to

the fluid momentum that forces the coolant to move along the pipe axial direction,

despite the higher resistance induced by the porous medium.

Afterwards, the OVST approach has been tested when the coolant mass flow

rate deviates from the value adopted for the calibration of the porous media, as for

the IVST approach. The results obtained are reported in figure 3.27, showing the

pressure drop predicted by the complete CFD model and by the OVST for the entire

PFU cooling channel and for the ST region only, together with 10% error bars for

the results of the complete model.

As it may be argued from the figure, there is a fairly good agreement between

the curves, showing that by adopting this approach it is possible to correctly predict

the pressure losses over a broad range of coolant inlet velocities. In particular, as

far as the overall pressure drop is concerned, the maximum deviations occur for

the points characterized by the lower velocities, for which a relative error of 7% is

measured between the complete and the OVST model, while the pressure drop of

the ST region only is overestimated for the higher velocities, with errors up to 7%.

To further improve the quality of the predictions obtained with the OVST

approach, an additional formulation was developed, namely OVST v2. This second

model relies on a different definition of the Kloss coefficients in the directions of lower

resistance, according to equation (3.23),

Kloss,1 = Kloss,3 =

A if r < Rcrit

B + C
r2

if r ≥ Rcrit

, (3.23)
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Figure 3.26: Details of the swirling motion induced by the OVST inside the PFU
cooling channel.

Figure 3.27: Comparison of pressure drop prediction between complete simulation
and OVST approach.
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where A, B, and C are properly defined parameters, while Rcrit is a threshold radius

value.

The rationale for the definition of this second formulation is to strengthen the

swirling motion in the post-ST region of the PFU cooling channel, thus increasing

the friction factor in this region. Improving the predictions in the post-ST region

allows for improving the OVST predictive capability also in the ST region, because

the porous medium is no longer required to compensate for the lower downstream

pressure drop. To do so, the coolant is forbidden to flow in the innermost part of the

cooling channel by adopting a suitably high value of A, chosen equal to 300 m-1. In

particular, this value was selected as the highest possible required to avoid numerical

instabilities. For this model, the optimizer performed 213 iterations, aiming to find

the optimal values of the parameters to be employed, reported in table 3.11.

Table 3.11: Coefficients of the OVST v2 porous medium.

Parameter Value

A 300 m -1

B ≈0 m -1

C 1.46·10-7 m

Rcrit 0.72 mm

The results obtained are depicted in figure 3.28 in terms of friction factor

distribution and in figure 3.29 in terms of pressure profile.

Figure 3.28: Comparison of local Fanning friction factor along the PFU cooling
channel curvilinear abscissa between complete simulation and OVST v2 approach.

As can be argued from the results, the predictions obtained with the second OVST

model are better than those of the first OVST definition, with a good improvement
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Figure 3.29: Comparison of pressure evolution along the PFU cooling channel
curvilinear abscissa between complete simulation and OVST v2 approach.

in the post-ST region. The relative errors on pressure drops with respect to the

complete PFU cooling channel simulation are reported in table 3.12, showing an

improvement of the pressure drop estimation of the ST region with respect to the

first OVST formulation (the error is reduced from 4.5 to 2.2%), maintaining a good

accuracy for the other monitored quantities.

Table 3.12: Pressure drop relative errors of the OVST v2 approach.

Probing sections Value [%]

Inlet - Outlet -1.2

Inlet - ST Outlet +2.2

Inlet - ST mid section -0.4

Finally, the capability of the model to deviate from the calibration mass flow rate

values was tested, and the results obtained are depicted in figure 3.30 with 10%

error bars for the results of the complete model.

In this case, as far as the overall pressure drop is concerned, the maximum

deviations occur for the points characterized by the lower velocities, for which a

relative error lower than 7% is measured between the complete and the OVST

model, while the pressure drop of the ST region only is underestimated for the

lower velocity values, and overestimated for the higher, with errors ranging from

-5% to 5%. These results are slightly better than those of the first OVST approach,

as visible from a comparison with figure 3.27.

In conclusion, as for the IVST, the OVST approach allows for a reduction in the

overall number of elements of the computational grid almost up to a factor of 10,

while maintaining a good accuracy in the prediction of the pressure drop, being the

relative errors lower than a few per cent.
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Figure 3.30: Comparison of pressure drop prediction between complete simulation
and OVST v2 approach.

As it may be argued from the figures, compared to the IVST approach, the

predictions are less accurate and the pressure value at the end of the ST region is

underestimated for both the models, thus resulting in conservative outcomes.

Moreover, differently from the simpler IVST formulation, both the OVST

approaches require a local cylindrical reference system to be defined for each PFU

cooling channel, whereby the direction of the pipe axis and the centre must be

reported for each PFU assembly. To overcome this limitation that would make

the definition of OVST extremely time-consuming, a script was developed in the

SpaceClaim-python language [50] to automatically calculate the directions of the

PFU cooling channels and their centres to properly define the OVSTs porous media.

Figure 3.31: Comparison of local Fanning friction factor along the PFU cooling
channel curvilinear abscissa with the different VST approaches.
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A summary of the results obtained with the different VST approaches is provided

in particular in figure 3.31, allowing an easy comparison of the different models.

3.4.3 Heat transfer prediction capabilities of the virtual

swirl tape approaches

Finally, for the sake of completeness, the attention was focused on the heat

transfer predicting potential of the different VST approaches discussed in the

previous sections. The analyses presented here have to be intended as a preliminary

evaluation of issues and potentials of these modelling techniques in terms of heat

transfer performance. In particular, the analyses were performed considering the

VST coefficients obtained with the calibration discussed in the previous sections,

and no further optimization was carried out to improve the models to better predict

the heat transfer coefficients.

As for the pressure drop assessment, a detailed PFU cooling channel analysis was

performed, by adopting the same computational mesh of figure 3.12 and the settings

of table 3.13.

Table 3.13: Summary of PFU cooling channel hot CFD analysis setup.

Analysis Type Steady-state thermal

Material Library Water IAPWS IF97 [52]

Reference absolute pressure 45 bar

Turbulence Model k-ω SST

Boundary Layer Modelling Automatic Wall Functions

Pipe roughness 1 µm [46]

ST roughness 0.5 µm [46]

Inlet velocity 6 to 16 m/s

Inlet temperature 130°C
Outlet relative static pressure 0 Pa

ST integral surface load 32 kW

Post-ST integral surface load 8 kW

As it may be argued from the table, the analyses were performed considering

the fluid domain only and by assuming a total thermal power of 40 kW for the

single PFU, being close to the thermal loads expected for this component for the

single-circuit cooling option. The surface loads were supposed to be uniform and

the breakdown of 32 to 8 kW, respectively for the ST and post-ST regions. These

values were obtained from the surface power profiles on the OVT PFUs reported

in [56], and have to be intended just as a rough indication to provide an order of

magnitude to the loads. In fact, a more realistic assessment should take into account

the non-uniformities of the heat flux both along the curvilinear abscissa and around

the pipe circumference.

135



Ch. 3 Preliminary Analyses and Criticalities in the Thermofluid-Dynamic Simulation of

the EU DEMO Divertor Cassette

The cooling performances were estimated in terms of convective heat transfer

coefficients h, calculated at different sections of the PFU cooling channel.

To check the soundness of the results obtained, the heat transfer coefficient values

were compared to Manglik and Bergles correlation [85] for the ST region, and to

Gnielinski correlation [94] for the empty pipe. The correlations adopted are in

particular reported in equation (3.24) and equation (3.25), where f is calculated

from equation (3.12).

h =
λ

d0
0.023Re0.80 Pr0.4

(
1 +

0.769

γ

)
d0.2r A0.8

r

(
µb

µw

)0.3

(3.24)

h =
λ

d0

(f/2) (Re0 − 1000)Pr

1 + 12.7 (f/2)1/2 (Pr2/3 − 1)
(3.25)

Moreover, the local heat transfer coefficients are obtained from the CFD

simulations on the same monitoring sections already employed for the estimation

of the local Fanning friction factor. In particular, h values are locally calculated by

adopting equation (3.26), where q and Tave,ch are respectively the average heat flux

and the line average temperature evaluated at the circumference resulting from the

intersection between the probing section and the cooling channel surface, while Tbulk

is the coolant local bulk temperature.

hCFD =
q

Tave,ch − Tbulk

(3.26)

The comparison between the numerical predictions and the correlations

considered is depicted in figure 3.32, while the heat transfer coefficient values are

reported in figure 3.33 for all the considered coolant velocities.

Figure 3.32: Heat transfer coefficient along the PFU cooling channel curvilinear
abscissa for a coolant axial velocity of 12 m/s.
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Figure 3.33: Heat transfer coefficient along the PFU cooling channel curvilinear
abscissa for different coolant inlet velocity values.

As it may be argued from figure 3.32, the ST region heat transfer coefficient is

predicted with a quite good accuracy, being the relative error between the Manglik

and Bergles correlation and the average value among all the considered sections

below 3%. Moreover, local deviations (e.g. due to the initial peak) determine

variations of more than 10% with respect to the correlation. Regarding the post-ST

region, instead, the heat transfer coefficient is always overestimated by the CFD

simulation. This last result is not surprising, since Gnielinski’s correlation is valid

for straight pipe with a fully developed flow field, while the results obtained with

the thermofluid-dynamic calculation embed several effects, i.e. the presence of bends

and the swirling motion of the coolant, that increase the heat transfer coefficient

compared to the reference correlation. However, the last point of the post-ST region

(where the effects of the pipe bend and the swirling motion are almost completely

lost) shows a good agreement with Gnielinski’s correlation, being the relative error

slightly higher than 2%. Moreover, a good agreement between numerical outcomes

and correlations is observed for all the coolant inlet velocities considered, as briefly

summarized in table 3.14.

The different VSTs were then tested under the same conditions to check their

predictive capabilities in terms of heat transfer. In particular, the results relevant

to the coolant inlet velocity of 12 m/s are taken as a reference and are reported

in figure 3.34 for the IVST, in figure 3.35 for the first OVST formulation, and in

figure 3.36 for the second OVST formulation presented in section 3.4.2.

As it may be argued from the results obtained, the IVST approach behaves poorly

in terms of heat transfer coefficient distribution. The heat transfer coefficient h is

underestimated on average by 34% in the ST region and by 16% in the post-ST

region, but higher deviations are observed locally. Moreover, the heat transfer
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Table 3.14: Heat transfer coefficient relative errors at different coolant axial
velocities.

6 m/s 8 m/s 10 m/s

Average error on ST section [%] -0.5 0.3 1.0

Maximum error on initial peak [%] 6.5 8.9 11.1

Maximum error in post-ST region [%] 34.3 32.4 29.5

Minimum error in post-ST region [%] 5.7 4.8 4.1

12 m/s 14 m/s 16 m/s

Average error on ST section [%] 2.7 4.1 5.4

Maximum error on initial peak [%] 13.1 14.9 16.6

Maximum error in post-ST region [%] 29.0 29.8 30.2

Minimum error in post-ST region [%] 2.3 3.3 3.3

Figure 3.34: Comparison of heat transfer coefficient along the PFU cooling channel
curvilinear abscissa between complete simulation and IVST approach.

distribution shows a remarkably different trend between the two curves, as can

be expected by a model that is not able to reproduce the swirling motion of the

fluid.

Similarly, the results obtained with the first OVST approach show a poor

agreement with the complete simulation, and the heat transfer coefficient is

underestimated on average by 31% in the ST region and by 30% in the post-ST.

Compared to the IVST approach, the predictions are more accurate in the ST region

but are worse downstream. This outcome can be justified by the occurrence of a

swirling motion of lower strength if compared to the detailed simulation, and possibly

by the lack of secondary flow inside the pipe cross-section, avoided by the highest

loss coefficients in the direction perpendicular to the tape.

Regarding the second OVST model, the results obtained are significantly better

both in terms of relative error, being equal to 21% in the ST region and 20% in
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Figure 3.35: Comparison of heat transfer coefficient along the PFU cooling channel
curvilinear abscissa between complete simulation and OVST approach.

Figure 3.36: Comparison of heat transfer coefficient along the PFU cooling channel
curvilinear abscissa between complete simulation and OVST v2 approach.

the post-ST region, and curve shape. As can be noted from figure 3.36, the model

is able to capture the decaying trend of the heat transfer coefficient in the region

downstream the tape, even if the predicted h values are lower than the detailed

model along the entire curvilinear abscissa.

Finally, a comparison of the results obtained with the three VST models is

depicted in figure 3.37.

As can be argued from the results, the heat transfer prediction capabilities of the

VST approaches are not satisfactory, since it was not possible to obtain deviations

lower than 20% from the complete PFU cooling channel model. Despite the most

advanced OVST approach v2 has shown good predictions in terms of pressure drop

and its breakdown between ST and post-ST region due to the presence of a strong
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Figure 3.37: Comparison of heat transfer coefficient along the PFU cooling channel
curvilinear abscissa with the different VST approaches.

swirling motion, the same results are not obtained in terms of heat transfer. It

follows that the VST approach, according to the current formulations, is well-suited

to perform purely hydraulic analyses, but it should be adopted with care when

dealing with thermal analyses.

In particular, a possible solution to be adopted, that will be employed in the

simulations of the next chapter, is to consider the PFU cooling channels with a

VST model, without introducing the structure of the PFUs. To correctly deal

with the deposited power, it is then possible to adopt an equivalent volumetric

heat source term inside the coolant domain, accounting for both the surface and

volumetric loads. Then, detailed simulations of the most critical PFU assemblies

can be carried out with a sub-modelling approach in a second analysis step. It should

be moreover pointed out that the OVST v2 approach introduces an additional level

of complexity, since the coolant in the innermost part of the ST region, located

at a distance from the axis lower than Rcrit is completely still, and thus hot spots

caused by the numerical approach can be obtained, possibly affecting the results.

Therefore, the adoption of either IVST or the first OVST models is suggested.
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Chapter 4

Thermofluid-Dynamic Assessment

of the EU-DEMO Divertor

Single-Circuit Cooling Option

4.1 Introduction

In this last chapter, the thermal-hydraulic performance of the single-circuit

cooling option divertor was assessed by running steady-state, thermally fully-coupled

(fluid-structure) 3D-CFD analyses, performed with the aim to assess:

• the coolant total pressure and total pressure drop distributions;

• the coolant mass flow rate branching between SL and RPs,

• the coolant flow velocity distribution among SL, RPs, PFUs and NSs cooling

channels;

• the coolant temperature and sub-cooling margin distributions;

• the CHF margin distribution among SL, RPs, and PFUs cooling channels;

• the structure temperature field;

to check whether the considered divertor cooling circuits under the selected

operating conditions might still provide a uniform and effective cooling of the

structures, suitable to maintain the temperatures within their optimal ranges

without incurring in coolant vaporization.

The analyses were performed considering the coolant operating conditions

reported in table 4.1 in terms of coolant inlet temperature, inlet pressure and mass

flow rate. These conditions were selected in agreement with the WP-DIV team in

2021 to test the thermofluid-dynamic performance of the divertor while avoiding

too low temperatures that could unacceptably reduce the component lifetime due

to neutron irradiation and He production effects, as already thoroughly described in
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Table 4.1: Summary of coolant operative conditions.

Operative Conditions

Inlet Pressure [bar] 70

Inlet Temperature [◦C] 130

∆T [◦C] ≈46

ṁ per Cassette [kg/s] 36

ṁ for the entire divertor [kg/s] 1728

section 1.8. As a result, a minimum inlet coolant temperature of 130°C was agreed,

allowing for a cassette lifetime slightly higher than 0.8 FPY, according to the results

shown in figure 1.28.

At the same time, excessively high coolant pressures were avoided, which would

require a deep design revision of the component, being the original design pressure

equal to 50 bar. Therefore, an inlet coolant pressure of 70 bar was judged as an

acceptable compromise value.

Concerning the coolant mass flow rate, it was selected, starting from dedicated

ADRANOS analyses, in order to have the maximum allowable value that could be

used to achieve a pressure drop slightly below the 14 bar limit, in order to guarantee

the VTs maximum coolant velocity and, consequently, obtain the maximum CHF

margin achievable.

However, the selected operating point is not compliant with all the divertor

cooling circuit constraints as can be argued by the ADRANOS results depicted

in figure 4.1, showing the selected operating conditions in red.

Figure 4.1: Range of acceptable operating conditions for the divertor single-circuit
cooling option (in green) for an inlet pressure of 70 bar and design operating point
(in red).
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More in detail, the parametric analyses predict that, under these conditions, the

divertor cooling circuit works at unduly low margins against CHF, respectively equal

to 1.15 and 1.23 for OVT and IVT, while determining a pressure drop of 13.25 bar.

The CFD analyses presented in this chapter should therefore be intended both as

an additional benchmark to assess the soundness of the ADRANOS predictions, and

to determine the presence of further criticalities in the temperature distribution, e.g.

in the Eurofer, which cannot be predicted other than by resorting to 3D thermal

analysis.

The coolant temperature increase between the inlet and outlet sections of the

divertor cooling circuit was calculated starting from the total deposited power (equal

to the sum of surface and volumetric loads) of 6.97 MW per cassette, detailed in the

following. The volumetric density of nuclear-deposited power was calculated by the

ENEA Frascati Neutronics Team for the 2021 divertor design [40] and is depicted

in figure 4.2, while the total power deposited in each divertor sub-component is

detailed in table 4.2.

Table 4.2: Volumetric deposited power breakdown for each cassette.

Volumetric Heat Loads

Component Power [MW]

SL Armour 0.095

SL Structure 1.032

SL Coolant 0.430

RPs Armour 0.024

RPs Structure 0.085

RPs Coolant 0.041

CB Structure 0.547

CB Coolant 0.169

NSs Structure 0.025

NSs Coolant 0.005

VTs Armour 0.519

VTs Structure 0.597

VTs Coolant 0.137

TOTAL 3.707

In addition to the non-uniform volumetric nuclear power densities, surface heat

loads representative of the steady-state normal operating conditions for VTs, SL,

and RPs plasma-facing surfaces were considered. These surface loads were selected

starting from the integral values drawn from [78] and the load distribution among

VTs and the cassette presented in [56]. Since the loads calculated in [56] were

assessed in a simplified divertor cassette geometry not equipped with SL and RPs,

the same ratio between the nominal loads (1 MW/m2 for the SL and 0.2 MW/m2

for the RPs, so 5:1) was considered, and uniform surface heat fluxes were assumed
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Figure 4.2: Nuclear heating distribution adopted for calculations.
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over these components. Regarding the integral surface loads on the VTs, they were

drawn entirely from [56]. Additionally, due to the modelling approach adopted for

the PFCs, which will be detailed in the next section, no indication of the heat flux

profile was necessary. The power breakdown of surface heat loads is summarized in

table 4.3.

Table 4.3: Surface deposited power breakdown for each cassette.

Surface Heat Loads

Component Power [MW]

SL Surface 0.771

RPs Surface 0.062

VTs Surface 2.430

TOTAL 3.263

Considering these cooling circuit operating conditions and thermal loads, the

resulting temperature increase between the inlet and outlet of the divertor cooling

circuit, neglecting the radiative thermal losses to the VV, amounts to approximately

46◦C.

It should be moreover pointed out that, differently from the procedure adopted

in past simulations of the divertor cooling circuits [28, 29, 30, 31, 26], the coolant

temperature rise inside the cassette was not decided a priori (thus requiring an

adjustment of the mass flow rate), as it would have resulted most likely in unfeasible

operating conditions, while the thermal-hydraulic assessment was performed with a

two-step approach:

1. a detailed 3D-CFD simulation is carried out considering the thermal loads

foreseen during steady-state normal operating conditions of the divertor

cooling circuit, in order to properly set the mass flow rate to be fed to each

divertor cassette;

2. an additional 3D-CFD simulation is performed to evaluate if the system is

able, considering the same mass flow rate of the first step, to safely withstand

the nominal loads selected for the SL and RPs, significantly higher than the

values derived from plasma physics assessments [95].

It should be emphasised that this two-step approach is not expected to lead

to surprising results here, as the operating point was chosen on the basis of the

preliminary analyses, and not considering a fixed coolant temperature difference

between the inlet and outlet sections of the divertor cooling circuit, as for the case

of past cassette analyses. Additionally, in the case of the single-circuit solution,

the relative overestimation of the total heat load (sum of surface and volumetric

contributions) is lower, as the total power is indeed higher.

Nevertheless, this approach should be mandatory for future analyses of the

divertor cassette where the coolant mass flow rate is determined based on a desired
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coolant temperature rise: by adopting this approach is in fact possible to obtain

more realistic results, since the mass flow rate of the cooling circuit is not unduly

overestimated taking into account the nominal loads, and the cooling capability of

the divertor cooling circuit is assessed conservatively.

4.2 Mesh and PFU modelling approach

The thermofluid-dynamic simulation of the divertor complex cooling circuit

with 3D-CFD tools results difficult due to the multiscale nature of its geometry,

characterized by an overall length of more than 4 m, and features around 400

channels with diameters of the order of ≈1 cm.

It is therefore evident how it is of paramount importance to select an optimal

mesh size, which must be sufficiently fine to guarantee the mesh-independence at

least of the integral engineering quantities of interest (e.g. the coolant total pressure

drop and the maximum temperatures that various materials reach), and at the same

time it should be manageable in terms of overall computational cost. Therefore,

mesh-independence analyses were carried out on the individual divertor components,

as will be detailed in section 4.2.2.

Concerning the PFU cooling channels, the difficulties that are encountered to

reproduce with a high level of detail and with suitable accuracy the thermal

behaviour of this component have been already discussed thoroughly in chapter 3.

The OVST porous medium approach was thus selected to simulate the PFUs cooling

channels in order to reduce the computational burden while keeping the quality of

the results under control, although an inevitable loss of information is obtained, i.e.

in terms of temperature distribution inside the coolant body and the structures of

the PFU assemblies.

The details of the PFU modelling and of the mesh selection procedure are

herewith reported.

4.2.1 PFU modelling

As anticipated in chapter 3, the most demanding components from the point of

view of computational burden are the PFUs and their supports, which are composed

of different materials, have very small geometric details and are subject to high

thermal fluxes, which require a sufficient number of cells to correctly reconstruct

the thermal gradients.

It was thus mandatory to renounce the simulation of these components in detail,

analysing only the fluid-dynamic aspect through the use of the VST approach. Using

this methodology, the possibility of predicting the thermal field within the PFUs

and their supports is unavoidably lost. However, by identifying the most critical

146



Ch. 4 Thermofluid-Dynamic Assessment of the EU-DEMO Divertor Single-Circuit

Cooling Option

region of VTs, detailed thermofluid-dynamic analyses could be carried out using

a sub-modelling approach, adopting the results of the entire cassette as boundary

conditions for a single PFU assembly simulation.

More in detail, the first OVST approach was employed, i.e. the one relying on

the adoption of the source term defined in equation (3.22), as it is able to provide

accurate results and does not have the criticality of inducing regions of stagnant

fluid that can reach excessively high temperatures due to volumetric loads, as for

the case of the OVST v2.

The workflow adopted for the definition of the porous media parameters is the

same detailed in section 3.4.2:

• at first a detailed simulation of the flow field inside the individual PFU cooling

channels was carried out for each of the two targets considering a very fine mesh

with a bulk size able to guarantee results with an error lower than 5% with

respect to the asymptotic values obtained through a Richardson extrapolation

procedure (M4 of section 3.2.1) and selecting the nominal mass flow rate value,

calculated as the ratio between the total mass flow rate and the number of

PFU assemblies of each target;

• the OVST parameters were properly calibrated using the Ansys DesignXplorer

optimization tool to ensure that the pressure drop is correctly reproduced at

the nominal mass flow rate;

• the OVST is tested at different mass flow rates, deviating from the nominal

value, in order to check whether the ∆p(ṁ) curve is reproduced with acceptable

errors.

Concerning the last point, the comparison between the complete model and the

equivalent porous medium results is shown in figure 4.3 for a OVT PFU cooling

channel, considering a mass flow rate within the range ±20% from its average

nominal value to account for possible variations of mass flow rate due to the

non-uniformities in the coolant distribution. The maximum relative error in terms

of overall pressure drop between the two curves of figure 4.3 is below 2.5%, while it

is lower than 1.5% within the range ±10% from the nominal mass flow rate (where

realistically will operate the array of PFU cooling channels).

It has to be pointed out that the ability to reconstruct the pressure drop curve

as a function of ṁ over a fairly wide range of values around the nominal one allows

having some confidence in the distribution of flow rates between the various PFU

cooling channels when the complete simulation is performed, being the equivalent

model capable of dealing with deviations from nominal values. Furthermore, the

small temperature variations observed in the VTs (in the order of 10◦C) reasonably

allow to avoid the development and adoption of temperature corrections for the

OVST.
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Figure 4.3: Comparison between complete OVT PFU cooling channel and OVST.
The average nominal mass flow rate is circled in red.

To correctly reproduce the PFUs energy balance into account, a uniform

volumetric heat source was considered inside the porous media, being equal to the

sum of surface and volumetric contributions detailed in table 4.2.

Finally, to properly define the local reference frames for each different PFU cooling

channel and the required porous media (90 in total), an automatic procedure was

developed with the SpaceClaim-Python programming language, allowing to extract

from each PFU cooling channel the principal direction, to correctly define the

porous media, and to automatically arrange the case setup in the Ansys CFX-Pre

environment.

4.2.2 Mesh independence studies

For all components except the PFUs, the optimal mesh size to be

adopted to obtain fairly grid-independent results was assessed through dedicated

mesh-independence studies. Several parametric analyses were carried out separately

on the individual components, being a complete mesh-independence assessment

of the entire divertor too much computationally expensive to be performed in a

reasonable amount of time.

This resulted in a total of more than 50 3D-CFD steady-state

thermofluid-dynamic simulations of the SL, inner RP, OVT TB, and CB

with NSs under realistic operating conditions, allowing moreover to define optimum

local mesh sizes for each component in a much more flexible manner. Moreover,

for the outer RP and IVT TB, it was assumed that they could be dealt with

computational grids with the same features as those adopted respectively for the

inner RP and OVT TB. The analyses were carried out using the GCI as a FoM,

evaluating the Richardson extrapolated values ϕ0 for a generic quantity ϕ by means
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of a LS approach, by adopting the procedure already detailed in section 3.2. The

GCI was calculated according to the definition of equation (2.16), conservatively

considering a safety factor Fs = 3 being the observed convergence order higher than

the theoretical one, as prescribed in [64]. This approach was applied to several

engineering quantities of interest for each component, namely the total coolant

pressure drop, together with the maximum and average temperatures for each

solid region. The results obtained from these analyses are briefly summarized in

figure 4.4, from which it is interesting to note that the GCI value is always lower

than 7%, with the only exception of the average Eurofer97 temperature in SL,

resulting in a GCI of approximately 14%.

Figure 4.4: Summary of the GCI values obtained by the preliminary mesh
independence analyses.

More in detail, a grid refinement of the SL solid was carried out until meshes

of over 180 million volumes were achieved, without being able to obtain a clear

convergence trend that could justify a mesh-independent result. For this quantity it
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was observed, in fact, oscillatory behaviour of convergence, and, therefore, it wasn’t

possible to determine a clear trend, even adopting the LS approach. For the SL

average temperature in Eurofer, the GCI was calculated according to:

GCI = Fs
TMax − Tmin

Tave

, (4.1)

where TMax, Tmin, and Tave are respectively the maximum, the minimum and the

arithmetic average among the results obtained with different meshes in terms of the

volumetric average of Eurofer97 temperature in SL.

This effect can be explained by the fact that the total number of cells in the SL is

mainly dictated by automatic local refinements due to curvatures and proximities,

thus distorting the results of the analysis, together with disturbances introduced by

the mapping between the different solid and fluid meshes at their interfaces.

Nevertheless, variations in average and maximum temperatures of the order of

±10°C were obtained in Eurofer97 and no significant changes in the thermal field

features are observed. Therefore, it was decided to avoid further mesh-independence

studies of the SL and a computational mesh of ≈50 million finite volumes

was selected for the SL solid domain only, being a good compromise between

computational cost and accuracy of the results.

4.2.3 Complete assembled mesh

Once the optimal grid sizes were selected for each component, an overall mesh

was assembled, the details of which are depicted in figure 4.5 and figure 4.6, while

its main parameters are summarized in table 4.4.

Concerning table 4.4, it is worth noting how the average mesh quality metrics

relevant to Ansys CFX, i.e. orthogonality factor, expansion factor, and aspect ratio,

are within the acceptable ranges prescribed in [49] and less than 1% of the overall

number of cells is characterized by poor metrics. Consequently, the results are

not expected to be significantly influenced by the mesh quality. Moreover, as can

be argued from the table, the mesh was tailored so as to have y+ values below

100 in most of the mesh surface (excepting for less than 1% of the total area),

while it was not possible to guarantee at least y+ > 11, due to the occurrence

of several stagnation regions inside the cooling circuit, caused by the box-like

shape of the cassette. As a result, more than 40% of the total mesh surface is

treated with a low-Reynolds approach. Due to the exceptionally large size of the

computational domain, which counts 120 million nodes and 245 million volumes,

resulting in the most complex thermofluid-dynamic simulation ever performed for

the EU DEMO divertor, it was necessary to rely on the computational resources

of the CRESCO/ENEAGRID High Performance Computing infrastructure [96] to
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perform the thermofluid-dynamics simulations.

Table 4.4: Summary of the main mesh parameters.

Region Mesh Parameter Value

Fluid

Mesh Type Hybrid

Nodes 9.51 · 107

Elements 1.34 · 108

Inflation Layers Number 12

First Cell Height [µm] 20− 50

Layers GR 1.2− 1.35

Target Element Size [mm] 1.3− 10

Surface with y+>100 [%] 0.76

Structure

Mesh Type Hybrid

Nodes 2.48 · 107

Elements 1.11 · 108

Target Element Size [mm] 2.5− 10

Quality

Orthogonality Factor (ave/min) 0.80/0.01

Expansion Factor (ave/max) 2.98/7597

Aspect Ratio (ave/max) 15/1427

4.3 Results

In the following section 4.3.1 and section 4.3.2, the steady-state thermal-hydraulic

performance of the divertor cooling circuit are presented for the two scenarios of

normal operating conditions and nominal loads foreseen by the two-stages approach

already discussed at the beginning of chapter 4, under the coolant operative

conditions of table 4.1, with the aim to assess:

• coolant total pressure and total pressure drop distributions;

• mass flow rate branching between SL and RPs,

• coolant flow velocity distribution among SL, RPs, PFUs and NSs cooling

channels and channels;

• coolant temperature and sub-cooling margin distributions;

• CHF margin distribution among SL, RPs, and PFUs cooling channels and

channels;

• structure temperature field.

4.3.1 Normal operating conditions

For the case of normal operating conditions, the simulation was carried out

considering the assumptions, models and BCs summarised in table 4.5. Moreover, in
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Figure 4.5: Mesh adopted for the thermofluid-dynamic CFD analysis.

Figure 4.6: Details of the complete computational mesh.
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order to avoid over-conservative evaluations of the cassette temperature distribution,

a radiative heat transfer condition with the VV was considered, and this latter was

supposed to operate at 40◦C [97]. The selected radiative surfaces are depicted in

red in figure 4.7.

Table 4.5: Summary of assumptions, models and BCs.

Analysis Type
Steady-state coupled

thermal analysis

Material Library

Water IAPWS IF97 [52]

Eurofer [53]

W / Ti6Al4V [54]

SL / RPs Heat Flux
Uniform according

to table 2.6

Nuclear Heating From [40]

Radiative Heat Transfer Towards VV @ 40◦C

Turbulence Model k-ω SST

Boundary Layer Modelling Automatic Wall Functions

PFU Modelling
OVST approach with

volumetric heat loads

Wall Roughness 15 µm

Wall Roughness PFUs 2 µm

Inlet BC T=130◦C / ptot=70 bar

Outlet BC ṁ=36.00 kg/s

Figure 4.7: Divertor cassette radiative surfaces.

The analysis ran until all the residuals reached the iteration convergence control

criterion of 10−4 and a second-order accurate numerical scheme was selected, as

suggested by [98]. The CFD simulation required about 38 hours of calculation time

to perform 1300 iterations on the ENEA CRESCO cluster, running on 240 Intel

Xeon Platinum 8160 processors @2.10 GHz, equipped with a total of 960 GB of

RAM.
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Pressure drop and pumping power

The coolant pressure distribution and total pressure drop for the main CB

components, adopting the nomenclature depicted in figure 1.24, are shown in

figure 4.8 and table 4.6, respectively, while the calculated mass flow rate branching

between SL and RPs cooling circuit is reported in table 4.7.

Figure 4.8: Divertor coolant absolute pressure field distribution.

As it may be argued from the results, the divertor cooling circuit’s overall pressure

drop amounts to ≈13.71 bar, being slightly lower than the prescribed limit of 14

bar, as anticipated in section 4.1. This result is close to the ADRANOS prediction

of 13.25 bar, being the relative error of ≈3%. The components with the highest

pressure loss are the VTs, due to the presence of the STs, and the SL, due to the

FW channels and the S-shaped inlet and outlet pipes.

By combining the information on pressure drop and flow distribution, it is possible

to calculate the required pumping power for each component, a breakdown of which

is shown in figure 4.9, while the total pumping power required for each cassette

amounts to 41.95 kW, calculated for each divertor block of figure 1.24, according to

the definition of equation (4.2), where P is the pumping power, and then summed.

P = ∆p · ṁ/ρ. (4.2)

Figure 4.9 highlights how the two VTs are responsible for the higher coolant
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Table 4.6: Coolant total pressure drop distribution.

Divertor Component ∆p [bar]

Inlet CB 0.058

OVT 2.233

CB1 0.243

Lower NS 0.703

CB2 0.209

IVT 4.267

CB3 0.406

Upper NS 0.453

CB4 0.210

SL 4.630

Inner RP 1.559

RPs Manifold 1.842

Outer RP 1.315

Outlet CB 0.590

Total 13.713

Table 4.7: Divertor cooling circuit mass flow rate distribution.

Sections ṁ [kg/s] ṁ/ṁtot

SL 27.95 77.6%

RPs 8.05 22.4%

Total 36.00 -

Figure 4.9: Divertor cooling circuit pumping power breakdown.
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pumping losses, together amounting to almost 50% of the total value, SL for ≈24%,

the entire RP system for 9%, the two NSs for the 11%, while the CB only for 9%.

These latter results together with those of table 4.6 reporting the pressure drop

distribution, highlight that the potential for reducing the total pressure drop is

limited, as it is significantly influenced by the presence of VTs, for which it is

not possible to significantly change the design. Consequently, if an optimisation of

the hydraulic circuit aimed at reducing pressure losses is attempted, it would be

necessary to revise the SL cooling circuit, being characterized by high losses, then

to adjust the RPs, so to rebalance the mass flow rate partition with the SL. In

particular, it would be necessary to act on the pipework connecting the CB with

these components, as well as to revise their manifolds, since both the RC and FW

channels cannot be significantly changed to preserve their capability to handle the

plasma heat loads.

Coolant distribution

In the following, it is reported the coolant distribution in all the divertor cassette

cooling channels. With regard to all the components that have toroidal-parallel

channels, i.e SL, RPs, and PFUs, they are numbered in a clockwise direction looking

at the tokamak from above, as depicted in figure 4.10. The NSs channels instead are

indicated with a letter representing the two separate cooling circuits for each NS,

while the channels are numbered from inlet to outlet, thus resulting from outboard

to inboard for the lower NS, and the opposite for the upper NS. Moreover, also

concerning the NSs numbering, 1 to 10 are inlet channels, while 11 to 20 are outlet

channels. The nomenclature adopted for NSs is reported for clarity in figure 4.11.

As far as the coolant distribution is concerned, in the following are reported

the results relevant to axial velocity distributions among SL FW channels and RCs

(figure 4.12 and figure 4.13), RPs FW channels and RCs (figure 4.14 and 4.15),

PFU cooling channels (figure 4.16), and NSs channels (figure 4.17). The results

statistics are moreover summarized in tables 4.8 to 4.13, where σ is the standard

deviation relevant to the velocity distribution, ϵ is relative span, defined according

to equation (4.3) for a generic quantity ϕ, and CV is the coefficient of variation,

calculated as the ratio between the standard deviation and the average value.

ϵϕ =
ϕMax − ϕmin

ϕave

. (4.3)

From the analysis of the results obtained, it may be argued that within the SL

FW channels the distribution of coolant axial velocity is acceptably uniform, with

maximum deviations of ±6% with respect to the average value. Regarding the

distribution of coolant axial velocity in the SL RCs, it is supposed to be of lower

importance due to the lower thermal loads they have to handle compared to the FW
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Figure 4.10: DEMO divertor cooling circuit SL, RPs, and PFU channels
nomenclature.

(a)

(b)

Figure 4.11: Upper (a) and lower (b) NS cooling channel nomenclature.
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Figure 4.12: Coolant axial flow velocity distribution among SL FW channels.

Table 4.8: Coolant axial velocity distribution among SL FW channels main
parameters.

SL FW channels

VMax [m/s] 5.358

Vmin [m/s] 4.909

ϵV [%] 8.38

Vave [m/s] 5.195

σV [m/s] 0.102

CVV [%] 1.96

Figure 4.13: Coolant axial flow velocity distribution among SL RCs.

channels, and thus there is no requirement to obtain a smooth coolant distribution,

as far as the temperature limits are met. It is however interesting to note that the

coolant distribution becomes less spread at each passage inside the SL, due to the

mixing effects occurring inside the manifolds separating each level of channels.

Concerning the RPs, a strongly uneven coolant distribution is observed both in
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Table 4.9: Coolant axial velocity distribution among SL RCs main parameters.

RC Level 1 RC Level 2 RC Level 3

VMax [m/s] 2.265 1.394 1.059

Vmin [m/s] 0.547 0.820 0.979

ϵV [%] 75.84 41.20 7.54

Vave [m/s] 1.516 1.085 1.028

σV [m/s] 0.609 0.204 0.028

CVV [%] 40.14 18.83 2.76

Figure 4.14: Coolant axial flow velocity distribution among RPs FW channels.

Table 4.10: Coolant axial velocity distribution among RPs FW channels main
parameters.

Outer RP Inner RP

VMax [m/s] 2.726 4.819

Vmin [m/s] 0.418 0.308

ϵV [%] 84.66 93.62

Vave [m/s] 1.284 1.592

σV [m/s] 0.782 1.344

CVV [%] 60.94 84.37

Table 4.11: Coolant axial velocity distribution among RPs RCs main parameters.

Outer RP Inner RP

VMax [m/s] 2.167 2.079

Vmin [m/s] 0.012 0.015

ϵV [%] 99.43 99.30

Vave [m/s] 0.644 0.808

σV [m/s] 0.616 0.706

CVV [%] 95.80 87.43
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Figure 4.15: Coolant axial flow velocity distribution among RPs RCs.

FW channels and RCs. Despite these distributions are not optimal, the results of

the thermal analysis reported in the next sections show that no bulk vaporisation

phenomena or thermal hot spots in the structures occur. Consequently, the current

design of the RPs cooling circuits can be accepted, at least as far as solely thermal

aspects are concerned. The distribution of coolant axial velocity is observed to be

quite uniform for the PFUs cooling channels, for which maximum deviations in the

range of ±4% from the average values are observed. Moreover, it is interesting to

underline that the average velocity inside IVT PFU cooling channels is remarkably

higher than for the OVT one, being equal to ≈11.1 and ≈8.1 m/s, respectively. This

difference can be explained considering that the same mass flow rate is routed inside

34 PFU cooling channels for IVT and 46 for OVT, with a consequent higher average

velocity.

Additionally, it can be noted from figure 4.16 that the maximum axial velocity

constraint in the PFU cooling channels is met, being the velocities lower than the

limit value of 16 m/s. It should also be noted that the reported velocity has been

appropriately scaled to account for the presence of STs, which are not modelled

geometrically with the OVST approach.

Table 4.12: Coolant axial velocity distribution among PFU cooling channels main
parameters.

OVT IVT

VMax [m/s] 8.346 11.327

Vmin [m/s] 7.792 10.751

ϵV [%] 6.64 5.08

Vave [m/s] 8.103 11.109

σV [m/s] 0.117 0.123

CVV [%] 1.45 1.11
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Figure 4.16: Coolant axial flow velocity distribution among PFU cooling channels.

Figure 4.17: Coolant axial flow velocity distribution among NSs channels.

Table 4.13: Coolant axial velocity distribution among NS channels main parameters.

Lower A Lower B Upper A Upper B

VMax [m/s] 9.361 9.304 7.394 6.945

Vmin [m/s] 0.067 0.006 -0.095 -0.109

ϵV [%] 99.29 99.93 101.28 105.57

Vave [m/s] 3.446 3.488 2.807 2.632

σV [m/s] 2.834 2.942 2.305 2.173

CVV [%] 82.25 83.34 82.11 82.53

Finally, as far as the NSs cooling channels are concerned, the coolant distribution

is strongly uneven, and flow reversal phenomena can be observed. However, as for

the RPs, the results of the thermal analysis reported in the next sections show that

no bulk vaporisation phenomena or thermal hot spots in the structures occur due

to the low thermal loads to which these components are exposed. Therefore, no

actions are foreseen to revise the design of these components.
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Finally, the flow field inside the entire cassette cooling circuit is depicted

figure 4.18, where it is possible to appreciate the regions of higher coolant velocity as

well as the swirling motion inside the PFU cooling channels induced by the OVSTs.

Figure 4.18: Divertor coolant velocity streamlines.

Fluid temperature and saturation margin distributions

The coolant temperature distribution is depicted in figure 4.19, while the

coolant margin against saturation, defined according to equation (2.6), is shown

in figure 4.20.

As it may be argued from figure 4.19, several hot spots occur in the fluid, due

to the occurrence of local stagnation caused by some geometrical features of the

cassette. Nevertheless, differently from the 2019 divertor design [26] characterized by

localized boiling phenomena, no vaporization is predicted in the fluid domain, with

always positive margins against saturation, due to the increased coolant operating

pressure and the reduced inlet temperature.

It follows that the constraint on the minimum margin against saturation is

respected, being the local minimum value obtained from the simulation ≈48°C,
while the value at the outlet of the entire divertor cooling circuit is approximately

95◦C.

Moreover, although not visible from the figures, no thermal hot spots are observed

for the NSs, despite the presence of the highly uneven flow distribution shown in

figure 4.17.

Additionally, attention was focused on the coolant bulk temperatures at the most

relevant sections of the divertor cassette cooling circuit. In particular, coolant bulk
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Figure 4.19: Divertor coolant temperature field.

Figure 4.20: Divertor coolant margin against saturation field.
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temperatures and margins against saturation calculated at the probing sections

depicted in figure 4.21 are reported in table 4.14, showing high saturation margin

values, higher than 90°C.

Table 4.14: Divertor cooling circuit bulk temperature and margin distributions.

Region Tbulk [°C] ∆Tsat [°C]

Inlet 130.00 155.83

OVT Inlet 130.01 155.76

OVT Outlet 142.88 140.71

NS Low Inlet 144.14 139.20

NS Low Outlet 144.22 138.42

IVT Inlet 144.90 137.53

IVT Outlet 155.51 122.52

NS Up Inlet 157.94 119.87

Inner RP Inlet 156.65 120.75

NS Up Outlet 158.20 119.13

SL Inlet 158.71 118.39

SL Outlet 178.73 93.27

Inner RP Outlet 159.27 116.46

Outer RP Inlet 159.28 114.42

Outer RP Outlet 162.66 109.57

Outlet 176.48 94.96

Figure 4.21: Divertor cassette cooling circuit probing sections.

CHF margins

The distributions of the margin against CHF onset within the SL FW, RPs

FW and PFUs cooling channels were assessed adopting a different approach for the
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different components in order to check whether its prescribed minimum value of 1.4

is guaranteed by the current cooling circuit design.

As far as the PFU cooling channels are concerned, the modified Tong-75

correlation already given in equation (2.8) is adopted, considering a maximum heat

flux of 20 MW/m2 as prescribed in [6].

Figure 4.22: CHF margin distribution among PFU cooling channels.

Table 4.15: Coolant CHF margin distribution among PFU cooling channels main
parameters.

OVT IVT

CHFMax [-] 1.297 1.338

CHFmin [-] 1.233 1.332

ϵCHF [%] 4.94 4.05

CHFave [-] 1.268 1.368

σCHF [-] 0.014 0.011

CVCHF [%] 1.07 0.83

The results obtained are depicted in figure 4.22 and summarized in table 4.15, and

clearly show CHF margins too low to meet the threshold value of 1.4, indicated by

the dotted line, being the minimum CHF margins equal to 1.33 and 1.23 respectively

for the IVT and the OVT. These results are in line with those obtained with

ADRANOS, respectively equal to 1.23 and 1.15. It follows that by adopting

ADRANOS there is an underestimation of the CHF margins of approximately 6

to 8% compared to the complete simulations, a satisfactory result considering the

huge difference in computational cost between parametric and complete 3D-CFD

analyses.

When compared to the performances of the 2019 divertor [21], it can be argued

that the lower values of CHF margins are mainly due to the significantly lower

velocities in the PFU cooling channels, which are here equal to around 8 and 11
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m/s for OVT and IVT respectively, compared to 14 and 13 m/s for the 2019

configuration. However, increasing these velocities is not a viable strategy, as it

would cause an increase in pressure drop of the entire cooling circuit, overcoming

the 14 bar maximum pressure drop constraint.

Figure 4.23: CHF margin distribution among SL FW channels.

Table 4.16: Coolant CHF margin distribution among SL FW channels main
parameters.

SL FW channels

CHFMax [-] 3.873

CHFmin [-] 3.522

ϵCHF [%] 9.08

CHFave [-] 3.772

σCHF [-] 0.064

CVCHF [%] 1.69

As for the CHF margin for SL and RPs FW channels, these were calculated

starting from the CHF look-up tables of [99]. Design peak heat flux values of

1 MW/m2 and 0.2 MW/m2 were used according to the indications given in [6]

respectively for the FW channels of FW and RPs, while conservative peaking

factors fp values draws from the CFD simulation were selected for SL and RPs.

In particular, the peaking factors were estimated as the maximum local heat flux

value at the FW cooling channels over the heat flux at the plasma-facing tungsten

surface of the component.

The results relevant to the SL FW channels are depicted in figure 4.23 and

summarized in table 4.16, calculated with a peaking factor of ≈2.9, while those

of the RPs FW channels are shown in figure 4.24 and summarized in table 4.17,

calculated with a peaking factor of ≈3.6.
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Figure 4.24: CHF margin distribution among RPs FW channels.

Table 4.17: Coolant CHF margin distribution among RPs FW channels main
parameters.

Outer RP Inner RP

CHFMax [-] 12.889 16.673

CHFmin [-] 7.787 7.629

ϵCHF [%] 39.58 54.24

CHFave [-] 9.809 10.596

σCHF [-] 1.792 2.773

CVCHF [%] 18.27 26.17

It must be pointed out that such high fp values are only observed at the first

and last channels of the FW, which generally experiences higher heat fluxes due

to the geometric features of these components, characterized by a toroidal distance

between the extreme channels and the side walls of SL and RPs greater than the pitch

between two adjacent channels. However, despite the CHF margins are calculated

with very conservative values of fp, they always remain well above the prescribed

limit of 1.4 in every single channel.

Structure temperature distribution

Finally, the structure temperature field is reported in figure 4.25 with a focus

on the range that extends from 130 ◦C (the coolant inlet temperature) to 550 ◦C.

Additionally, the regions exceeding the 550°C limit are depicted in figure 4.26 to

check that no zones inside the cassette reach excessive temperatures.

As can be seen from the figures, unduly high temperatures in the structure are

observed in SL and IVT supports. Regarding the SL, the maximum temperature

reaches a value of 566◦C, whose position is circled in figure 4.27. As can be argued

from these results, the SL cooling circuit layout can be possibly optimised by moving
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the SL level 3 RCs towards the cassette by a few millimeters.

Figure 4.25: Divertor structure temperature field.

Figure 4.26: Divertor cassette structure critical regions exceeding the 550°C limit.

Regarding the IVT, a maximum of ≈680◦C is reached, and a very large area of

the upper supports is working at temperatures above 550◦C, as visible in figure 4.28.

It can be argued from the results that a deep revision of the design of the IVT and its

supports is mandatory: in fact, it is probably not sufficient to just reduce the length

of the upper supports aiming to decrease the distance to the heat sinks, but also to

increase the thickness of the IVT TB, improving its neutron shielding performance.

The maximum temperatures reached in tungsten and in the wishbone are reported

in table 4.18 for completeness. As can be argued from the results, the wishbone

reaches quite high temperatures as it is not provided with a cooling circuit. The
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Figure 4.27: Detail of temperature distribution in SL and position of the thermal
spot with respect to level 3 RCs

Figure 4.28: Detail of temperature distribution in IVT supports.

Table 4.18: Plasma-facing structures and wishbone maximum temperatures.

Component Maximum temperature [°C]

SL tungsten 422.35

Outer RP tungsten 351.67

Inner RP tungsten 319.70

Wishbone 547.27

maximum calculated temperature is 547◦C, but as can be seen from figure 4.25,

this is strongly influenced by the boundary conditions used for the simulation. A

correct estimation of the temperature distribution in this component would in fact

require modelling not only the cassette, but also the outer fixation rail and the

main components with which radiative heat exchange phenomena are established

(VV and Blanket), with a consequent increase in the computational cost that would

make it impossible to carry out the simulation. Regarding the SL and RPs tungsten

plates, instead, the maximum temperatures are significantly lower than the limit
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values reported in section 1.8.

4.3.2 Results - Nominal loads

Once verified the thermo-hydraulic performance of the divertor cassette

under the steady-state normal operating conditions, a second steady-state 3D

thermofluid-dynamic analysis was performed to evaluate if the system is able,

considering the same mass flow rate adopted for the first analysis, to safely withstand

the nominal loads expected for the SL and RPs, selected equal respectively to 1 and

0.2 MW/m2. The analysis was thus carried out considering the same mesh and the

same loads, assumptions and BCs summarized in table 4.5, with the only exception

of the surface heat loads to which SL and RPs are exposed. The resulting power

breakdown is reported in table 4.19, while the volumetric heat load breakdown is

the same as the first scenario and can be drawn from table 4.2. As can be argued

from the table, the surface loads are increased by ≈25% with respect to the first

scenario, and the total loads (sum of surface and volumetric contribution) by ≈12%.

If these heat loads had been considered for the calculation of the mass flow rate at

a given coolant temperature increase, this would have been incorrectly raised by

approximately 12%, resulting in an overestimation of the cooling capability of the

divertor cooling circuit.

Table 4.19: Deposited power breakdown under nominal loads for each cassette.

Surface Heat Loads

Component Power [MW]

SL Surface 1.511

RPs Surface 0.123

VTs Surface 2.430

TOTAL 4.064

The results obtained by this second analysis are reported here only briefly, being

similar to those of the first scenario. Concerning the overall pressure drop, it

amounts to ≈13.74 bar, and an increase of 0.2% with respect to the first scenario is

predicted. The mass flow rate split between the SL and the RPs branches is similarly

only marginally affected, as well as the pumping power. Concerning the mass flow

rate distribution among the different SL, RPs, PFU, and NSs cooling channels, it is

not possible to clearly perform a comparison due to the numerical oscillations of the

simulation, and therefore a comparison would be affected by not easily quantifiable

noise.

Coolant bulk temperatures and margins against saturation at the most relevant

sections of the divertor cooling circuit are reported in table 4.20. As it may be

argued from the results, the outlet temperature is increased by approximately 5°C
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with respect to the normal operating condition case, while the lowest margin against

saturation is always located at the outlet section of the SL and it is reduced by ≈6°C,
due to the increased heat load deposited into this component.

Table 4.20: Divertor cooling circuit bulk temperature and margin distributions
under nominal loads.

Region Tbulk [°C] ∆Tsat [°C]

Inlet 130.00 155.83

OVT Inlet 130.01 155.76

OVT Outlet 142.93 140.66

NS Low Inlet 144.11 139.26

NS Low Outlet 144.20 138.49

IVT Inlet 144.86 137.62

IVT Outlet 155.45 122.59

NS Up Inlet 157.86 119.95

Inner RP Inlet 156.41 120.98

NS Up Outlet 158.04 119.28

SL Inlet 158.82 118.28

SL Outlet 184.58 87.41

Inner RP Outlet 159.95 115.77

Outer RP Inlet 160.08 113.62

Outer RP Outlet 164.71 107.50

Outlet 181.17 90.25

As for the normal operating condition scenario, no bulk boiling issue is predicted

by the simulation due to the quite high saturation temperature provided by the high

coolant inlet pressure.

Concerning the CHF margins, the results relevant to the VTs are practically

unchanged, being those components placed upstream of the regions where the

increased surface loads are applied. The results pertaining to the SL FW channels

are instead depicted in figure 4.29 and summarized in table 4.21, while those of the

RPs FW channels are shown in figure 4.30 and summarized in table 4.22.

Table 4.21: Coolant CHF margin distribution among SL FW channels main
parameters under nominal loads.

SL FW channels

CHFMax [-] 3.816

CHFmin [-] 3.404

ϵCHF [%] 10.80

CHFave [-] 3.695

σCHF [-] 0.075

CVCHF [%] 2.02
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Figure 4.29: CHF margin distribution among SL FW channels under nominal loads.

Figure 4.30: CHF margin distribution among RPs FW channels under nominal
loads.

Table 4.22: Coolant CHF margin distribution among RPs FW channels main
parameters under nominal loads.

Outer RP Inner RP

CHFMax [-] 12.849 16.635

CHFmin [-] 7.739 7.602

ϵCHF [%] 39.77 54.30

CHFave [-] 9.737 10.576

σCHF [-] 1.760 2.780

CVCHF [%] 18.08 26.29

As it may be argued from the results, the CHF margins are reduced if compared

to the first scenario, but the magnitude of these reductions is limited, being affected

uniquely by the higher coolant temperature inside the FW cooling channels due

to the increased thermal loads. Finally, as far as the structure temperature is
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concerned, its distribution is shown in figure 4.31, while the regions where the local

temperature overcomes the 550°C limit are highlighted in figure 4.32.

Figure 4.31: Divertor structure temperature field under nominal loads.

Figure 4.32: Divertor cassette structure critical regions exceeding the 550°C limit
under nominal loads.

As it may be noted from the results, the same critical areas already found in

nominal operating conditions are obviously present here, with an additional critical

region in the upper outermost part of the SL structure, due to the increased surface

heat load. At these locations occur the highest temperatures in the structure,

reaching a maximum of 589°C.
Additionally, as for the case of the first heat load scenario, the maximum

temperatures in tungsten and inside the wishbone are reported in table 4.23 for

completeness.
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Table 4.23: Plasma-facing structures and wishbone maximum temperatures.

Component Maximum temperature [°C]

SL tungsten 602.80

Outer RP tungsten 444.78

Inner RP tungsten 387.16

Wishbone 547.30

In conclusion, the results obtained from the 3D-CFD simulations highlighted some

criticalities of the single-circuit cooling option current design, namely the occurrence

of thermal hot spots in SL and IVT supports (with Eurofer temperatures up to

680°C). Moreover, the analyses confirmed the results obtained with ADRANOS and

thoroughly discussed in chapter 2. In particular, the occurrence of CHF margins

remarkably smaller than 1.4 for every PFU cooling channel is observed, not meeting

the design constraints.

Although it is easy to identify a set of design review actions for the divertor

cooling circuit that would eliminate or mitigate the occurrence of the thermal hot

spots in SL and IVT supports, it remains doubtful whether a solution can be found

that can simultaneously ensure compliance with the CHF margin requirements

in VTs and the total pressure drop of the cooling circuit without resorting to a

reduction of the coolant inlet temperature and/or a further increase in operating

pressure, unless different technological solutions for the PFCs and the structural

materials are developed. An improvement of the CHF margins can indeed be

achieved by increasing the coolant mass flow rate, but this rise would result in a

significant growth in pressure drop. It follows that a profound revision of the cooling

circuit itself would be necessary, made difficult by the need to keep unchanged the

components that are most responsible for these losses, i.e. the PFUs and the SL

cooling channels.
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Conclusions

My research activity carried out during the XXXV cycle of the Ph.D. course

in Energy and Information Technologies takes place within the framework of the

activities promoted by the EUROfusion consortium, and was focused on the EU

DEMO divertor thermal-hydraulic R&D.

The main purpose of this study was the thermofluid-dynamic assessment of the

single-circuit cooling option divertor, aimed to identify its strengths and possible

shortcomings. This novel divertor design has been proposed as an alternative

solution to the baseline double-circuit concept, with the aim of simplifying the layout

of the divertor PHTSs and easing maintenance operations.

In order to do that, the ADRANOS calculation tool was developed in MATLAB

environment, with the aim of determining the thermofluid-dynamic operating

map of this new divertor design solution, considering different coolant operating

conditions and different cooling circuit layouts, and checking the compliance with

several thermal and thermal-hydraulic constraints. ADRANOS was developed and

optimized to perform an assessment of the mass flow rate, coolant temperature,

and coolant pressure distribution among the different sub-components constituting

the divertor cassette by adopting a lumped-parameters approach, and relies on a

2D-FEM module to evaluate the detailed temperature distribution inside the PFU

structures, so to check the compliance with materials temperature limits.

The tool was validated against experimental results and exploited to carry out

a broad parametric analysis campaign to determine the limits and acceptable

operating ranges of several DEMO divertor cooling circuit layouts, both single and

double circuit cooling options.

The outcomes of these analyses highlighted some crucial issues for the adoption of

the single-circuit, being not possible to increase the coolant inlet temperature above

certain values (that depend on the coolant inlet pressure) due to the constraints

on PFCs CHF margins, unless a rather complex cooling circuit layout is adopted,

foreseeing the VTs connected in parallel and a suitable CB bypass, which could

potentially present some problems of erosion and flow instability, and which would

require a remarkably higher pumping power. The low coolant operating temperature

implies a reduced lifetime of the cassette, due to the combined effect of operating

temperature and neutron-induced damage and He production, requiring more
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frequent replacement. As a consequence, it can be expected a worsening in terms of

plant availability, nuclear waste, overall plant electric efficiency, and definitively an

increase in costs, drawbacks that significantly outweigh the advantages of employing

this design solution.

Moreover, theoretical assessments allowed to determine maximum coolant

inlet temperatures of approximately 185°C and 160°C with the VTs connected

respectively in parallel and in series, supposing a reasonable coolant inlet pressure

of 75 bar, not excessively higher than the current design pressure. These results are

valid for any kind of divertor cooling circuit embedding the PFCs and thus applies to

the single-circuit cooling option as well. More realistically, taking into account the

several non-idealities of the divertor, the coolant inlet temperature should be kept

lower than 150°C, thus resulting in a component lifetime that can be significantly

lower than 1 FPY.

ADRANOS was moreover employed to assess suitable coolant operating

conditions to be adopted for the PFC cooling circuit of a double-circuit cooling

option divertor considering different slow transient heat load scenarios and allowing

for some flexibility in the two most relevant constraints, i.e. the CHF margin and

the maximum coolant axial velocity. The results of these analyses highlighted some

aspects that should be considered in the future design of the divertor cooling circuit:

• a solution with targets in parallel was proved to be able to provide a better

cooling potential if compared to the VTs connected in series;

• it could be necessary either a reduction of the coolant inlet temperature or

an increase of the coolant pressure if stricter constraints on maximum coolant

axial velocity are enforced, due to possible criticalities related to fretting and

flow-accelerated corrosion;

• it is not possible to sustain heat fluxes significantly higher than 30 MW/m2

for slow transient events because the tungsten melting cannot be avoided with

the current monoblock technology, regardless of the choice of coolant operating

conditions.

The ADRANOS code will be further developed in the next years, with the

aim of extending its predictive capabilities, reducing computational time, and

improving the graphical quality of the figures produced by the post-processing

script. In particular, the possibility of solving parallels between more than two

components will be implemented, while the adoption of meta-modelling techniques

will be evaluated to significantly reduce the calculation time, mainly dictated by the

2D-FEM analyses.

Furthermore, it is currently under evaluation how to complement the code with

thermo-structural assessments, to include other constraints to the divertor operating

map, allowing for a more conservative evaluation of the acceptable operating
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conditions. At the post-processing level, it is planned an improvement the clarity of

the results, showing constraint curves only when they are physically relevant.

Additionally, complete 3D-CFD thermofluid-dynamic analyses of the entire

divertor cassette were performed to confirm the outcomes obtained with ADRANOS

and to highlight the possible occurrence of additional criticalities. Given the great

complexity of the divertor, it was deemed necessary to preliminarily develop some

modelling techniques to reduce the computational cost required to perform these

CFD calculations.

The attention was focused on the ST-equipped PFU cooling channels, the

most complex and detailed parts of the divertor, that would result difficult to

integrate into the complete cassette CFD model, as they would require an excessive

computational cost and an unduly high pre-processing effort. Therefore, several

analysis campaigns were carried out to assess the flow field inside these components,

estimating a suitable mesh size required to obtain fairly mesh-independent results,

highlighting the considerable numerical errors that can be made if an inadequate

mesh is used, and validating the results against several correlations available

in literature. Additionally, complete PFU cooling channel analyses allowed to

determine the occurrence of two peculiar fluid-dynamic phenomena that significantly

affect pressure drop and heat transfer, i.e. a strong flow separation at the entrance of

the ST-equipped section and a slow decay of the coolant swirling motion downstream

the ST.

Then, the VST approach, a novel modelling technique based on the adoption

of porous media, was developed, properly calibrated with dedicated optimization

campaigns and validated in terms of pressure drop predictive capabilities. Three

different VST models were developed and tested, showing the strengths and

weaknesses of each one of them.

These models proved excellent pressure drop prediction capabilities, even when

significant deviations from the coolant velocity condition adopted for calibration are

considered, and are thus suitable for accurate and fast-running 3D-CFD isothermal

analyses. However, the heat transfer coefficient is unacceptably underestimated,

thus requiring the adoption of a workaround when thermal analyses have to be

performed. The VST approach will be further developed in the future, to assess the

possibility of improving the prediction capabilities of the heat transfer coefficient,

possibly employing user-defined thermal wall functions.

Finally, the VST approach was employed to perform the complete 3D-CFD

simulation of the single-circuit cooling option divertor cassette. First of all, an

extensive mesh independence assessment of the divertor main components was

performed, selecting the optimal mesh size to be adopted, thus guaranteeing

a measurable mesh dependency of the results obtained in terms of pressure,

temperature, and mass flow rate distribution. The calculations allowed obtaining
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a detailed picture of the divertor cooling performance, confirming the criticalities

already observed with ADRANOS, i.e. an unacceptably low CHF margin for both

IVT and OVT. Additionally, the analyses highlighted additional issues that must be

addressed in the future design revisions of the divertor cassette, i.e. the occurrence

of severe thermal hot spots in the target supports and in the SL, exceeding the

550°C Eurofer temperature limit.

The overall research activity shows that the adoption of a single-circuit cooling

option divertor for the EU DEMO may pose some severe criticalities, as it is not

possible to meet the project requirements while guaranteeing a suitable divertor

lifetime, at least considering the actual knowledge in terms of plasma heat load, the

materials currently selected for the divertor and the technology of the PFCs, and

the still incomplete knowledge of the properties of these materials exposed to high

levels of neutron-induced damage at low operating temperatures.

Considering all these aspects and the results presented in this thesis, it is possible

to provide some guidelines for the future development of the divertor cassette. In

particular, it should be reconsidered the adoption of a double-circuit cooling option

system, possibly with PFCs connected in parallel to improve the cooling circuit

performance. As far as the PFC cooling circuit is concerned, low-temperature

water with inlet pressures from 50 to 75 bar should be probably assumed, provided

that thermo-structural or waste management criticalities are not envisaged due to

the low temperature of the materials. Regarding the CB cooling circuit, instead,

higher coolant operating temperatures and pressures should be investigated, as it is

currently being done within the EUROfusion project, aiming to increase the cassette

lifetime.
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Appendix A

In this appendix, supplementary information is provided to complement the

results of the ADRANOS analyses presented in chapter 2. The purpose of this

appendix is to present some graphs illustrating how CHF margin, pressure drop,

coolant axial velocity inside the PFU cooling channel, saturation margin, and

maximum temperatures of the PFU strictures vary with respect to the coolant inlet

pressure, temperature, and mass flow rate. Moreover, these quantities are compared

to the applicable constraints, listed in table 2.4, and the trends are justified by

referencing the relevant governing equations.

The results reported in the following figure A.1 to A.8 are calculated for the PFC

cooling circuit of the double-circuit cooling option divertor (2019 design), but similar

results are obtained for every divertor configuration investigated in this dissertation.

The applicable limit values of table 2.4 are highlighted with a black dashed curve.

Figure A.1 depicts the CHF margin calculated for the OVT (constraint A

of table 2.4), but qualitatively similar results are obtained for the IVT, with

small differences due to the different number of PFU assemblies and due to the

non-uniformities in coolant distribution between the two targets. As it may be

argued from the figure, the CHF margins increase with the mass flow rate and the

coolant inlet pressure and decrease with the temperature. These trends can be

deduced by equations (2.8) to (2.11).

As far as the pressure drop is concerned (constraint C of table 2.4), the results

obtained are depicted in figure A.2. The pressure drop is strongly influenced by the

mass flow rate, as the iso-∆p curves are almost parallel to the iso-ṁ lines, as can be

easily deduced by equation (2.1). By increasing the coolant inlet temperature, the

pressure drop of the cooling circuit is increased, due to the dependence of coolant

density on the temperature, while the effects of pressure on the results are negligible.

Coolant maximum axial velocity inside the OVT PFU cooling channels curves are

shown in figure A.3 (constraint D of table 2.4), while qualitatively similar results

are obtained for the IVT PFU cooling channels (constraint E). The dependencies

of this quantity on the coolant inlet pressure, inlet temperature and mass flow rate

are the same as those of the pressure drop.

The saturation margin is depicted in figure A.4 (constraint F of table 2.4). As
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it may be noted from the figures, there are no black dashed curves, as the results

in the considered range of coolant conditions are always above the applicable limit

values. The saturation margin always decreases with temperature and increases

with pressure. The dependency on mass flow rate is not monotonic, as at low mass

flow rate values an increase in ṁ causes an increase of the saturation margin, due

to the lower outlet temperatures (the total power deposited onto the component is

the same). At higher mass flow rate values, instead, the pressure drop increases,

and the effect of lower pressure on the saturation margin becomes more important

than the reduction of the coolant temperature.

The following figure A.5 to A.8 represent the temperature distributions inside the

PFU structures. To avoid any misinterpretation of the results, the regions in which

the ADRANOS FEM module is not executed are filled in grey.

The temperature in the OVT CuCrZr under an incident heat flux of 10 MW/m2

is depicted in figure A.5 (constraint G of table 2.4) and qualitatively similar results

are obtained also for the IVT (constraint H). As can be observed from the figures,

the temperature decreases with the mass flow rate, due to the increase in the heat

transfer coefficient, while it increases with the coolant temperature. The effect of

pressure on this quantity is negligible.

The temperature in the OVT CuCrZr under an incident heat flux of 20 MW/m2

is depicted instead in figure A.6, and similar results are obtained also for the IVT

(constraints I and J of table 2.4). The dependences of the results on the coolant

inlet temperature and mass flow rate are the same as for the case of 10 MW/m2

heat load scenario, while the effect of coolant inlet pressure is more evident. In

particular, under 20 MW/m2 heat load conditions, nucleate boiling heat transfer

mechanisms are established, and the cooling channel wall temperature is locked to

the saturation temperature at the given coolant pressure. With a higher coolant

pressure, the saturation temperature increases and, as a consequence, the CuCrZr

temperatures increase as well.

Finally, maximum temperature values in the OVT tungsten and copper under an

incident heat flux of 20 MW/2 are depicted in figures A.7 and A.8 (constraints K

and M of table table 2.4). Analogous results are obtained also for the IVT. The

dependences of these temperatures on coolant inlet pressure, inlet temperature and

mass flow rate are the same as those relevant to the CuCrZr cooling pipe under the

same heat flux conditions, as the same physical reasoning detailed for the CuCrZr

is valid for the other materials.
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(a)

(b)

Figure A.1: CHF margin as a function of inlet coolant pressure and mass flow rate
for the OVT calculated for a coolant inlet pressure of 50 (a) and 75 (b) bar.
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(a)

(b)

Figure A.2: Pressure drop as a function of inlet coolant pressure and mass flow rate
calculated for a coolant inlet pressure of 50 (a) and 75 (b) bar.
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(a)

(b)

Figure A.3: Maximum coolant axial velocity as a function of inlet coolant pressure
and mass flow rate for the OVT calculated for a coolant inlet pressure of 50 (a) and
75 (b) bar.
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(a)

(b)

Figure A.4: Minimum saturation margin as a function of inlet coolant pressure and
mass flow rate calculated for a coolant inlet pressure of 50 (a) and 75 (b) bar.
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(a)

(b)

Figure A.5: CuCrZr maximum temperature under an incident heat flux of 10
MW/m2 as a function of inlet coolant pressure and mass flow rate calculated for the
OVT for a coolant inlet pressure of 50 (a) and 75 (b) bar.
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(a)

(b)

Figure A.6: CuCrZr maximum temperature under an incident heat flux of 20
MW/m2 as a function of inlet coolant pressure and mass flow rate calculated for the
OVT for a coolant inlet pressure of 50 (a) and 75 (b) bar.
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(a)

(b)

Figure A.7: Tungsten maximum temperature under an incident heat flux of 20
MW/m2 as a function of inlet coolant pressure and mass flow rate calculated for the
OVT for a coolant inlet pressure of 50 (a) and 75 (b) bar.
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(a)

(b)

Figure A.8: Copper maximum temperature under an incident heat flux of 20
MW/m2 as a function of inlet coolant pressure and mass flow rate calculated for the
OVT for a coolant inlet pressure of 50 (a) and 75 (b) bar.
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