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Abstract

Nuclear fusion has the potential to provide an energy-dense sustainable electricity supply,
however, fusion power plants face a number of design challenges. In-vessel components
designed for use inside fusion reactors must be capable of tolerating extreme heat and par-
ticle fluxes. This thesis investigates a methodology for re-introducing design freedom to
the conceptualisation of in-vessel components for the divertor, a device responsible for han-
dling the highest heat fluxes in the reactor. This is approached through the application of
topology optimisation, a process which involves the distribution of material throughout a
geometry in order to meet an objective, subject to constraints. The resulting geometries are
often complex and may be dependent on progress in novel manufacturing methodologies. A
review of divertor design finds that top-down requirements limit material selection, compo-
nent geometry and coolant fluid choice. Furthermore, the need to tolerate a given heat load
creates design challenges which often cannot be managed without driving device size, cost
and complexity. Design requirements are also subject to significant uncertainty, caused by
a lack of representative testing, the time associated with reactor construction and the large
jumps in performance required of successive devices. An investigation into additive manu-
facturing (AM) of a divertor-relevant alloy (CuCrZr) was conducted as part of an industrial
collaboration designed to assess contemporary AM material performance. The work finds the
material to exhibit good thermal performance and establishes scope for process optimisation
as a means of increasing build speed and reducing cost. Thermal topology optimisation
of the divertor monoblock is performed using COMSOL Multiphysics and finds potential
for optimised designs to reduce armour temperatures by over 200K during transient high
heat flux events and to minimise thermal gradients. The incorporation of thermally induced
stress minimisation leads to stress reductions of up to 65% and the potential for heat flux
redistribution. The optimised geometries contain transitions between materials which could
be interpreted for manufacture using a combination of functional grading and AM. The im-
pact of asymmetric geometries designed to minimise leading edges and multiple attachment
scenarios are also investigated, finding substantial differences in optimal design qualities.
Finally, the methodology is extended to the treatment of conjugate heat transfer between
armour plates and coolant fluid. The optimisation process employs k-ε turbulence and max-
imises heat transfer objectives whilst limiting pressure drop. The optimisation results in the
development of internal features which promote convective and conductive heat transfer.
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Chapter 1

Introduction

This thesis focuses on the design of a component known as the divertor, a crucial part of
many fusion reactor concepts that performs a number of important functions which include
maintenance of fuel purity, the safe handling of high heat fluxes and in some cases the supply
of heated water for electricity generation. Before discussion of divertor design however, it is
necessary to first cover some of the fundamentals of nuclear fusion, reactors, and some of the
context surrounding their continued development.

1.1 Nuclear fusion

The project contained in this thesis relates to the study of nuclear fusion. Nuclear fusion
is commonplace in nature, acting as the source of the energy radiated by stars, including
our sun, and is therefore responsible for sustaining all life on earth. As implied in its name,
nuclear fusion relates to the joining of light nuclei (those made up of comparatively few
neutrons and protons) to form heavier elements. Fig. 1.1 shows the binding energy per
nucleon for elements as the number of nucleons increases. It shows that the binding energy
per nucleon, which can be thought of as a measure of how strongly bound the nucleons are,
increases as the number of nucleons increases until the number associated with iron (Fe) is
reached. For elements with fewer nucleons than Fe, the addition of more nucleons through
nuclear fusion allows for stronger nuclear binding forces. For reactions with fusion products
lighter than Fe, the addition of more nucleons through nuclear fusion typically allows for
stronger nuclear binding forces. These reactions are exothermic and transfer kinetic energy to
the reaction products.

Thermonuclear fusion implies the fuel has been heated to a temperature where the average
kinetic energy of the particles is sufficient for fusion to occur. In order for this to happen,
the matter must exist as a charged gas known as a plasma, where the electrons have been
stripped from the nuclei. Stripped of their electrons, and with sufficient thermal energy, the
nuclei can pass close enough such that they can overcome their natural repulsion (referred
to as the Coulomb barrier) with the aid of quantum tunnelling effects, and fuse (Kikuchi
2010). Thermonuclear fusion is desirable in preference to other means of fusion (such as
that which might occur in particle accelerators) as it is seen as a sustainable concept for
an electricity-producing power plant. In a star, fusion occurs due to the pressure exerted
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Figure 1.1. Binding energy per nucleon, showing the transition between the regimes where nuclear fusion and
nuclear fission are energetically favourable, reproduced from (Girtan et al. 2021).

by gravitational forces due to its vast mass. This does not provide an achievable model for
terrestrial fusion reactors, and suitable conditions for fusion must be reached by other means.
This thesis discusses magnetic confinement fusion exclusively, where magnetic fields are
used to contain a plasma in a ‘magnetic bottle’ in order to sustain the conditions required for
thermonuclear fusion. The most widespread concept for a magnetic confinement reactor is
known as a tokamak.

1.2 Tokamaks

This section is intended as a brief summary only and the reader is referred to the many
books detailing tokamak operation such as Wesson’s ‘Tokamaks’ (Wesson 2011) for more
information. Tokamaks are devices which use magnetic fields to confine ionised gases known
as plasmas. The plasma is heated using a variety of techniques in order to produce suitable
conditions for the constituent parts to undergo sustained nuclear fusion. The gases thought
to present the best candidate fuels for the first generation of fusion power plants are two
isotopes of hydrogen known as deuterium and tritium. These isotopes are chosen as their
cross-section of interaction - a measure of the likelihood of interacting particles fusing -
is greater at lower temperatures than it is for other reactions. As illustrated in Eq. 1.1, the
reaction produces a neutron which carries the majority of the kinetic energy and an alpha-
particle (a helium nucleus).

2
1H + 3

1H → 4
2He(3.5MeV) + n(14.1MeV) (1.1)

The goal is to heat the plasma such that a significant fraction of the ionised particles have
enough kinetic energy to fuse, and that enough of the alpha particles produced go on to heat
the plasma further, such that self-sustaining heating, known as ‘ignition’ is achieved. For
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deuterium-tritium (D-T) plasmas, this is thought to be achievable if the ‘plasma temperature’
is in the range of 10 − 20keV. However, as keV is strictly measure of kinetic energy with
a conversion factor of 1keV = 11, 600K, this can be thought of as a temperature range of
116− 232 million K.

Whilst the alpha particles have a net electric charge and therefore interact with the magnetic
fields, the neutrons can escape the plasma and collide with the inner walls of the reactor.
The energy imparted to the reactor walls produces heat, which, if connected to a steam tur-
bine system, could be used to generate useful electricity. This electricity generation system,
whilst based on a centuries-old technology, has not yet been demonstrated in the context of
a fusion reactor (Ciattaglia et al. 2020). Whilst deuterium is present in seawater, tritium is
a short-lived isotope, with a half-life of approximately 12.3 years and is thus not present in
significant quantities naturally. Tritium ‘breeding’ is thought to be necessary for commer-
cially viable fusion reactor operation and is typically proposed through the decomposition
of lithium implanted in the reactor walls, where it is hoped that enough tritium can be bred
and extracted to provide a self-sustaining supply. Where the supply of tritium is limited, the
use of deuterium-deuterium fusion reactions (which can produce a tritium product) has been
proposed as a method of start-up (Zheng et al. 2016). Fig. 1.2 shows some of the major toka-
mak components as they are configured in the ITER tokamak. The poloidal and toroidal field
coils generate magnetic fields which combine to produce a field with a toroidal geometry and
helical field lines which cause the ionised plasma to circulate around the torus. The current
passed through the central solenoid is increased rapidly, generating a changing magnetic field
which induces a current in the plasma through Lenz’s law. The central solenoid is therefore
important for plasma initiation and heating, but also contributes to plasma stability and shap-
ing (Libeyre et al. 2009). The blanket protects other components such as the vacuum vessel
and magnet systems and is responsible for tritium breeding. The divertor is engineered to
handle the highest heat fluxes in the reactor and acts as an exhaust system for spent fuel. The
divertor is the primary subject of this thesis and is introduced in more depth in Section 1.5.

1.3 ITER and future devices

The global fusion community is currently very focused on the development of the ITER
tokamak. The device is part of the European Fusion Roadmap, a plan for fusion energy
detailed in (Romanelli et al. 2012) and updated in (Nordlund 2018), which aims at proving
the viability of fusion as a power source, with ITER’s successor, known as DEMO designed
to demonstrate the feasibility to industry. ITER is funded by taxpayers in 35 countries, with
its range of international collaborators including the USA, China, Japan, Russia, South
Korea, India and the EU. Non-member participants include Canada, Thailand, Kazakhstan
and Australia (ITER 2021). The ITER members contribute largely by providing services
or components, enabling the local development of fusion-relevant manufacturing facilities.
Those associated with ITER will share data produced from the device, which will inform the
next generation of DEMO devices. This global collaboration is the main reason why there
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Figure 1.2. Schematic of ITER with some of the main components labelled. Reproduced from (Dubus 2014).

are not currently many ITER-scale devices being developed. Whilst ITER was never intended
as an electricity-producing device, it is designed to be the highest-performing tokamak ever
constructed. The following discussion regarding ITER is presented as context to the progress
that still needs to be made before fusion reactors have a chance at commercial viability.

The ITER organisation claims the device will be the first in the world to produce a net sur-
plus of fusion energy (Nordlund 2018). It is designed to operate in 400-600 second pulses
and will be the largest tokamak to date when constructed. Despite this, there is a large gap
between ITER-level performance and what is required from a commercially relevant reactor.
This can be illustrated through the definition of a power amplification parameter, referred to
as fusion gain ‘Q’. Q is the ratio of the power generated by fusion reactions Pfus to the heat
successfully coupled into the plasma Pheat, with ITER aiming to produce 500MW fusion
power for a heat input of 50MW, giving Q = 10. Fusion gain may be defined relative to
any measure of power input, however, such as the power the reactor draws from the national
electricity grid. The simplest interpretation for ITER (based on information available on
the ITER website (The Balance of Power 2022)) gives 500MW fusion power produced for
300MW electrical input, resulting in Q = 1.67. This is intended for illustration only, because,
as shown in Eq. 1.1, a fraction of the fusion power output is carried by alpha particles, some
of which can contribute to plasma ‘self-heating’, which sustains the reaction. ITER’s suc-
cessor DEMO aims to produce 500MW net electrical power for a fusion power of 2000MW,
with a pulse length (burn time) of 2 hours (G. Federici, Bachmann, Barucca, Biel, et al.
2018), 4x the fusion power of ITER for 12-18 for times as long. A commercially relevant
power plant would likely have a fusion gain which is higher still and require steady state
operation in order to achieve a high enough availability (D. Maisonnier et al. 2007). The per-
formance of tokamaks as electricity-producing devices remains a long way from economic
attractiveness, even with dramatic performance increases envisaged between devices.
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Figure 1.3. Progress in fusion reactor performance compared to microprocessors and particle accelerators.
Annotated with the names of the major devices in the respective industry. Reproduced from (Ikeda 2010).

1.4 Progress in tokamak performance

Progress in fusion reactor performance has often been quantified through the evolution of
a quantity known as the triple product, which is formed of plasma density, temperature and
energy confinement time. The concept was developed from an initial criterion proposed in
(Lawson 1955). Tokamak development throughout the second half of the 20th century led to
increases in performance that kept pace with Moore’s law (the triple product was found to
double every 1.8 years) as shown in Fig. 1.3.

This rapid advancement in reactor performance continued until approximately 2008 when the
triple product goal associated with the upcoming ITER tokamak was required to maintain
that pace, a result which is now expected to be achieved sometime after 2035 (Windsor 2019).
(Windsor 2019), which is an introduction to a series of papers describing how fusion energy
development can be accelerated, presents the size, cost and complexity surrounding the
development of ITER as the cause of this deviation from rapid progression.

The process of designing, building and operating a fusion reactor is hugely complex. Sus-
tained research effort over the past 70 years has been dedicated to resolving the issues asso-
ciated with maintaining a stable fusion plasma (Lehnert 1999). More recently, a growing
focus has been placed on developing materials and engineering techniques capable of pro-
ducing components that can withstand the extreme conditions. The impact of intense thermal
loads, thermal shocks, bombardment by ions and neutrons, and other challenges presented
to the engineering design of plasma-facing materials are discussed in (Linke et al. 2019). It
is emphasised that synergies between plasma effects, thermal loads and neutron bombard-
ment create complex interactions that require the development of new testing facilities and
methodologies. This is indicative of the present state of fusion research. As scientists and
engineers begin to consider the move towards commercially viable fusion reactors, the design
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of reactors is likely to become more constrained and complex rather than less so.

1.5 The divertor

The divertor is a tokamak component which is the subject of significant active research and
development and provides crucial functionality in mainstream tokamak designs. In work
on fusion reactors in the 1950s, divertors were originally introduced to improve the plasma
purity by removing plasma surface interactions from the region of confined plasma, altering
particle flow to prevent dust and sputtered wall material from re-entering the plasma (Nuttall
2004).

The most widely implemented convention for divertor design relies on a single magnetic
null point commonly referred to as a magnetic X-point due to the shape of the magnetic
flux surface (illustrated in Fig. 1.4). The position of this magnetic null is dependent on the
separatrix, which divides the toroidal plasma core from what is known as the scrape-off layer,
(a plasma region which contains open flux surfaces) which is responsible for the majority of
power transport to the divertor plates (Wesson 2011). The divertor receives the vast majority
of the charged particle flux, as the motion of these ions is primarily along magnetic field
lines. The particle flux, and therefore heat load, is particularly concentrated as it is limited by
the scrape-off layer width (see Fig. 1.4), which can be on the order of several mm, leading
to a target surface of only a few mm2 that is perpendicular to the plasma. This area can
be increased, however, by placing the targets at glancing angles, which stretch the contact
surface vertically, or through having multiple magnetic null points (Wesson 2011).

The presence of impurities in the plasma often results in power loss, and maintaining high
plasma temperatures is essential in order to maximise the probability of interaction between
the deuterium and tritium fuels such that thermonuclear fusion can be sustained. Power loss
can occur through Bremsstrahlung radiation, which has an emissivity that is proportional to
atomic number Z2 and is thus much more severe for the heavy materials such as W used in
the reactor armour (Wesson 2011). As the destination for charged particles including spent
fuel, the divertor is exposed to an intense heat flux which can be utilised for the generation
of electricity through transfer to the fluid cooling system (Burchell et al. 1992). Further
discussion on the additional challenges associated with using divertor heat for electricity
generation is presented in Chapter 2. In many divertor designs, such as the ITER concept
described subsequently, thousands of actively cooled armour tiles are attached to the divertor
to help manage the incident heat flux. These are often made of materials like W, which has a
melting point of approximately 3,400◦C.

1.5.1 The ITER divertor design

The current ITER divertor target design includes a water-cooled CuCrZr pipe surrounded
by a pure Cu interlayer (Hirai, Escourbiac, et al. 2014) designed to facilitate joining and act
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Figure 1.4. Cross section of a single magnetic null divertor configuration, with important features labelled.
Reproduced from (G. Federici, Biel, et al. 2017)

as a compliant layer which relieves the thermal stress caused by the difference in thermal
expansion coefficient α (T.R. Barrett et al. 2015). When the monoblock receives a heat flux,
the CuCrZr parts (which have α ≈ 17× 10−6/K) expand at faster rate than the W parts (with
α ≈ 4.4×10−6/K). The interlayer accommodates this by undergoing plastic deformation (M.
Fursdon, J. H. You, et al. 2018). The design is illustrated in Fig. 1.5. Rows of monoblocks
are then assembled and fixed to structural cassette bodies as illustrated in Fig. 1.6 to form the
divertor targets responsible for handling the highest heat fluxes in the reactor.

The ITER divertor is designed to operate with 54 divertor cassettes, resulting in many thou-
sands of monoblocks (R. Pitts et al. 2013). W was chosen for its high melting point which
allows for safe operation between 773 and 1723 K (Abernethy 2017), and relatively high ther-
mal conductivity (174 W/(m K) at room temperature (D. S. Lee et al. 2019)) however there
are associated compromises. W is considered low activation but does undergo significant
transmutation, affecting its performance in ways which are difficult to predict (R. E. Nygren
et al. 2016). It also poses significant safety issues. In the event of loss of coolant to the reac-
tor and air ingress, W forms WO3 which is volatile and creates a pathway for failure of the
device through explosion (Denkevits 2010; Wegener et al. 2017). W was chosen over the
previously considered carbon fibre divertor design due to its resistance to absorbing tritium
(R. Pitts et al. 2013). The amount of tritium present in fusion reactors is likely to be strictly
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Figure 1.5. Sketch of ITER monoblock geometry reproduced from (Delaporte-Mathurin et al. 2020) which
shows the inner CuCrZr cooling pipe set separated from the W monoblock by a Cu interlayer.

Figure 1.6. Illustration of the ITER W monoblock design, including location in the divertor target. Reproduced
from (Bonnin et al. 2017).

controlled by nuclear regulators (Taylor, Ciattaglia, Boyer, et al. 2017). The CuCrZr pipe was
chosen primarily for its thermal conductivity and strength and not its activation characteris-
tics (Thomas R. Barrett et al. 2016). The rationale behind slotting many W monoblocks onto
a single copper pipe has two parts. Firstly, there is a lower transference of stress between indi-
vidual monoblocks as they are not bonded, thus it is more likely that a single monoblock fails
than an entire row (T.R. Barrett et al. 2015). Despite this design, however, the current ITER
protocol is to replace the entire divertor cassette (Thomas R. Barrett et al. 2016). The ITER
divertor must be resistant to high heat flux fatigue such that it can withstand 10MW m−2 heat
fluxes in normal fusion operation and slow transients of 20MW m−2 (M. Fursdon, J. H. You,
et al. 2018). Similar criteria have been assumed when developing components for the Euro-
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pean DEMO project (Muyuan Li and Jeong-Ha You 2017), which is intended ‘as a credible
prototype for a power-producing fusion reactor, although in itself not fully technically or
economically optimised’ (Romanelli et al. 2012, pp. 6). The requirements for ITER and
DEMO divertor monoblocks are comparatively well documented and act as a guideline for
the development of components using design optimisation in this thesis.

1.5.2 Alternative divertor concepts

There are many design constraints and requirements to consider when developing a divertor
concept. The demanding performance requirements must be met whilst ensuring compat-
ibility with other reactor systems such as the blanket, which is responsible for breeding
tritium and extracting heat for power generation. The European Power Plant Conceptual
Study (PPCS) project envisaged five different conceptual designs of fusion power plants
reflecting a progressively more advanced technology and assessed them on the basis of sys-
tems integration over the course of a series of studies (D. Maisonnier et al. 2007). The PPCS
assesses several different divertor concepts and includes discussion on non-traditional coolant
fluids such as helium. A wide range of divertor concepts have been proposed, including
those which rely on gas jet impingement (D. S. Lee et al. 2019), porous insets (Hermsmeyer
and Kleefeldt 2001), liquid metal surfaces (Hirooka et al. 2015) and rotating targets (Mazul
2016), however these exist in different states of maturity and investigation. Fig. 1.7 illustrates
two helium-cooled divertor concepts and indicates the diversity of concepts being proposed.

The paper presented in Chapter 2 discusses a range of these designs in the context of digital
engineering and work modelling their performance, associated uncertainties and interaction
with power plant design.

1.5.3 Design considerations for high heat flux components

High heat fluxes can lead to a range of different damage scenarios in plasma-facing compo-
nents. Thermal stresses are induced in plasma-facing components due to thermal gradients
and differing rates of thermal expansion in multi-material components due to steady state and
cyclic heat loads (Linke et al. 2019). These loading conditions may be expected as part of
standard reactor start-up and operation. Thermal shocks, however, associated with transient
events (often resulting from plasma disruptions) represent a distinct loading condition that
the components must tolerate (Hirai, Pintsuk, et al. 2009). Damage to components can be
associated with both of these scenarios, in combination with the many additional interact-
ing processes that occur in a fusion reactor including radiation and electromagnetic forces.
In (Hirai, Pintsuk, et al. 2009) for example, which assesses the causes of damage in W ar-
mour tiles, plastic deformation at high temperature was found to result in micro-cracks, with
major cracks associated with brittle behaviour in the W. W divertor monoblocks have also
been shown to experience deep cracking due to thermal fatigue at heat loads approaching
20MW m−2, (Muyuan Li and Jeong-Ha You 2015) and are at risk of bulk melting and lo-
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Figure 1.7. Upper: He-cooled modular divertor with jet cooling (HEMJ) concept (reproduced from
(A. R. Raffray, R. Nygren, et al. 2010)). Lower: Mock-up of a helium-cooled divertor featuring a W foam insert

manufactured using chemical vapour deposition (D. Youchison et al. 2007).

calised boiling on leading edges due to transient high heat flux events (J. Gunn, T. Hirai, et al.
2019).

In addition to tolerating high heat loads, plasma-facing components are subject to a number
of other requirements. A series of functional requirements for High Heat Flux (HHF) materi-
als, initially developed for ITER (Burchell et al. 1992) provide a perspective on some of the
considerations associated with tokamak component design. The requirements are divided
into functional and operational requirements. The operational requirements are:

1. to protect the (structural) components from plasma effects and

2. to protect the plasma from degradation by interactions with the plasma-facing materials.

Essentially, the HHF materials must form a barrier between the plasma and structure of the
reactor without hindering the performance of either. The operational requirements are that:
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1. HHF materials must not compromise the safety or environmental aspects of the plant
(including fire, explosion, toxic and radioactive exposure);

2. shall not lead to unacceptable costs and operating schedules of the entire plant or

3. interfere with the operation of other requirements.

These requirements largely relate to integration challenges and focus development towards
solutions that permit operation of a commercially viable reactor which does not require
lengthy maintenance periods or expensive materials development programmes. Additional
requirements state that HHF components must exhibit the following properties:

1. high thermal-shock resistance;

2. acceptable irradiation-induced property changes;

3. minimal tritium retention;

4. low erosion rates;

5. tailorable thermal conductivity;

6. low outgassing;

7. resistance to steam oxidation;

8. manufacturing compatibility and

9. maintainability.

These requirements were targeted specifically to the development of Carbon Fibre Composite
(CFC) plasma-facing components and the reader is referred to (Burchell et al. 1992) for a
full discussion. One point of note, however, is that in the development of a CFC divertor
concept there was a desire for the (directional) tailoring of material properties. Whilst CFC
plasma-facing components may have been deselected for ITER (due to cost and issues with
tritium retention (Dolan 2014)), it is possible that similar tailoring of material properties
may be possible with a combination of additive manufacturing and topology optimisation
techniques (Alexandersen and Boyan Stefanov Lazarov 2015).

It is clear that these requirements place significant constraints on the design of plasma-facing
components in addition to their primary function of handling heat loads. This contributes
significantly to the challenge of designing plasma-facing components, as each additional
requirement reduces the design space available. Another challenge for materials, set out by
the European Fusion Development Agreement (EFDA) in (Romanelli et al. 2012) is that
‘at around 100 years after the reactor shutdown all the materials can be recycled in a new
reactor’ (Romanelli et al. 2012, pp. 5). This and similar goals relating to minimising irra-
diated waste have contributed to the development of low activation materials as outlined in
(Bloom et al. 1984) and influence the ITER divertor design. It could therefore be considered
desirable to minimise the use of materials like Nb, Mo, Ni, and Cu which are likely to remain
significantly activated for over 100 years (Okada, Noda, and Abe 1989).
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1.6 Fusion technology readiness and development

A report on the idea of Technology Readiness Levels (TRLs), published in 1999 found that
the maturity of a technology is one of the most important factors in its eventual success. The
TRL classification system is based on 9 levels of readiness from basic scientific principles
to a commercially fully functional product (United States General Accounting Office 1999).
These principles have since been applied to many industries, and tokamak component devel-
opment in (M. Tillack 2009), which provides several key results relevant to the development
of the divertor. It is concluded that many ITER technologies are not reactor relevant and
therefore do not advance the TRL. This includes heat and particle flux handling, which has
a TRL of 3 (with no improvement expected due to ITER) and maintenance, which has the
lowest TRL at 1. These technologies are crucial for the divertor as it is subject to the highest
heat loads and therefore will likely require regular replacement in a reactor, particularly if it
contains Cu alloys susceptible to radiation damage (Tobita, Ryoji Hiwatari, et al. 2019). In
(Pearson et al. 2020), technology road-mapping for fusion startups is discussed. It is claimed
that the linear development approach followed by publicly funded fusion research - inspired
by 20th century success projects like fission power and the space race - has failed for fusion,
in part due to the delays caused by strict adherence to the avoidance of risk of failure. Agile
and lean development schemes, which originated in software and hardware development
respectively, are proposed as the solution. These approaches emphasise rapid learning and
adaptation to failure in order to iterate towards a minimum viable device which is scalable to
commercial implementation. It is also argued that this approach prevents another risk - that
of technologies becoming outdated over long development times.

1.7 Topology optimisation for design

Topology optimisation is a technique which involves the optimal distribution of material
in a design domain in order to minimise (or maximise) an objective function, subject to a
number of design constraints. Topology optimisation differs from other more traditional
design optimisation techniques in that it allows for the creation of new boundaries in a design,
rather than simply changing the size or shape of existing ones, as shown in Fig. 1.8.

Many different implementations of topology optimisation exist, including gradient-based
methods and those based on genetic algorithms which take inspiration from biological pro-
cesses. Topology optimisation can yield non-intuitive designs, established in a quantitative
manner from a very generic initial problem statement. The implementation used in this
project relies on gradient-based methods rather than heuristic techniques such as genetic
(or evolutionary) algorithms. Gradient-based topology optimisation uses a single-valued
objective function to characterise some aspects of system performance. Objective functions
can be composed of multiple terms associated with different properties such as pressure
drop or thermal gradient and given different weightings depending on the requirements of
the optimisation problem. COMSOL Multiphysics 5.6 ®(COMSOL 2021), is used for the
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Figure 1.8. Different techniques for optimisation of a truss structure, where initial setups are shown on the left
and optimised results on the right. a) Sizing (or geometric) optimisation where the size of individual features

can be modified. b) Shape optimisation allows for the modification of already existing boundaries in the design.
c) Topology optimisation allows for the creation of new boundaries and is therefore the most generic

optimisation technique. Reproduced from (M. P. Bendsøe and O. Sigmund 2003).

topology optimisation performed in this thesis.

Whilst topology optimisation has traditionally been applied to compliance minimisation in
structural problems, (M. P. Bendsøe and O. Sigmund 2003) the technique is gradually being
applied to a wider range of systems. The publication of (Borrvall and Petersson 2003) has
led to significant work applying topology optimisation techniques to fluid systems where
the technique can be used to modify flow channels. Furthermore, as discussed in (T. Dbouk
2017), focus on thermal and in some cases thermal-fluid topology optimisation problems, has
been increasing.

The topology optimisation problem can be formalised as shown in Eqs. 1.2 - 1.6, which are
based on the formulation presented in (Jan H. K. Haertel, Engelbrecht, et al. 2018) as are
Eqs. 1.7-1.10 apart from 1.7 which follows the COMSOL implementation (COMSOL 2021).
Where F = F (γ, s(γ)) is the objective functional, subject to constraint functionals Gi (and
M extra constraints). The local material density varies continuously throughout the design
domain Ω and is given by γ which can have values between 0 and 1.

minimise
γ

: F = F (γ, s(γ)) =

∫
Ω

f(γ, s(γ))dV (1.2)

subject to : R(γ, s(γ)) = 0 (1.3)

and : G1(γ) =

∫
Ω

γdV − fVΩ ≤ 0 (1.4)

Gi(γ, (γ)) ≤ 0 with i = 2, ...,m+ 1 (1.5)

0 ≤ γ(x) ≤ 1 ∀xεΩ (1.6)

s is the state vector and R is the residual relating to the discretisation. G1 is a volume con-
straint which controls the fraction f of the design domain volume VΩ that the optimised
geometry is permitted to occupy.

The choice of objective function and the associated constraints are crucial in the setup of
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an optimisation problem. The objective function is a scalar quantity which is maximised or
minimised according to a set of constraints and boundary conditions and may be composed
of multiple individually weighted variables. Constraints on the problem can take a wide
variety of forms. They can be geometrical such as a choice of design domain, based on
maximum or minimum volume or surface-area fraction, or almost any physical property
which has a well-defined derivative with respect to the design variables.

1.7.1 Interpolation and penalisation

The density-based method for topology optimisation implements changes to the objective
function through modification of a continuously varying material density field γ. The mate-
rial properties of an element at arbitrary density must therefore reflect any physical properties
described in the objective function. This is performed by means of an interpolation function,
which establishes values for intermediate material properties. This means that if the objective
is to minimise compliance (maximising stiffness) for example, the material Young’s modulus
must be interpolated to provide values for intermediate-density elements.

One of the most commonly implemented interpolation techniques is the SIMP (Solid Isotropic
Material with Penalisation) method (G. I. N. Rozvany 2009). The material properties of the
extremes of the spectrum are usually well-defined, i.e. solid vs void or ‘material 1’ vs ‘ma-
terial 2’. However, the intermediate values of physical material properties are often hard to
define in a physically meaningful way. This problem is tackled with the use of material penal-
isation. Penalisation reduces the number of elements with intermediate densities, justified on
the basis that intermediate material densities would in most cases result in designs which are
not suitable for manufacture by conventional techniques (M. Zhou and G. Rozvany 1991). In
the SIMP method, the local value of material penalisation γp is calculated using a power law
relation shown in Eq. 1.7. γmin is the minimum penalised volume fraction, which is typically
given a small positive value for numerical stability, p controls the level of penalisation.

Γp = γmin + (1− γmin)γ
p (1.7)

The penalised volume factor Γp can be thought of as the local value of the design penali-
sation, or the degree to which different elements have their density pushed towards 0 or 1.
Exponents of p > 1, therefore, reduce the values of γ where it is between 0 and 1. A continu-
ation method whereby the value of p is slowly increased from 1 to 4 is often recommended
to aid in avoiding convergence to local minima (Eschenauer and Olhoff 2001). Other com-
mon practices exist, including the recommendation of an exponent of p ≥ 3 for materials
with a Poisson’s ratio on the order of 1/3 (O. Sigmund 2001). Another penalisation scheme,
sometimes referred to as ‘Darcy’ penalisation is associated with the topology optimisation of
fluids, as shown in Eq. 1.8.

Γp =
q[1− γ]

q + γ
(1.8)
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Here, the topology optimisation design domain is conceptualised as a porous medium, based
on a methodology proposed in (Borrvall and Petersson 2003) where elements become part
of the fluid or non-fluid domain when their properties tend towards full or zero permeability
respectively. q is a constant which controls the strength of penalisation.

1.7.2 Techniques for design control

Projection and filtering are two commonly used techniques used to exert additional control on
the optimisation problem. Filtering is used to enforce a minimum length scale and to reduce
mesh dependency. The filter averages the density of similar nearby elements to produce a
new value for local material density with a resolution corresponding to the specified filter
radius, as shown in Eq. 1.9.

−r2filter∇2γ̃ + γ̃ = γ (1.9)

Where γ̃ is the filtered value of the continuous density field and rfilter is the filter radius.
More detail on the use of this Helmholtz filtering technique can be found in (B. S. Lazarov
and O. Sigmund 2011).

Projection is a technique which involves taking elements with intermediate material proper-
ties and amplifying their deviation from the projection threshold η to the closest extreme of
density (either 0 or 1). COMSOL uses a form of Heaviside projection based on the imple-
mentation in (F. Wang, Boyan Stefanov Lazarov, and Ole Sigmund 2011), as shown in Eq.
1.10.

¯̃γ =
tanh(βη) + tanh(β(γ̄ − η))

tanh(βη) + tanh(β(1− η))
(1.10)

Where β controls the gradient of the projection. Projection is used to combat the blurring
of boundaries associated with filtering techniques. These techniques must be implemented
with care, however, as they can move the problem away from a mathematically rigorous
optimisation problem towards one where the subjective use of tuning parameters can make
results difficult to replicate, as discussed in (G. I. N. Rozvany 2009).

1.7.3 The method of moving asymptotes

The Method of Moving Asymptotes (MMA) is an optimisation algorithm developed in
1987 in (Svanberg 1987) that is commonly employed for topology optimisation problems
in the literature. These studies typically use the algorithm presented in (Svanberg 2002)
which contains a MATLAB ®script made available for academic usage. The MATLAB
implementation is expanded upon and made globally convergent in (Svanberg 2007). The
method is an iterative technique whereby the optimisation problem is split into a series of
strictly convex approximate sub-problems. It is designed to handle a wide variety of element
sizes, design variables and constraints, where the derivative of the constraint with respect to
the design variables can be calculated numerically (Svanberg 1987).
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1.7.4 Interaction with fusion research

Any results from plasma physics or material science research that can be translated into a ma-
terial property or model input, such as a modified Ductile to Brittle Transition Temperature
(DBTT) or a specifically tailored heat load, can be used to make the topology optimisation
process more appropriate to the application area. As the techniques involved become more
mature, it may also be possible to incorporate additional capabilities, such as, for exam-
ple, optimisation for material properties that change in time over the course of component
lifetimes.

1.8 Monoblock design exploration

The left side of Fig. 1.9 shows the ITER-style monoblock geometry considered for topology
optimisation in Chapters 5, 6. The right side of Fig. 1.9 shows a geometry inspired by the
monoblock variation presented in (Oh et al. 2021), which is discussed in Chapter 7. The
concept combines the rectangular coolant channel of the hypervapotron with a monoblock
armour concept. Apart from the coolant channel and explicit modelling of the sacrificial
armour layer, the sub-components have similar material assignments to those in the ITER-
style monoblock. It should be noted that whilst the sacrificial armour layer is shown as a
separate part, this is to visually separate it from the topology optimisation domain, and it is
part of a continuous armour plate.

The guiding methodology behind this project involved building up a topology optimisation
workflow from the simplest possible case. Furthermore, the decision was made to constrain
the work to existing geometries as much as possible, to facilitate comparison to published
literature and constrain the otherwise broad and poorly defined design space. The sacrificial
armour layer, coolant pipe and interlayer are left as unmodified in order to maximise com-
patibility with the baseline design, leaving the armour domain and the internal coolant pipe
geometry available for topology optimisation.

For the case of the monoblock, the simplest relevant topology optimisation problem was
identified as involving thermal conduction in the solid domain only. The results of this are
presented in Chapter 5. The incorporation of thermally induced stress involved coupling
the thermal simulation to a structural analysis, adding complexity to both the finite element
modelling and the specification and weighting of multiple optimisation objectives. This
methodology, implemented in Chapter 6 could be extended to include many more constraints
and additional physics without significant additional effort as long as the software and com-
putational resources allow for it. Recently, the top edge of the monoblock has been modified
in some locations in the divertor to include a bevel which reduces the severity of heat flux
concentration at leading edges (R. A. Pitts et al. 2017). Topology optimisation in Chapter
6 indicates the impact of this (seemingly minor) design change on optimum geometries
and demonstrates the technique’s ability to respond to asymmetric loading conditions. A
discussion of published work regarding the design and enhancement of thermal-structural
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Figure 1.9. Monoblock geometries for study using topology optimisation. Left: ITER-style monoblock. 1) W
armour, 2) Sacrificial W armour layer to account for erosion during the component’s lifetime. 3) Cu interlayer to

relieve thermally induced stress. 4) CuCrZr coolant pipe. Right: novel monoblock design inspired by work
presented in (Oh et al. 2021).

performance in plasma-facing component armour domains is presented in Section 2.4.3.

Finally, the problem is extended to the fluid domain. Compared to solid domain thermal-
structural optimisation, topology optimisation of the fluid domain using Computational Fluid
Dynamics (CFD) is more complex in its setup and computational requirements. In addition
to the complexity which arises in the computational representation of fluid behaviour, the
fluid domain optimisation geometry (shown on the right of Fig. 1.9) requires a 3D treat-
ment, significantly increasing the computational resources required. The application of
topology optimisation to the monoblock fluid domain was seen as the natural extension of
the work performed in the solid domain as a means of testing the limits of the technique as
implemented in commercially available finite element software. This approach was under-
taken as opposed to, for example, a more detailed implementation of the currently accepted
design-by-analysis rules presented in (M. Fursdon, J. H. You, et al. 2018) and discussed in
Section 2.4.2. The justification for this decision is as follows: topology optimisation and
the manufacturing techniques required to produce the resulting geometries are sufficiently
immature that the design rules are likely to change before they can reliably be built, and
consequently, the technique is currently best used for design space exploration. A discussion
of the thermal-hydraulics of divertor plasma-facing components is presented in Section 2.4.8.

1.8.1 Previous studies on topology optimisation for fusion

To the best of the author’s knowledge, at the start of this project, there were no published
applications of topology optimisation to fusion reactor plasma-facing components. As a
result of this, the application of the technique to the divertor monoblock was pursued inde-
pendently and cautiously, with the goal of building on an initial proof of concept application.
The divertor monoblock was chosen as the target geometry for optimisation due to some
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of the reasons outlined already, relating to the high-performance requirements and design
challenges. It was thought that if techniques that result in a higher cost of manufacture were
applied to fusion reactor component design, they are most applicable to the components
currently facing the toughest design challenges. The divertor monoblock was also attractive,
as some of the design challenges - particularly those of providing efficient heat transfer and
acceptable pressure drop - can be characterised largely with physics commonly available in
mainstream finite element software. This was necessary, as open-source topology optimi-
sation codes were found to be used largely by their creators and respective research groups,
with external users presented with long development times due to a lack of documentation or
interest in collaboration.

Two significant studies have since published similar applications of topology optimisation
to the divertor monoblock: (Curzadd et al. 2019), and (Kerkhof et al. 2021). Both of these
implementations rely on in-house codes and focus on minimising von Mises stress and yield-
criterion objectives in representations of the divertor monoblock, with emphasis on the
stress-free temperature associated with residual stresses in AM components. (Kerkhof et al.
2021) uses finite volume techniques whereas (Curzadd et al. 2019) uses the finite element
method. (Curzadd et al. 2019) tests the use of global volume fraction and cell-density con-
straints which limit the concentration of W or Cu in a particular element. The former is not
found to be useful whereas it is claimed that the latter can be applied to act as a proxy for
manufacturing constraints. (Kerkhof et al. 2021) implements temperature based constraints
but does not investigate the use of temperature-based objective functions. Both studies re-
sult in designs that significantly outperform the baseline geometry. (Curzadd et al. 2019)
suggests that more work needs to be completed investigating the influence of the stress-free
temperature and the behaviour of W-Cu composite materials. (Kerkhof et al. 2021) indicates
the need for optimised designs which perform well outside the conditions they have been
optimised for, given the range of potential transient conditions plasma-facing components
are exposed to and the need to account for lifetime effects such as cyclic loading in the for-
mulation of objective functions. The unknowns associated with the stress-free reference
temperature are also noted. Both papers ultimately attempt to formulate optimum geometries
suitable for manufacture, with neither - by their own admission - succeeding. This shows
a different approach to the perceived usefulness of topology optimisation in contemporary
plasma-facing component design from the one followed in this thesis. In this project topology
optimisation is used primarily as a design exploration tool, in the knowledge that as all the
contributing technologies mature, design requirements will change and capabilities evolve.
The power of topology optimisation is considered to be its flexibility to investigate multiple
objectives, and its ability to start from a very generalised problem. Furthermore, the possi-
bility to illustrate the impact of design changes such as the introduction of asymmetry in the
monoblock through bevelling or different fixing mechanisms (explored in Chapters 5 and 6)
or in concept development for novel plasma facing components (as explored in Chapter 7)
became apparent.

Work presented in (Domptail et al. 2020) also performs optimisation of the divertor monoblock,
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in the design of a thermal-break interlayer, however, the methodology used is that of tradi-
tional sizing optimisation (shown in Fig. 1.8), where the magnitude of different parameters
is altered to find an optimum sizing, a technique which bears little similarity to topology
optimisation as it requires a well-defined geometry and concept. The initial designs are
combined with a design-search approach where a genetic algorithm is used to identify the
optimum combination of parameters. Whilst this approach differs from the topology optimi-
sation methodology, the detailed parameterisation of the design allows for the specification
of more detailed constraints. It is therefore less useful as early-stage design exploration and
more applicable to a concept that is intended for imminent manufacture and testing. The
sub-components of the design are already well-defined and so the rules outlined in design
codes and rules such as the Monoblock Elastic Analysis Procedure (detailed in (Thomas R.
Barrett et al. 2016)) can be applied more easily. This paper does however provide a model
for an optimisation procedure to be performed after initial topology optimisation concept
development. Ideally, the techniques shown in Fig. 1.8 should be applied in reverse of the
displayed order, with topology optimisation used to define the initial design concept, shape
optimisation used to refine the boundaries and sizing optimisation used for localised control
over the scale of features.

1.9 Overview of topology optimisation workflow

A simplified overview of the topology optimisation process is detailed in Fig. 1.10, which
is broadly representative of the techniques used throughout the remainder of this thesis,
however, projection and filtering techniques are not always used. As shown in Fig. 1.10,
once the solution to this has been obtained, the geometry can be updated based on the local
material densities, giving an intermediate result. Then, any filtering and projection is applied
and the process is repeated until the convergence criteria are met.

The following series of figures illustrate some of the major workflow steps when performing
topology optimisation in COMSOL Multiphysics. Some of the following steps can be carried
out in scripting environments, however, they are shown here performed in the graphical user
interface (GUI). This section is not a re-creation of the COMSOL Multiphysics user manual
or online tutorials but is designed to illustrate some of the key elements of the process that
differ from traditional finite element analysis. The point is not to show the finer points of
the graphical user interface but to illustrate where the techniques outlined in the previous
sections can be implemented. The standard process of setting up a standard simulation in the
software is not detailed, as tutorials on this are readily available online and in COMSOL’s
user manual (COMSOL 2021).

The COMSOL project variables window - which facilitates easy parameterisation of the
topology optimisation implementation - is shown in Fig. 1.11. These parameters can be
set up to link material properties such as thermal conductivity (k), density (ρ) and heat
capacity (Cp) between the relevant materials used in the optimisation to permit interpolation
as shown in Eqs. 1.11, 1.12 and 1.13. Γp is the degree of penalisation defined in Eq. 1.7. The
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Figure 1.10. Simplified topology optimisation flow chart indicating some of the main steps in the topology
optimisation process.

subscript ‘Cu’ refers to the variation of the property in copper and the subscript ‘W’ refers
to its counterpart in W. More details regarding the implementation of suitable interpolation
schemes, constraints and objectives are presented in Chapter 6.

kp = (kCu − kW )ΓP + kW (1.11)

ρp = (ρCu − ρW )ΓP + ρW (1.12)

Cp = (Cp(Cu) − Cp(W ))ΓP + Cp(W ) (1.13)

The use of Γp in Eqs. 1.11, 1.12 and 1.13 links the interpolation type (specified in the set-
tings shown in Fig. 1.12) to these linked material properties. Once these parameters have
been established, they must be specified in the relevant physics interface settings. For exam-
ple, a variable containing the thermal conductivity interpolation must then be activated in
the settings for the heat transfer interface. When performing multi-physics, multi-objective
optimisation, as is required to capture thermally induced stress, it is important to ensure the
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Figure 1.11. The variables utility can be used to define the material interpolation between specific parameters,
and to parameterise material properties not easily available in the GUI.

relevant parameters are coupled and used consistently.

Fig. 1.12 shows the primary settings window for the specification of topology optimisation
parameters. The decision regarding whether or not to use filtering and projection is problem-
specific and dependent on the goal of the optimisation. Careful use of both can result in
smoother, more manufacturable designs and can aid in the imposition of minimum feature
size, however, they alter the optimisation problem and should therefore be approached with
caution. The interpolation type can also be specified, with pre-defined options for SIMP,
RAMP and Darcy interpolation available, as well as the possibility for user-defined inter-
polation. A discussion of the various merits of different interpolation schemes is presented
in (Ramalingom, Cocquet, and Bastide 2018). The choice of design domain should also be
approached with consideration of the tolerable level of design freedom and the design driving
features. Constraints on the design can be applied such that they are satisfied by the average
value across a domain, line or point, or such that they must be true for every element in a
specific region, as is the case for the constraint shown in Fig. 1.13.
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Figure 1.12. COMSOL topology optimisation settings. This interface allows the specification of settings
relating to filtering, projection and interpolation. Furthermore, it is where the design domain (where topology

optimisation is to be performed) is defined.

Figure 1.13. Screenshot showing the specification of a point-wise inequality constraint. This type of constraint
must be true at all elements in the specified region and is therefore useful for the specification of material

operational temperature limits.

Fig. 1.14 shows the settings pane for the topology optimisation algorithm, which can be used
to define controls over convergence, objective functions and additional constraints. This is
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typically where volume fraction constraints would be applied, however, constraints based on
a domain probe can also be defined.

Figure 1.14. Topology optimisation algorithm settings, including the ability to specify the method and
optimality tolerance (which controls the convergence criterion). Objective functions (defined using domain

probes), the choice of minimisation or maximisation, the treatment of multiple objectives, and any additional
constraints can also be defined here.

A key component of the fluid optimisation performed in Chapter 7 is the specification of a
force which opposes flow, which can be implemented using a volume force in COMSOL
as shown in Fig. 1.15. This is used to manage the transition between fluid and solid ele-
ments. In Chapter 7, this is described as a friction force f, which is proportional to the fluid
velocity (v), and given by: f = −αv, where α(r) is the inverse of the local permeability
in the medium at position r. As inverse permeability increases, the flow is restricted, with
velocity tending to zero in ‘solid’ regions. The porous medium is described by the Darcy law
q = − k

µ
∆p where q is the instantaneous flow rate, k is the permeability, µ is the dynamic
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Figure 1.15. COMSOL GUI showing the application of a volume force to oppose flow and aid in the simulation
of the transition from fluid to solid elements.

viscosity of the fluid and ∆p is the pressure drop. The Darcy number (Da) represents the
relative impact of the permeability of a medium over its cross-sectional area and is defined as
Da = k

d2
where d is the characteristic length.

If the topology optimisation GUI settings are insufficient for the physics required in the topol-
ogy optimisation, the parameters used by the solver can be modified directly, as shown in
Fig. 1.16. This can be used, for example, to modify the turbulence models in fluid topology
optimisation problems, to ensure that turbulent parameters reduce to zero in solid domains
and is implemented in Chapter 7.
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Figure 1.16. The parameters used by the physics interface are exposed in the GUI and are directly modifiable,
allowing for the definition of additional topology optimisation parameters.

1.10 Additive manufacturing and functional grading

Additive manufacturing (AM) takes the opposite approach to traditional subtractive manufac-
turing processes, which typically remove material to achieve the desired geometry. Instead,
AM involves the use of a high-powered energy source to build components a single layer at a
time from a base powder or wire. This technique allows for the creation of near-net designs
directly from a virtual model and can increase design flexibility, allowing for the manufac-
ture of complex geometries not previously possible. AM is an emerging industry, however,
some application has already been made to tokamak high heat flux component design. In
(Hancock, Tom Barrett, et al. 2015) and (Hancock, Homfray, et al. 2018), the application of
AM to tile-based divertor designs incorporating tantalum as a structural material is explored.
Functionally graded components are those with gradually varying spatial transitions between
material properties which may be the result of structural differences (such as different levels
of porosity) or differences in elemental composition. These components typically require
advanced manufacturing techniques and functionally graded AM components have often
been proposed (Loh et al. 2018). Functional grading of high heat flux components is also
discussed in (R. E. Nygren et al. 2016), including the development of materials with layers of
controlled porosity and features such as microfibres or nanoparticles to capture transmutation
products and limit tritium retention. Functionally graded components made possible by AM
could allow smooth transitions between materials properties where needed, reducing some of
the stress caused by differences in thermal expansion, as is common in divertor monoblocks
between the W and the CuCrZr cooling pipe (Katoh et al. 2018; Q. Li et al. 2019).
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AM is not without challenges however, a recent assessment of AM (Tofail et al. 2018) identi-
fies (among others) the following issues.

• AM fabrication machinery needs to be developed such that self-contained, robust, safe
and user-friendly systems with appropriate build characteristics including power, scan
motion, speed and energy are available.

• Parts often lack homogeneity in material properties and contain dimensional inaccura-
cies.

• AM components often need extensive surface treatment and finishing to resolve rough-
ness and may still contain surface porosity.

• Several issues relating to metrology including providing adequate quality assurance,
process optimisation, and diagnostic information that needs to be performed in real-
time.

• Direct Metal Laser Sintering, an AM technique utilised to build the samples analysed in
Chapter 3, is identified as relatively slow, with size limitations, a lack of structural in-
tegrity in the resulting parts, a high power requirement and a finish which is dependent
on the precursor powder size.

Another review, (Loh et al. 2018), which focuses on functional graded AM (FGAM) compo-
nents found the following challenges:

• AM parts frequently exhibit internal and external defects, including voids, areas of
porosity, and unsintered material.

• Operational parameters are poorly understood and require manual fine-tuning for spe-
cific component builds.

• Most commercial AM focuses on single material builds, limiting the potential applica-
tions.

• Material characterisation is inadequate for FG-AM structures.

• There is a lack of predictability concerning the material phase and the transition in
properties in built parts.

The resolution of these problems is not the focus of this thesis, however, they are mentioned
here to illustrate the context around AM technology, which is undergoing significant growth
in capability and commercial implementation (Tofail et al. 2018), with many seeing a poten-
tial for the development of high-performance metal parts (Herzog et al. 2016).

The functionally graded components proposed in (Curzadd et al. 2019), discussed in more
detail in Section 1.8.1 rely on Cu infiltration of AM W components. This is one method for
functional grading which doesn’t fully rely on additive manufacturing. In the infiltration tech-
nique, Cu is drawn by capillary forces into the pores of a W skeleton structure, as described
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in (J.-H. You et al. 2013). The development of stronger functionally graded interfaces which
use Cu1CrZr instead of pure Cu as a monoblock interlayer to reduce thermally induced stress
is explored in (J.-H. You et al. 2013). The study showed a linear dependence of coefficient of
thermal expansion with CuCrZr content and a slightly better than linear relationship for yield
stress with W content, attributed to the strength of the three-dimensionally networked W
skeleton structure. Further characterisation of the material properties of functionally graded
interfaces will enable better definition of interpolation schemes for topology-optimised
components.

1.11 Summary of context and motivation

The goal of this thesis is to investigate the opportunity for applying a topology optimisation-
focused design workflow to the fusion divertor, in the context of metal-based additive man-
ufacturing techniques which permit the realisation of complex designs. It is envisaged that
the ongoing development of these techniques may contribute to the development of fusion
reactor components in one of two ways. Firstly, in line with the agile approach to fusion
hardware development discussed in (Pearson et al. 2020), it could be used to rapidly generate
prototypes with different performance characteristics for testing in a dedicated facility like
IFMIF (a fusion test facility described in (Knaster et al. 2017)) or in a tokamak test facility
that allows for easy exchange of components. Another approach involves application to the
later stages of development in the linear approach to fusion commercialisation associated
with the European fusion Roadmap described in (Romanelli et al. 2012). Development of a
set of standardised concepts such as the monoblock could continue, in the knowledge that
once the operating conditions and constraints present are known, techniques like topology
optimisation could then be used to tailor the components to the needs of specific devices.
This could be supported by advancements in techniques that target virtual qualification, such
as Image Based Simulation (IBSIM) which uses techniques like X-ray tomography to scan
real components for virtual analysis, as proposed in (Evans, Minniti, and Tom Barrett 2019).
It should also be noted that additive manufacturing is not the primary focus of this thesis but
an enabling technology. The focus is the potential of topology optimisation for application to
component design and the identification of broader challenges and opportunities in fusion
reactor design. This information is relevant to the consideration of material property interpo-
lation for topology optimisation. Further research into the material properties of functionally
graded materials will facilitate a more realistic generation of optimum geometries using
topology optimisation.

1.12 Thesis structure

The thesis is presented in journal format as a series of papers. Papers 1 and 2 provide the
fusion and manufacturing context for the topology optimisation presented in papers 3, 4 and
5. Paper 1 aims to demonstrate some of the design challenges associated with fusion reactors
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and considers the impact of both reactor scale decisions and component-level performance
results. It is postulated that because of the extreme challenge associated with designing
components to survive fusion reactor conditions and the restrictions on design due to plant-
level constraints and system integration issues, a design approach which is able to adapt
to both upstream and downstream pressures is required. Paper 2 presents an investigation
performed as part of a collaboration with an additive manufacturing company as part of
a fusion CDT initiative to broaden the experience of PhD candidates and so the focus is
somewhat different to the rest of the work. It is included as part of the thesis as it discusses
optimisation of the build process for a fusion-relevant alloy - CuCrZr - which is present in
the monoblocks which undergo topology optimisation in papers 3,4 and 5. Papers 1, 2 and 3,
4, 5 are separated by a chapter which includes a literature survey of topology optimisation
focused on fluid and thermal problems and a software evaluation, performed in preparation
for the topology optimisation work.

Paper 1 - A Review of Tokamak Divertor Design for Digital Engineering

This paper aims to illustrate the considerations required in the digital engineering design of
plasma-facing components for the divertor. It details the constraints and design requirements,
placed on the component, which occur on a range of different scales, from the device level to
the component. The paper provides a high-level overview of the challenges in divertor design
and is set in the context of motivation in the research community for integrated approaches
to reactor modelling which combine simulation and experimental data. An example of this
approach is the Integrated Nuclear Development Environment (INDE) presented in (E. A.
Patterson et al. 2019) which aims to translate a hierarchical integration of experiment and
simulation found to be successful in the aerospace industry to nuclear fusion. There is also
a move towards greater design flexibility, as exemplified by the BLUEPRINT systems code
presented in (Coleman and McIntosh 2019), which aims to facilitate evaluations of DEMO
designs that differ more significantly from the baseline design by reducing development and
testing time.

Paper 2 -Thermal Testing of Additively Manufactured CuCrZr Samples for Application to

Nuclear Fusion

This section details a ‘Collaboratory Project’ undertaken as a required part of the Fusion
CDT programme. Students were encouraged to seek collaborations outside of the normal
scope of their project in order to develop research skills. Following approval of a proposal,
a collaboration which included a placement with an additive manufacturing company - 3T
AM - was undertaken. This consisted of working with engineers on process optimisation
for CuCrZr material designed for high heat flux application. Subsequently, thermal testing
of this material was performed at the University of Manchester. This testing consisted of
Laser Flash Analysis (LFA) to establish the thermal diffusivity, which was calibrated using
dilatometry in order to account for the effects of thermal expansion. LFA is based on the
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measurement of the temperature rise on the rear face of a specimen in response to illumina-
tion of the opposing side by a laser pulse of known energy. Dilatometry measures the linear
expansion of a sample of known length over a programmed temperature range. Thermal
diffusivity (D) is then related to thermal conductivity (λ) through a known specific heat
capacity (Cp), and mass density (ρ), as described in Eq. 1.14.

λ = DCpρ (1.14)

The CuCrZr samples tested were part of ongoing work at 3T-AM to accelerate and optimise
the build process. The change in the build parameters between samples produced measurable
differences in the thermal properties, with the sample representing the fastest build process
achieving the highest thermal diffusivity and the lowest coefficient of thermal expansion.

Topology optimisation literature survey and software evaluation

This chapter contains a review of the previous applications of topology optimisation to both
thermal and fluid problems. Subsequently, a software evaluation process is presented which
includes the evaluation of commercial and open-source software based on their availability,
associated development time, and applicability to the modelling requirements. COMSOL
Multiphysics is identified as the most promising candidate.

Paper 3 - Thermal Topology Optimisation of a Plasma Facing Component for use in

Next-Generation Fusion Reactors

This paper is a proof of concept demonstration of thermal topology optimisation of the
divertor monoblock. The paper was presented at the UKACM2021 virtual conference and is
available online (see (O. H. R. Marshall et al. 2021)). Topology optimisation is applied to
two different geometries, the first is based on a symmetric divertor monoblock design and the
second introduces asymmetry through means of a bevel which is incorporated to reduce heat
flux concentration caused by leading edges. A density-based topology optimisation method is
implemented which uses the Solid Isotropic Material with Penalisation (SIMP) technique to
ensure the formation of discrete material domains. The majority of the main armour block
apart from the sacrificial armour layer is used as a design domain for topology optimisation.
In the design domain, the thermal material properties are allowed to vary between those
of W and Cu in order to meet an objective. Three objectives are investigated, with the first
two based on the minimisation of thermal properties: temperature and thermal gradient,
and the final one maximising conductive heat flux, for both flat and bevelled monoblocks.
The resulting geometries are then subjected to transient heat fluxes representative of those
expected in ITER.

Paper 4 - Multi-Objective Topology Optimisation of a Tungsten Divertor Monoblock,
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with Consideration of Toroidal Bevelling and Multiple Attachment Scenarios

This paper extends the established topology optimisation methodology to incorporate the
simulation of thermally induced stress. Stress reduction is regarded as one of the most signifi-
cant challenges to overcome with the divertor monoblock design. Thermally-induced stress
is caused by the mismatch between the coefficients of thermal expansion (CTE) of W and
CuCrZr, meaning that they expand at different rates in response to a temperature increase.
This is compounded by the one-sided heat load and the concentration of heat flux around the
circular cross-section coolant pipe. In addition to the flat and bevelled monoblocks already
considered, the study is extended to investigate the consequences of modelling different at-
tachment techniques present in the divertor monoblock design. Unlike in the previous paper,
intermediate material properties are not penalised. This is done to allow the optimisation
problem to create a smooth transition between material CTEs and permits physical interpreta-
tion through functional grading techniques. The impact of the differences in geometry and
constraints is clearly evident in the optimised designs. Whilst the topology-optimised designs
show significant reductions in von Mises stress and temperature, one of the main results of
the paper is in demonstrating the sensitivity of optimal designs to loads and boundary condi-
tions. This links to the findings of Chapter 2, where it is established that there is significant
uncertainty remaining in divertor design requirements.

Paper 5 - Conjugate Topology Optimisation of Turbulent Flow for the Design of Novel

Plasma Facing Component Geometries

This paper considers the extension of the topology optimisation technique to a monoblock
coolant pipe. Material properties are allowed to vary between those representative of CuCrZr
and H2O in the fluid domain. The study uses a plasma-facing component geometry recently
proposed in (Oh et al. 2021) as the basis for optimisation. This geometry is chosen for its
high fluid volume and as the initial geometry likely requires additional manufacturing com-
plexity. It is therefore identified as a good candidate for demonstrating the synergy between
topology optimisation and AM, where the complexity of design is not always directly related
to manufacturing costs. The topology optimisation investigates the influence of a number of
thermal objectives on the design of internal features, performed with a maximum pressure
drop constraint. The implementation of k− ε turbulence modelling in the computational fluid
dynamics pushes the limits of the available computational resources but results in optimised
geometries with internal features that promote convective heat transfer in the fluid.

Conclusions and further work

Chapter 8 summarises the work conducted, and details the potential for future work estab-
lished by individual chapters.
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Overall discussion

Chapter 9 presents an overall discussion of the project and a more general discussion of
future work relating to the fields of plasma-facing component design and topology optimisa-
tion.

Appendix

This section includes a proposal selected as one of six finalists in the International Atomic
Energy Association Net Zero Competition, which was held in preparation for the COP26
climate change conference (IAEA Selects Winner of Net Zero Challenge on Policies for Clean
Energy Transition 2021). The competition called for policy proposals for the ‘clean energy
transition’. The policy presented involved the establishment of a partnership between af-
forestation plans and the siting of Advanced Modular Reactors (AMRs) in order to improve
public perception of nuclear power and accelerate the planting of trees in the UK. The sub-
mission progressed to the final round of judging, which occurred following a presentation on
the margins of the 65th IAEA General Conference.

1.13 Statement of contributions

All work presented in the main body of the thesis was conducted by the author Oliver Mar-
shall, apart from the Laser Flash Analysis (LFA) experimental work which was conducted by
Andy Wallwork, Senior Experimental Officer in the Department of Materials at The Univer-
sity of Manchester. A subsequent analysis of LFA data was performed by Oliver Marshall.
CuCrZr samples and initial build data were provided by 3T-AM. Appendix Section A.1 was
prepared in collaboration with Angus Wylie, and Emre Yildirim, who at the time of writing
were Fusion CDT PhD candidates at the University of Manchester.
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Chapter 2

Paper 1 - A Review of Tokamak Divertor

Design for Digital Engineering

A review of tokamak divertor design for digital engineering

Oliver H.R. Marshall1∗, Lee Margetts1 and Mohammed Omer 1

1 Department of Mechanical, Aerospace and Civil Engineering, George Begg Building, The
University of Manchester, Manchester, United Kingdom

Abstract

A review of the digital engineering techniques employed when designing PFCs for the di-
vertor, the region in the interior of a tokamak fusion reactor that receives the greatest heat
flux. The goal of this review is to provide a high-level overview of divertor design includ-
ing performance modelling and the associated interconnected series of requirements and
constraints. Constraints on divertor design occur on many scales and include the impact of
policies designed to limit environmental impact, the economics of fusion power, and per-
formance constraints including the maximum allowable heat load. This is set in the context
of the need to consider the long-term evolution of fusion reactor design towards a commer-
cially viable power plant and the desire to incorporate emerging technologies. The first part
considers a top-down approach, where decisions made on the reactor scale have knock-on
impacts that manifest as requirements and constraints on divertor design. These power plant
modelling studies also provide a perspective on the future of divertor design. The second
part of the review describes a range of divertor component concepts, discusses performance
modelling and mechanisms for failure.

2.1 Introduction

The design of a fusion reactor is a complex, interdependent problem, with a high degree
of sensitivity to the project parameters and requirements. It is also a lengthy process, with
design and construction often taking several decades to complete.
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Figure 2.1. Illustration of the different plasma geometry in conventional versus spherical tokamaks. Reproduced
from (Blagoev 2020)

2.1.1 Tokamaks

Tokamaks are the most widely studied type of fusion reactor and use magnetic confinement
to sustain thermonuclear fusion in a plasma usually comprised of two hydrogen isotopes:
deuterium and tritium. The machines confine the plasma in toroidal vacuum vessels and are
categorised by the aspect ratio of the vessel: R/a where R is the major radius (measured
from the central point of the torus to the centre of the toroidal vacuum vessel cylinder) and
a the minor radius (the vacuum vessel radius). Fig. 2.1 illustrates the difference in plasma
geometries. High aspect ratio devices, where the major radius is significantly greater than
the minor radius are considered ‘conventional’ and are referred to simply as tokamaks. Low
aspect ratio devices, however, are known as spherical tokamaks. To date, there are no com-
mercially operating tokamak power plants and fusion power is currently limited to experimen-
tal devices, with operational parameters designed to investigate plasma physics, rather than
all-out attempts at producing a power plant. This review focuses on the digital engineering
techniques that contribute to the design of the divertor, which receives the highest heat flux
of all the components, in the context of exploring the route between the current generation of
devices and electricity-generating commercially relevant devices.

2.1.2 The divertor

The divertor is known as the tokamak ‘exhaust system’ but serves a number of purposes.
Charged particles in the plasma are transported along magnetic field lines and eventually
travel through the outer region known of the plasma known as the scrape-off layer. Whilst
tokamaks use magnetic fields to confine the plasma, the confinement is not perfect, and
charged particles migrate towards the walls of the device (Wesson 2011). The aim of the di-
vertor is to move the point of contact for these charged particles outside of the last closed flux
surface - outside the magnetically confined portion of the plasma - allowing for spent fuel
and impurities to be removed. It also reduces the ease with which material generated from
plasma-surface interactions (such as sputtering) is able to enter and pollute the plasma (Mal-
izia et al. 2014). Maintaining the purity of the plasma is crucial for maintaining fusion condi-
tions. For example, when the average atomic number Z of the plasma rises, Bremsstrahlung
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radiation (which scales in power proportional to Z2) will remove energy from the plasma,
cooling it and making fusion harder to achieve. In the most widely used tokamak config-
uration, there is a single magnetic null and a divertor located on the bottom of the device,
however designs with multiple divertors and advanced configurations do exist and are dis-
cussed later in this review.

2.1.3 Digital modelling techniques

Digital engineering design of the divertor interacts with development decisions made at
multiple scales. The three levels targeted in this review are: stakeholder motivations (such
as grid integration, environmental sustainability and regulation), conceptual reactor designs
obtained using systems codes, and modelling of component performance.

2.1.4 A vision for comprehensive fusion reactor modelling

The ‘Integrated Nuclear Digital Environment’ (INDE) for fusion reactors proposed in (E. A.
Patterson et al. 2019) is one vision for comprehensive fusion reactor modelling. This concept
combines an array of digital and experimental data, inspired by the hierarchical structures
used in the aviation industry in order to provide a framework for the design optimisation
of fusion reactors prior to their construction. The goals of this framework are: to increase
design freedom, decrease development time, exploit synergies with the fission industry and
improve credibility, operability, reliability, and safety. The focus on credibility is somewhat
unique to fusion reactor design, but is required due to unknowns in future device perfor-
mance and requirements, the prevalence of one-of-a-kind devices and the large jumps in size
and performance between devices. These factors all introduce uncertainty into modelling.

The lack of credibility in predictions has serious consequences for the design of components
for future devices. The idea of credibility in engineering models is discussed in more detail
in (E. Patterson 2015) where the lack of capability for comprehensive testing in fusion is
emphasised. The recursive nature of design for fusion reactors, where for example changes
to either the plasma or the divertor impacts the performance of the other, complicates the
process further. The implication in (E. A. Patterson et al. 2019) is that the current state of
fusion research leaves this component design over-constrained by regulation and design
requirements, and under-defined due to uncertainties in the requirements of future devices.
The INDE or any comprehensive equivalent is not yet a reality, however, and with current
modelling technology and experimental data, it remains an ambitious goal. An illustration of
the different scales at which divertor relevant decisions are made is presented in Fig. 2.2.

2.1.5 Structure

The review is split into two main parts. The first discusses the top-down approach to design,
investigating the impact reactor-level design studies have on divertor design. The second
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Figure 2.2. Simplified depiction of modelling on different scales in fusion reactor research. In divertor design, a
lot of decisions which have a very significant impact on design are made at a high level.

part deals with component-focused modelling, and assesses how the characteristics of the
Plasma Facing Components (PFCs) affect the design of the overall reactor. The scope does
not include an in-depth discussion of the material science associated with PFCs, however,
reference to the material science concepts and the impact of neutron damage is occasionally
made. A brief outline of some of the external stakeholder decisions which impact divertor
design is provided in Section 2.2. The top-down approach to modelling the divertor focuses
specifically on reactor systems codes and is outlined in Section 2.3, with some commonly
used codes outlined in Section 2.3.1. The impact of this approach on divertor geometry and
specific devices is discussed in Sections 2.3.2 and 2.3.4 respectively. Design uncertainty is
discussed in Section 2.3.5. Section 2.4 focuses on the design of the sub-components which
make up the divertor. Section 2.4.2 describes divertor target design codes. Section 2.4.3
details the different armour concepts. Section 2.4.4 details the loading conditions which
can lead to the damage described in Section 2.4.5. Section 2.4.6 introduces coolant fluid
modelling. Section 2.4.9 describes the commonly employed coolant pipe geometries. Section
2.4.7 provides a brief overview of heat transfer modelling in divertor coolant fluids. Section
2.5 concludes the review.

2.1.6 The state of global fusion research

A significant proportion of the literature on digital modelling of the divertor is related to
the development of ITER, which will be the world’s largest tokamak when construction
is finished. Fusion for Energy is the agency which organises the European Union’s contri-
bution to ITER and DEMO. F4E acts in accordance with the European Fusion Roadmap
presented in (Romanelli et al. 2012). Whilst ITER is part of the European Fusion Roadmap,
it is funded by a range of international collaborators including the USA, China, Japan, Rus-
sia, South Korea, India and the EU. Non-member participants include Canada, Thailand,
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Kazakhstan and Australia (ITER 2021). A summary of some national and international fu-
sion programmes including operational and proposed devices and an approximate timeline
towards the realisation of commercial fusion energy is presented in Fig. 2.3. This figure is
presented as a qualitative guide for the trajectory of fusion reactor development only. Due
to the scale of international involvement, ITER is currently occupying a significant fraction
of the world’s fusion scientists. The plan is for ITER results to inform the next generation
of DEMO devices. This global collaboration is the main reason why there are not currently
many ITER-scale devices being developed. Whilst there is a European DEMO planned, the
expectation is that many DEMO scale devices will be constructed using the shared knowl-
edge acquired by the ITER members.

2.1.7 Previous reviews

As discussed in (E. A. Patterson et al. 2019), fusion research is device-led, with large gaps
in between reactor size, capability and physics basis. This is reflected in the literature where
substantial research effort is made tied to the development of a particular device. Where
in other fields one might expect to find more general reviews, in fusion, reviews typically
cover the progress made in the development of a particular device. The following papers
were particularly useful in the preparation of this paper and related work and provide either
overviews of large fusion projects or highly influential results with significant impact on
fusion reactor design.

The European fusion programme

(Tomabechi 1991) provides an overview of ITER conceptual design activities. The estimates
presented for the construction and cost of ITER here have proven to be too optimistic with
a completion date of 2004 and a total cost of 4.9Bn US dollars. Furthermore, the remote
maintenance of components, crucial to divertor operation in a tokamak operating DT plasma
at high power, is assumed to have been resolved, however, this remains a challenge of con-
siderable proportions (Damiani et al. 2018). An updated design review of ITER is provided
in (Hawryluk et al. 2009), however, this still relies on the use of C divertor targets for initial
operation, before installation of a full W divertor - a plan which was later rejected due to the
associated cost, resulting in increased manufacturing requirements placed on the W divertor
(Escourbiac et al. 2012). An overview of the Power Plant Conceptual Study (PPCS) - an
attempt to conceptualise the pathway to a commercial tokamak power plant, with the aim of
clarifying the goals for DEMO - is provided in (Marbach, Cook, and Maisonnier 2002) and
updated in (D. Maisonnier et al. 2007). The PPCS study does however involve significant
extrapolation of knowledge, particularly when considering longer-term solutions such as
liquid-metal cooled components, which may prove infeasible.

A detailed overview of the DEMO design strategy and consequences for materials is dis-
cussed in (G. Federici, Biel, et al. 2017), of design progress in (G. Federici, Bachmann,
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Barucca, Biel, et al. 2018), and the staged design approach in (G. Federici, Bachmann,
Barucca, Baylard, et al. 2019). (G. Federici, Biel, et al. 2017) indicates that R&D of PFC
heat sinks and structural materials that are resistant to radiation and the intense thermo-
structural loading conditions are critical issues to the success of DEMO. It is stated that
DEMO must learn from ITER’s operation, however, it is also envisaged that construction of a
near-term conservative DEMO reactor could begin in around 2036, which is approximately
the same time ITER is due to start full-power DT operation (Windsor 2019). (G. Federici,
Bachmann, Barucca, Biel, et al. 2018) acknowledges that the development of an electricity-
producing DEMO by 2050 requires a change to EU fusion community culture including
more modest extrapolations of physics and technology and targeted parallel R&D studies, in
an admission of equivalent failures in the development of previous devices. The change in
approach required is emphasised in (G. Federici, Bachmann, Barucca, Baylard, et al. 2019)
where plans to evaluate high-risk solutions to the DEMO blanket are outlined, however, it
remains to be seen whether this level of risk-tolerance is enacted in the programme.

(Bachmann et al. 2018) provides an overview of DEMO integration challenges with an
emphasis placed on systems integration. Despite, this, is it acknowledged that whilst some
of the materials used in divertor PFCs are prone to irradiation-induced swelling, it is also
expected that individual divertor cassettes can be removed from ports using remote handling,
with no discussion of possible ensuing difficulties. (Siccinio, Biel, et al. 2020) discusses
DEMO physics challenges beyond ITER and indicates that the DEMO (and to an extent
the ITER) plasma scenario is poorly understood, leading to difficulties in guaranteeing the
safe termination of the plasma on PFCs after loss of control, within engineering limits. A
long term European fusion ‘roadmap’ is discussed in (Romanelli et al. 2012), updated in
(Nordlund 2018) and (Donné 2019). One of the increasingly well-documented flaws with the
European fusion roadmap, is the idea that all reactor materials can be recycled into a new
reactor 100 years after shutdown. (M. Gilbert et al. 2018) suggests that (depending on the
choice of coolant), some components will need to be stored significantly longer before they
can be recycled.

Other post-ITER devices

Progress on the design of a Japanese DEMO reactor is presented in (Tobita, Asakura, et al.
2017). The paper recognises the many challenges that remain in the design of a DEMO
reactor. This includes plans to operate at a lower 1.5GW fusion power DEMO (reduced from
3.0GW in earlier designs) for which a feasible divertor power handling design exists, with
plans to design a higher power reactor at a later date. An overview of activities relating to
the Chinese CFETR reactor is provided in (Wan et al. 2017). CFETR plans also include a
two-stage approach, with operational fusion power set to increase from 200MW to over 1GW.
However, given the plan to begin operation in the 2030s, this may prove to be too ambitious
given the plan to use ITER operational data.
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Component development

(K J Dietz et al. 1995a) and (K. J. Dietz et al. 1995b), published halfway through the ITER
engineering design process describe the physics and engineering basis for the ITER divertor
before the concept was finalised. The analysis presented in (K. J. Dietz et al. 1995b) however
uses lower divertor heat loads than have since been established. (Smid et al. 1997) presents a
comparison between different hydraulic tube concepts, (C B Baxi and Wong 2000), reviews
He cooling, as does (Hermsmeyer and Kleefeldt 2001). (Ferrari et al. 2001) provides a re-
view of conceptual divertor designs for a fusion power plant and envisages designs tolerating
maximum heat fluxes of only 5-7MW m−2. Divertor conceptual designs are reviewed in
(Prachai Norajitra, Said I. Abdel-Khalik, et al. 2008). US work on He divertor concepts is
presented in (M. S. Tillack et al. 2011), where the uncertainty in transient event severity
is seen as a hindrance to design. The potential of water-cooled concepts as candidates for
DEMO are discussed in (Li-Puma et al. 2013). (Jeong-Ha You 2015) compares two divertor
concepts (one He-cooled and another water-cooled) and discusses the impact of the baseline
materials choices on the mechanical performance of the concepts, including the evolution of
this performance with radiation. The review concludes that the top-down structural design
requirements are not compatible with the performance of the chosen baseline materials and
a different design approach, open to the use of novel materials is required. This interaction
between top-down constraints and performance-based modelling is discussed further in the
proceeding sections.

(Mazul 2016) discusses the merits of alternatives to the ITER divertor design concept, how-
ever, finds critical issues with all the proposed designs. (Thomas R. Barrett et al. 2016) looks
at the progress made in the engineering of the DEMO divertor and first wall PFCs, finding
that full analysis of failure modes requires further development of elasto-plastic analysis
codes and a more complete understanding of material behaviour under irradiation.

The engineering risks associated with the advanced divertor configurations are discussed in
(Kembleton, G. Federici, et al. 2019), where it is acknowledged that the ITER divertor solu-
tion will likely not be appropriate for DEMO. It is also accepted that many of the proposed
replacements are less well understood and may result in integration challenges that propagate
through the design process resulting in significant delays.

Heat transfer and thermal-hydraulics

(Linke et al. 2019) presents an overview of the challenges presented to the development of
PFCs. The review covers a wide range of stationary and transient loads including thermal
transfer in solid armour tiles, ion and neutron bombardment. This review is of particular
interest as it does not focus solely on W but discusses carbon fibre composite (CFC) tiles,
noting their greater heat load tolerance 25MW m−2 (compared to ”20MW m−2” for W)
and drawbacks relating to tritium retention. Loading conditions which combine plasma
neutron and thermal loads to study synergistic effects are seen as necessary to properly

58



Figure 2.3. Speculative timeline for planned fusion development including a selection of national devices and
programmes.

understand the behaviour of components in tokamaks. However, the current lack of fusion-
relevant (14.1MeV) neutron sources for component testing is identified as a major challenge
to performance validation.

(C. Baxi 2001) reviews the thermal hydraulics of water-cooled divertors, finding that well-
optimised thermal-hydraulic systems not only require less pumping power but improve
cooling performance and extend the life of components. This work presents the design basis
used in the ITER divertor, including an assessment of Critical Heat Flux (CHF) correlations.
(Yoda and S. I. Abdel-Khalik 2017) discusses the thermal hydraulics of He-cooled divertors.
The experimental data used to assess one of He cooled designs reviewed in the paper was ex-
trapolated to fusion-relevant conditions, and it is indicated that recent anomalous results may
limit the validity of this data. This indicates the presence of a problem which is discussed
further throughout this review. The use of one coolant over another often results in a choice
between water, which is well-studied and has well-described behaviour and limitations and
another ‘exotic’ choice. These coolants are typically He or liquid metal, about which there
is promising initial data but for which there are unknown challenges. This is particularly
problematic in fusion as the long time frame for device construction and operation makes
it difficult to integrate higher-risk technologies without potentially compromising reactor
operation for several decades.

2.2 Stakeholder decisions

Many of the decisions which have a significant impact on the design of the divertor are made
by politicians, regulators and those not directly involved in the construction of the devices.
The low activation criterion associated with the EU fusion programme, for example, requires
that fusion reactor components must be disposable in landfill sites not specifically designed
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for active waste 100 years after use in a reactor (El-Guebaly 2007). Whilst this might seem
like a simple condition, it has far-reaching consequences, affecting the material choices for
both structural and PFCs, including the divertor. As discussed in (Nicholas et al. 2021),
recent modelling suggests that fusion reactors will produce more intermediate-level waste -
which requires geological disposal under current UK law - than fission for equivalent power
production. If similar activation criteria are enforced, components like the divertor may
require significant re-design, causing delays to fusion commercial viability and harm to its
eventual competitiveness. A full analysis of the impact of this criterion on materials is out-
side the scope of this review, however, a critical assessment of the impact on the development
of suitable steels can be found in (M. J. Gorley 2015). The preparation of the safety case for
DEMO, designed to satisfy a nuclear regulator is investigated in (Taylor, Ciattaglia, Boyer, et
al. 2017) and (Taylor, Ciattaglia, Coombs, et al. 2019) where it is hoped the tritium retained
by the divertor can be kept at ITER levels due primarily to higher operating temperatures
which allow for tritium removal.

2.2.1 Tokamak accident scenarios involving the divertor

Fusion reactors are widely considered to be safer to operate than fission reactors in concept,
with most off-normal plasma events resulting in plasma shut-down rather than a runaway
nuclear reaction. An in-depth look at the safety case for fusion reactors can be found in (J.
Raeder 1995), and the more recent (Gulden, Raeder, and Cook 2000) and (Flanagan et al.
2010), which focus on potential for radiation leaks if the ITER tokamak cooling water system
fails. (Malizia et al. 2014) finds that in the case of vacuum vessel failure, the divertor must be
designed in a way that mitigates the impact of unexpected plasma behaviour but also such
that the risks associated with its own failure are minimised. (Rivas et al. 2016) finds that
transient heat fluxes associated with a loss of plasma control risk causing severe melting in
the divertor. It is suggested that the recovery time for the plasma control system must be an
order of magnitude lower than the confinement time to protect the divertor.

In a Loss of Coolant Accident (LOCA) in a water-cooled device, the interaction between
steam and W dust in the divertor has been identified as a risk for hydrogen production and
subsequent explosion (D’Onorio et al. 2020). It is argued that in a He-cooled device, a much
larger coolant storage option is required in the case of a LOCA as the gas cannot readily be
condensed. This is likely to increase the cost of the device, changing the economic prospects
as well as the safety case. The release of tritium dust in accident scenarios is discussed in
(Mazzini, Kaliatka, and Porfiri 2019), which also considers the divertor as a potential source
of a LOCA in the case of a large rupture.

The formation of a fusion-specific Generic Site Safety Report (GSSR) study is detailed in
(Porfiri et al. 2020), where reliability and the need to minimise reactor complexity are high-
lighted as integral to the safety case. This represents one of the criteria against which the
performance improvements associated with advanced divertor geometries will likely have to
be measured. The safety case for a reactor goes beyond the operational phase and includes
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safe decommissioning and disposal of waste. (Porfiri et al. 2020) finds that activation of
waste is particularly dependent on the presence of materials like Cu in the divertor, which
are strongly activated by neutron radiation and influenced by the coolant used for the first
wall. Here the influence on divertor design is indirect, as often the use of a single coolant
fluid is preferred for both the divertor and first wall. In (M. Gilbert et al. 2018) it is found
that a water-cooled DEMO design becomes predominantly low-level waste after 100-300
years whereas He cooling resulted in intermediate-level waste beyond 1000 years. A recent
UK government publication as part of a consultation (see (Secretary of State for Business
2021)) on the regulation of fusion reactors, confirms that the main divertor-relevant focus of
regulators is likely to be on the handling of tritium, activated in-vessel components that are
replaced during operation and in decommissioning the plant after closure. However, due to
the immaturity of the field, the true impact of the requirements imposed by national regula-
tors on fusion reactors, and more specifically divertor design, remains to be determined.

2.3 The top-down approach to modelling the divertor

The next section discusses a top-down approach to divertor design, based largely on the
results from reactor systems codes. Systems codes typically take design requirements and
(experimental) performance data as inputs and form a self-consistent reactor design. Due
to their broad scope, these codes are typically based on simplified models for individual
systems and aim to produce a self-consistent result which encompasses all of the reactor
requirements, often including high-level economic constraints and environmental policies.
System codes typically use optimisation algorithms to balance high and low-level constraints,
(Hartmann 2013) however, some of this balance is subjective and subject to variation based
on the wider context of the study. Decisions regarding the planning of future power plants,
the direction of experimental programs and the outlook of the fusion community are made
using these codes and as such they can have significant influence over divertor design. The
results can also provide insight into the pressures placed on the divertor in current devices.

2.3.1 Commonly used systems codes

The following systems codes were found to be used frequently in the literature. They fea-
ture different levels of detail regarding modelling of the divertor. The divertor is commonly
viewed as a design driving component, as discussed in (G. Federici, Giruzzi, et al. 2013),
where uncertainty in divertor heat load modelling leads to conservative employment of pro-
tection techniques that increase the size and cost of the device. The treatment of the divertor
in different systems codes will therefore influence their prediction of device operation and the
specification of optimal designs.
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PROCESS

PROCESS is a reactor systems code used widely in fusion reactor design. Descriptions of
the physics and engineering implementation can found in (Kovari, R. Kemp, et al. 2014)
and (Kovari, Fox, et al. 2016) respectively. It optimises fusion reactor parameters based
on a figure of merit chosen by the user and includes reactor physics, electricity production,
buildings, cost and limited plasma physics simulation capabilities. Regarding the divertor, it
is possible to specify whether or not the divertor coolant is used as a primary heat source for
the production of electricity. This is important to the overall efficiency of the plant. Power
deposition on the divertor surface is calculated using neutron and secondary particle trans-
port calculations. The deposition of pumping power in the (water or He) coolant, is based
on preliminary values derived from calculations for a European DEMO reactor. The first
wall however is modelled as a series of parallel pipes, and functionality for different divertor
geometries is therefore limited. In (Wenninger, Kembleton, et al. 2017), the continuous im-
provement of generalised systems codes such as PROCESS through comparison with more
specialised modelling techniques is highlighted. The parameters used in the code include
design requirements, geometric constraints, operating conditions and physics parameters,
many of which can have a direct impact on divertor design.

SYCOMORE

SYCOMORE is a modular systems code developed by CEA in France in order to meet the
requirements of DEMO (Reux, Di Gallo, et al. 2015). The divertor and edge modules do
not account for divertor erosion or multiple-null configurations but use a two-point divertor
transport model to obtain parameters including target temperature and maximum heat flux
on the inner/outer targets. The divertor module can be configured with either He or water
cooling (Reux, Kahn, et al. 2018).

BLUEPRINT

BLUEPRINT, a systems code described in (Coleman and McIntosh 2019) aims to provide
an alternative methodology to that used in PROCESS, reducing the time it takes to create
3D representations of optimised reactors with the goal of increasing the diversity of reactor
types studied. This is done by decreasing the development time associated with designs
that deviate from a baseline configuration. It is argued that traditional systems codes like
PROCESS limit the exploration of EU-DEMO design space and that only 5-10% of studies
are being conducted into designs which differ significantly from the EU-DEMO baseline due
to the time cost involved. (Coleman and McIntosh 2019) claims a four order of magnitude
speed increase for DEMO design activities.
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HELIOS

HELIOS, developed by CEA in France and described in (Jean 2011) has been used to study
ITER, DEMO, the PPCS, and in relation to other devices including the JT60-SA tokamak.
Whilst HELIOS is fundamentally a 0-D code (like PROCESS), it places increased emphasis
on plasma shape precision, numerical efficiency, precision in plasma density and temperature
profiles. An ITER design review, described in (Hawryluk et al. 2009) presents the usage of
HELIOS to investigate ITER sensitivity to changes in machine parameters.

ARIES Systems Code

The ARIES Systems Code (ASC) (Dragojlovic, Kessel, et al. 2009), is developed as part
of the Advanced Reactor Innovation and Evaluation Study (AIRES) in the United States.
It has a modular structure consisting of physics, engineering and costing and also aims to
explore a broad design space instead of variations on a baseline design. The code is designed
to model a ‘tenth of a kind’ commercial fusion power plant with a high aspect ratio (above
3) (Dragojlovic, A Rene Raffray, et al. 2010). In one example of the impact on the divertor,
designs which do not meet the required heat flux constraint are filtered out in ASC, from
over 2 million plasma scenarios, 6811 were found to be compatible with a divertor heat flux
limit of 12MW m−2 and 2337 with a limit of 5MW m−2, indicating a strong design-driving
relationship (Carlson et al. 2011). (Carlson et al. 2011) also recommends a divertor heat flux
limit of 5− 8MW m−2, based on material considerations.

TREND

TREND (Tokamak Reactor Code for the Evaluation of Next-step Devices) is developed by
IPP in Germany and is based on physics design guidelines for DEMO including a 5MW m−2

heat flux limit (Hartmann 2013). It uses a simple divertor model based on the one imple-
mented in ASC, chosen due to results suggesting that the predictive capabilities for divertor
modelling in HELIAS and PROCESS are limited with little chance of improvement in the
near term.

TPC

Developed in Japan, the TPC systems code is detailed in (Fujieda, Murakami, and Masayoshi
1992) (in Japanese). A study benchmarking TPC and PROCESS (Kemp, Nakamura, et al.
2012), indicates that the divertor heat flux limit has a significant impact on the resulting
device optimisation. Compared to PROCESS, which takes a flexible set of inputs and con-
straints and will only converge to a solution if reasonable initial values are chosen, TPC
requires a fixed set of inputs and outputs and will produce a solution which may or may not
satisfy technology limits. (Kemp, Nakamura, et al. 2012) details disagreement between PRO-
CESS and TPC regarding impurity radiation, which is particularly relevant to the calculation
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of DEMO divertor heat loads. One contributing factor to the disagreement is the lack of
experimental data with which to calibrate the models.

FUSAC

FUSAC, also developed in Japan, is a systems code aimed at modelling tokamaks capa-
ble of generating net electric power (Hiwatari et al. 2004). It is formed of three parts: a
plasma physics module (based on ITER physics design guidelines), an engineering design
program and an economic analysis model. More details on the development of an integrated
modelling system which links FUSAC to engineering analysis codes can be found in (NAKA-
MURA et al. 2009).

Systems codes typically rely on dimensionally reduced models for parameters such as di-
vertor heat load. It is therefore important that in the design process, these codes are used
responsibly and iteratively in order to best capture realistic divertor conditions. There are
several techniques used in reactor design, however, that can reduce the loads the divertor is
required to tolerate, as discussed in the following section.

2.3.2 Divertor geometry and protection

This section focuses on a number of approaches to divertor protection and modifications to
divertor position and geometry which bridge the gap between plasma physics considerations
and divertor target engineering. These techniques typically involve protecting the divertor
through a combination of modifying its overall geometry and position, or through creating a
buffer layer of gas to disperse the incoming heat load. Both techniques have trade-offs and
may lead to additional expense, more difficult maintenance, poorer plasma performance,
among a number of other factors. A review of the impact of different 2D divertor geome-
tries on the plasma can be found in (Alberto Loarte 2001). Divertor geometry was found
to interact with a number of parameters including local energy diffusion, whether detached
operation (a form of gas shielding) can be maintained efficiently, the recycling of impurities,
plasma flows and plasma pressure. These upstream considerations must be balanced against
the operational performance limits discussed later in this review.

Divertor protection techniques

One technique for divertor protection is known as flux expansion, where the divertor target
is placed at a glancing angle to the incident plasma exhaust in order to maximise the sur-
face area over which the heat load is deposited. This technique is due to be used in ITER
(Campbell et al. 2019). Another technique employed for divertor protection is the use of gas
pumping in the vicinity of the divertor to encourage the absorption and uniform re-radiation
of the energy contained within the plasma before it reaches the target plates. This process
allows the divertor to operate in a ‘detached’ configuration and reduced the incident heat flux
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to the PFCs. (Siccinio, G. Federici, et al. 2019) presents a simplified model for assessing the
maximum DEMO radius and magnetic field above which sufficient divertor protection cannot
be guaranteed. (I. T. Chapman and A. W. Morris 2019) states that the current understand-
ing of divertor detachment, including the movement of the detached plasma is inadequate,
however, the upgraded spherical tokamak MAST-U aims to improve understanding. (Sic-
cinio, Biel, et al. 2020) finds that ITER techniques for managing instabilities are not fully
applicable to DEMO, and that because of the potential for damage to PFCs, and a lack of
characterisation, a certain frequency of disruption events must be expected and tolerated by
the divertor. Typically, plasma disruptions result in damage to the PFC surface through melt-
ing and cracking (Jeong-Ha You 2015). Sweeping the power load over the divertor targets
to reduce the steady-state heat load is also considered necessary and is discussed in relation
to EU DEMO in a number of publications, including (Bachmann et al. 2018; G. Federici,
Bachmann, Barucca, Baylard, et al. 2019; Maviglia et al. 2016; Siccinio, Biel, et al. 2020;
Siccinio, G. Federici, et al. 2019).

Divertor protection in systems codes

Systems codes treat divertor protection in a number of different ways. TREND specifies
increasing machine size and power radiation from the plasma as the two main methods
for facilitating divertor protection (Hartmann 2013). (Wenninger, Kembleton, et al. 2017)
discusses PROCESS results which suggest that a significant fraction of power must be re-
radiated by seeded impurities before reaching the DEMO divertor to stay within the material
heat load limit of 10MW m−2. However, it is argued that these impurities pollute the plasma
and may reduce fusion power, possibly driving an increased device size. The creators of
BLUEPRINT argue that the development of models which rely on advanced divertor configu-
rations are more achievable in their code compared to PROCESS due to the lower time cost
associated with exploring off-baseline designs (Coleman and McIntosh 2019). Challenges for
the EU-DEMO divertor are discussed in (Siccinio, Biel, et al. 2020), which includes results
from a PROCESS simulation and highlights the need to protect the PFCs in the case of loss
of plasma control.

Influence on divertor design

Advances to the physics basis for European DEMO design discussed in (Wenninger, Arbeiter,
et al. 2015) suggest that because of the perceived need to radiate a significant fraction of
power before incidence on the divertor, the total divertor power must be limited to 30MW.
It is also suggested that a good compromise between divertor protection and loss of fusion
power is currently difficult to achieve, with the development of an economically optimal
solution identified as a key issue to the DEMO conceptual design. The DEMO first wall
armour thickness in (Siccinio, G. Federici, et al. 2019) is limited to approximately 3mm
in order to accommodate tritium breeding. This makes it less robust than the ITER wall,
and therefore novel strategies are required for the protection of PFCs and divertor power
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Figure 2.4. Cross-sections of internal tokamak geometry representative of a spherical tokamak showing the
geometric differences in strike points: the regions where the magnetic field geometry (shown in blue) interacts

with the PFCs. Reproduced from (I. Chapman et al. 2015).

management. It is indicated that in the case of an emergency shut-down, plasma reattachment
would cause the coolant to exceed the CHF after only 3 seconds, and could only be delayed
by tens of seconds with common techniques such as divertor sweeping.

PROCESS and SYCOMORE results in (G. Federici, Bachmann, Barucca, Biel, et al. 2018)
lead to the assessment of adequate divertor protection as one of the ‘three overarching cri-
teria’ used in the early design phase used to set the minimum reactor size. A number of
alternate divertor configurations for EU DEMO including the snowflake and double null
are discussed, however, only modest extrapolations are currently being made from ITER
technology to minimise integration risks. A related paper (G. Federici, Bachmann, Barucca,
Baylard, et al. 2019) investigates minimum EU-DEMO size and establishes that divertor
protection is key to further size reduction, where a single ELM event can be sufficient to melt
the divertor target W surface. It is argued that the divertor must be able to withstand acciden-
tal re-attachment, likely contributing to the size and cost of the component. (Maviglia et al.
2016) investigates divertor sweeping for DEMO and finds a 4× reduction of heat transfer to
the coolant is possible for heat loads of 15− 30MW m−2. Additionally, divertor armour thick-
nesses of up to 10mm are found to extend the time before coolant CHF is reached, which
is considered more severe than the possibility of armour surface melting. The uncertainty
surrounding divertor heat loads and other factors such as the difficulty of inspection means
that components in EU-DEMO are currently not expected to fulfil a safety function as their
integrity cannot be guaranteed (Bachmann et al. 2018).

2.3.3 Advanced divertor configurations

Advanced configurations change the geometry of the divertor and either move the strike point
away from the main plasma to maximise the wetted area (and reduce heat flux concentration)
or add magnetic null points, which allow the heat load to be spread across additional targets
and facilitate additional control over factors such as radiative power management. Fig. 2.4

66



illustrates the geometric differences between a conventional (spherical tokamak) divertor
geometry and the proposed super-X and snowflake concepts. Advanced divertor geometries
such as the snowflake have been tested in the TCV tokamak (Donné 2019), DIII-D and
NSTX (Buttery et al. 2019), where they have been found to be effective at distributing heat
flux over a larger surface area. The super-X design is discussed in (Muldrew et al. 2020) in
relation to PROCESS studies of spherical tokamaks, where modelling is seen as unreliable
until the geometry can be verified experimentally.

In DEMO reactors

An investigation of double null configurations for DEMO in (Pearce et al. 2019) using PRO-
CESS finds attractive performance benefits to divertor protection and electrical power gen-
eration, which come at the cost of higher plasma control requirements. Advanced divertor
configurations are modelled and discussed in (Tobita, Gianfranco Federici, and Okano 2014)
where it is argued that at the time of publication, divertor simulation codes have not been
adequately verified by experiment and that this is not likely to change until a DEMO scale
reactor is built. The choice of divertor target plate for DEMO is questioned as it is suggested
that whilst water-cooled W/Cu is preferred by the EU as a conservative approach, this setup
is not resistant to the higher radiation damage expected in DEMO, and a Reduced Activation
Ferritic Martensitic (RAFM) pipe alternative can only remove 5MW m−2 heat flux. It is
further cautioned that for any advanced divertor configuration proposed to overcome these
obstacles, the choice of remote maintenance scheme must be carefully evaluated as a larger
volume of components will need to be replaced more often in DEMO than ITER.

The DEMO ‘broader approach’ is a name given to the collaboration between the EU and
Japan aimed at making progress towards resolving key DEMO design issues. In addition to
the benchmarking of PROCESS against TPC (Kemp, Nakamura, et al. 2012), the collabora-
tion included a study investigating the application of advanced divertor configurations. (G.
Federici, Giruzzi, et al. 2013) finds that the lack of confidence in DEMO-relevant divertor
heat loads has a significant impact on the direction taken in systems code modelling. As a
result, high radiation models are preferred, which drive up machine and divertor volume
as well as plasma current. The implication of this is that influential design decisions are
being made on the basis of a lack of reliability in the systems codes. Despite the potential
advantages in power handling, the snowflake divertor was found to be subject to additional
forces and result in a decreased plasma volume for the device size. In (Okano, Gianfranco
Federici, and Tobita 2014) the results of the joint EU-Japan studies into advanced divertor
designs show that for the snowflake divertor the wide divertor opening causes issues for
the control of impurities and neutral particles, for the super-X it is anticipated that severe
engineering difficulties will emerge from the need to place the divertor inside the toroidal
field coils. (Buttery et al. 2019) emphasises the need for any radiative divertor geometry and
protection scheme to be compatible with the upstream plasma operation if high-performance
steady-state fusion conditions are to be maintained.
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In spherical tokamaks

(Sykes et al. 2018) discusses double null configuration modelling using PROCESS in the
context of spherical tokamaks manufactured by Tokamak Energy Ltd, and finds the configura-
tion attractive for high plasma power operation, however, it is acknowledged that there are
uncertainties in divertor heat load. (Muldrew et al. 2020) also applies PROCESS to spherical
tokamaks but urges caution due to significant remaining uncertainties associated with the de-
sign and limited modelling capability. (A. E. Costley 2019) stresses that divertor power loads
in a compact spherical tokamak pilot plant will likely mean operating on the edge of material
limits, however, it is hoped that R&D associated with DEMO reactors will be transferable.
Similarly, it is hoped that the flexible divertor system recently installed in MAST-U will be
able to improve the theoretical models for the divertor exhaust system that EU DEMO will be
heavily reliant on given the large jump in size and power (I. T. Chapman and A. W. Morris
2019).

2.3.4 Power plant modelling

Modelling of prospective fusion power plants can provide insight into the constraints placed
on divertor design, the direction of divertor development and the progress required to ac-
commodate the demands of a (commercially viable) reactor. Proposed operating conditions
and economic assessments for fusion power plants vary dramatically, reflecting not only
the different visions of scientists and institutions, but also the uncertainty in design require-
ments and operating conditions. As before, much of the information discussed results from a
combination of experimental and theoretical knowledge that is combined with systems code
results to provide conceptualisations of reactors based on a range of different influences and
constraints.

The ITER power plant

ITER will be the world’s largest, most powerful fusion reactor when it is operational, how-
ever, is not designed to be a power plant. In (Janeschitz 2019), the author’s vision of an
economically viable tokamak based on ITER experience is presented, using modest ex-
trapolations from current technology and including results from systems codes. The paper
postulates that an ITER-style power plant would need to generate 2.5GWe, at an overall
efficiency of 30% implying thermal power generation of greater than 6GW, 12 times the
expected (500MW) thermal power output of ITER. The cost of operating devices with large
toroidal magnetic field volumes drives an attempt to minimise divertor volume, however,
this is in competition with the durability of the divertor. Plasma disruptions including Edge
Localised Modes (ELMS) are identified as dangers to the divertor which would lead to rapid
erosion of the targets, shortening their lifespan and causing operating problems for the device.
Another study, using the HELIOS (Jean 2011) found that for a 1GWe ITER-like reactor,
constraints including a 10MW m−2 divertor load limit result in a large machine with a major
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radius of R=10m, almost double the figure for ITER. These two studies demonstrate the
disparity between current technology, and what may be required in terms of future divertor
performance.

Intermediary reactors

(Wan et al. 2017) details the China Fusion Test Reactor (CFETR) designed to help bridge the
technological gaps between ITER and a demonstrator reactor. Results from a systems code
developed by General Atomics were used to determine the initial parameters for CFETR. A
conservative 200MW fusion power design (referred to as Phase I) and a high fusion power
1GW design (phase II) are established. Phase II, however, involves a divertor heat load of
20MW m−2 (double the proposed EU-DEMO heat load) and it is noted that despite the em-
ployment of additional heat removal and flux expansion techniques, this heat load could
prevent long pulse or steady-state operation. This makes the phase II design of questionable
use as a prototype power plant, where availability would seemingly be crucial to demonstrat-
ing economic viability. Both water and He cooled divertor systems are considered for phase
II.

Water, He and carbon dioxide coolants for Generation IV fission reactors and fusion power
plants are compared in (Garrett and Watson 2019). Water was determined to be the best
coolant overall due to its ability to minimise armour temperature. The use of beryllium
armour, however, limits the maximum operating temperature, making the efficiency gains
from operating with He less substantial. The study uses TRACE/Relap, a combination of 4
systems codes and envisages significant technological crossover with generation IV fission
reactors, which could be beneficial to the development of future tokamaks.

The European DEMO reactor

Based on an extrapolation of ITER physics and technology basis, the European DEMO
reactor aims to bridge the gap between ITER and a first-of-a-kind fusion power plant. Recent
design activity updates (G. Federici, Bachmann, Barucca, Baylard, et al. 2019; G. Federici,
Bachmann, Barucca, Biel, et al. 2018) suggest a change in European fusion community
culture towards an emphasis on systems integration, using only modest extrapolations from
the ITER design and focused R&D studies into high-risk technologies. The conceptual
design for EU DEMO is not yet finalised, however, and a lack of reliability in systems codes
regarding divertor heat loads and impurity radiation impacts the predicted performance of
conceptual designs.

The formulation of a self-consistent design point for DEMO is discussed in (Kemp, Ward,
et al. 2014), where characterising the key features of the plant is seen as important in order
to better understand technological, physics and engineering limitations. Variations on EU-
DEMO are discussed, with a more conservative DEMO1 pulsed design based largely on
ITER technology and a more optimistic steady-state device termed DEMO2. DEMO2 devel-
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opment, described in (Giruzzi et al. 2015) requires significantly more recirculating power
to support the current drive, potentially increasing the heat load to the divertor. It is noted,
however, that a steady-state machine would however reduce fatigue due to thermal cycling. In
(Reux, Di Gallo, et al. 2015) it is found using SYCOMORE that for a DEMO1 design, He
and hot water divertor coolants provide similar net electric power efficiencies. The increase
in pumping power associated with He was offset by the increase in thermodynamic cycle effi-
ciency permitted. Further work optimising DEMO designs using SYCOMORE is presented
in (Reux, Kahn, et al. 2018), which focuses on the influence of technological constraints. It
is found that He and Pressurised Water Reactor (PWR) temperature (325◦C) water permit
equivalent reactor sizes. The cold water case allows for an increase in maximum tolerable
heat flux from 5MW m−2 to 10MW m−2 for the same reactor size as in the hot water case.

The expected operational performance of a CuCrZr water-cooled heat sink proposed for
DEMO is described in (Bachmann et al. 2018), where it is found that the high conductiv-
ity of the CuCrZr enables a relatively low thermal gradient through 1.5mm armour, at heat
loads up to 20MW m−2. By contrast, an equivalent Eurofer component limits power load to
1-1.5MW m−2. Sub-cooled flow boiling in water is used to achieve a high convection coeffi-
cient, thought to be a factor of 5 better than what is achievable with gas coolants. However,
the irradiation lifetime of Cu alloys means that the components would have to be replaced
after a DEMO full power year. This contrasts with guidelines proposed in (Zohm et al. 2013)
where there is a 5MW m−2 projected divertor heat flux limit for DEMO, due to the require-
ment to use different, more neutron-tolerant materials.

A comparison between PROCESS, which uses a 1-D divertor model, and results from the
more detailed SONIC 2-D divertor simulation code is made in (J. Morris et al. 2020). It
is highlighted that systems codes are used to enforce engineering limits and calculate the
heat load and therefore the impact of any simplifications in systems codes may result in
the inaccurate application of constraints which may be carried through the design process.
Despite this, PROCESS was generally found to agree well with the results from SONIC, but
requires further testing to determine whether the prediction of attachment is reliable, as this
is influential to divertor design.

Other DEMO reactors

In (Tobita, Asakura, et al. 2017) the status of the Japanese DEMO project is discussed. It is
suggested that a fusion power of 1.5GW may be achieved using a water-cooled W armoured
CuCrZr pipe divertor with a peak heat load of 5-10MW m−2. Despite the comparatively low
heat load, very high rates of divertor armour erosion are predicted, ranging from 0.03− 0.3m
per full power year. This results in the assessment that partial divertor attachment is not
tolerable for a W divertor and fully detached operation is required. With significantly higher
divertor heat fluxes proposed in other studies, it is clear that claims about prospective divertor
performance should be approached with caution. (Batet et al. 2014) models the power cycle
for a Spanish proposal for DEMO using the RELAP5-3D cooling systems code developed
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Table 2.1. PPCS reactor coolants. WCLL = water cooled Li-Pb, HCPB= He cooled pebble bed (Marbach, Cook,
and Maisonnier 2002).

Reactor Coolant
Divertor Blanket

A H2O WCLL
B He HCPB
C He Self,He
D Li-Pb Self

for nuclear fission plants. A super-critical CO2 power conversion cycle is recommended to
maximise thermal efficiency where coolants of different temperatures (from the blanket and
divertor) are used for the generation of electricity.

The Power Plant Conceptual Study (PPCS)

The power plant conceptual study, detailed in (Marbach, Cook, and Maisonnier 2002) was
launched in 1999 in an effort to develop a viable power plant concept that upholds the claims
made for the environmental sustainability and safety of fusion power. The PPCS was de-
signed to provide direction for research to be conducted in parallel to ITER construction and
operation, in preparation for DEMO. The technological parameters of the reactors described
range from those based on ITER to those which assume significant technological develop-
ment. The PPCS reactors have the following operational goals: steady-state electricity at
a power of 1GWe; a lifetime of 40-60 years, and maintenance procedures that should be
compatible with 75-80% availability.

The choice of coolant has a significant impact on divertor design. The choices made in the
PPCS are detailed in Table 2.1. PPCS C and D both use ‘self-cooled’ blanket concepts which
would require significant R&D. The Pressurised Water Reactor (PWR) conditions imple-
mented in (Marbach, Cook, and Maisonnier 2002) for PPCS reactor A limit the maximum
allowable heat flux to 7MW m−2, and 12MW m−2 with compromises to efficiency (by re-
ducing water temperature). A power plant using ITER-like technology would face fluxes of
15MW m−2 or above. It is further suggested that ITER-based water-cooled technology with
a CuCrZr cooling pipe is the only solution compatible with these loading conditions. This
limits the coolant temperature, and therefore plant efficiency whilst simultaneously requiring
an increased major radius. Divertor heat load was however found to be a limiting factor to the
economic benefit of increasing the blanket wall load (which allows for an increased rate of
water heating for electricity production).

Progress in optimising the water-cooled divertor for the PPCS reactor A detailed in (Li Puma
et al. 2002), finds that for a 15MW m−2 heat load, the CuCrZr cooling pipe remains within
the acceptable temperature range. It is suggested that as the divertor receives on the order
of 18% of thermal power, an acceptable CoE is likely only obtainable if this power is used
to drive electricity production. The proposed approach involves using the divertor output
water to preheat the turbine feed water, increasing plant efficiency to 33%, in line with PWR
reactors. Whilst He is typically preferred from a thermodynamic efficiency standpoint, it
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Table 2.2. Parameters indicating the increases in technological capability between PPCS reactors A and D.
Adapted from data in (D. Maisonnier et al. 2007).

Reactor
A D

Fusion power 5 2.53 GW
Major radius 9.55 6.1 m
Divertor peak load 15 5 MW m−2

Fusion gain (Q) 20 35
Electrical power 1.5 1.5 GW

showed little efficiency improvement due to the high pumping power required. The WCLL
divertor concept is discussed in (Sardain et al. 2003), where it is argued that quantification of
uncertainties combined with advanced modelling techniques such as image-based modelling
(as proposed in (Evans, Minniti, and Tom Barrett 2019)) will be necessary for the qualifica-
tion of divertor components for a fusion power plant. The 0-D HELIOS code used in (Jean
2011) finds that for a PPCS C reactor, the combination of the low heat removal capability of
the He coolant and the divertor heat load limit mean that a very high level of argon seeding
is required for divertor protection. In addition, the high level of pumping power required is
found to result in poor plant electrical efficiency. An update to PPCS progress presented in
(D. Maisonnier et al. 2007) includes a summary of the operational criteria, again derived
from PROCESS simulations where the cost of electricity is minimised. The increases in
efficiency and reduction in current drive envisioned in progressively more advanced reac-
tors result in the change in parameters shown in Table 2.2. Not indicated in the PPCS, is a
framework for the practicalities of transitioning to untested divertor technology in only a few
devices. A study on post-ITER design (Prachai Norajitra, Said I. Abdel-Khalik, et al. 2008)
describes the divertor conceptual designs that form part of the PPCS. One advantage of the
water-cooled design is that experimental data from PWR fission reactors can be extrapolated
to inform modelling. To avoid excessive design complexity, reactors with the same coolant
for the divertor and blanket systems are preferred, tying divertor design to blanket design,
and further constraining the system. The He cooled designs considered have a peak heat load
limit of 13MW m−2 whereas the water-cooled divertor is able to operate at a heat flux of up
to 20MW m−2 but is considered unsuitable for application to power plant scenarios due to its
use of CuCrZr which is vulnerable to embrittlement. The study seems however to compare
the (experimentally derived) material problems of the water-cooled design to the theoretical
advantages of the He cooled design, where the associated uncertainties might make it seem
unduly attractive.

Accelerating development of a commercially viable tokamak

A series of papers published introduced in (Windsor 2019) on the topic of accelerating the
development of tokamak-based fusion energy include some discussion of power plant mod-
elling. The impact of plasma physics on power plant timescale is investigated in (Wilson
2019), where it is argued that divertor detachment and advanced designs including the super-
X and snowflake divertors may be required for successful fusion power plasma operation.
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(I. T. Chapman and A. W. Morris 2019) discusses UKAEA capabilities to address challenges
to delivering fusion power, and includes a discussion of rapid prototyping and virtual en-
gineering twins to accelerate the design and testing workflow. (Kembleton, A. W. Morris,
et al. 2020) covers design issues standing in the way of fusion commercialisation, many of
which stem from system integration and the low technology readiness level of tokamaks,
which provides significant uncertainty when modelling power plant designs. The divertor
is singled out as a significant source of complexity in the design of the fusion reactor and
efforts to construct it from standardised parts like the monoblock allow for the efficiencies of
scale in manufacturing. The author also suggests that component design must be driven by
commercial concerns such as reliability, ease of manufacture and assembly. It is estimated
that only 3-4 disruptions per full plasma year are acceptable to minimise unplanned down-
time for divertor maintenance. This implies that tolerance of disruptions may be an important
parameter when considering divertor design and ultimate cost.

Commercialisation and the cost of electricity

As discussed throughout this review, tokamaks are far from ready to enter the commercial
electricity market, however, if this goal is to be achieved, it is important to consider how their
operation will impact the cost of electricity (CoE). An approximation of the economy of fu-
sion energy in (Entler et al. 2018) finds a high degree of uncertainty in modelling fusion CoE
but identifies a strong dependence on fusion industrial technologies. Steady-state operation
of power plants is investigated in (Buttery et al. 2019) where work on the DIII-D tokamak
has improved compatibility between plasma physics and divertor requirements in order to
reduce disruption frequency, thereby decreasing erosion of the divertor. In (Takeda, Sakurai,
and Konishi 2020), a fusion power plant compatible with a deregulated electricity market
is modelled, where it is established that the economic performance of fusion power plants
is particularly sensitive to unplanned outages. This is of particular importance to consider
in conjunction with divertor protection and may influence choices regarding divertor dura-
bility versus cost. A study looking at the minimisation of the cost of electricity (CoE) in
fusion reactors (Tokimatsu et al. 1998) finds that a water-cooled design is compatible with a
minimised CoE and that He or Li cooling are not required.

Spherical tokamak power plants

Spherical tokamaks present a different optimisation problem to that of the conventional high
aspect ratio tokamak. (Voss et al. 2000) uses PROCESS to model thermodynamic, neutronic
and mechanical design parameters for a spherical tokamak power plant with a 1GWe elec-
trical output. The resulting reactor design involves water-cooled divertor coils with a highly
elongated plasma designed to protect the components through the more uniform distribution
of the neutron load. The divertor configuration uses a double null system with an upper and a
lower divertor effectively halving the load per target. There is however very limited space for
the construction of the inboard targets due to the compact low aspect ratio design. The small
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central column however means that it may be easier to remove for maintenance, including the
replacement of the divertor. In (A. Costley, Hugill, and Buxton 2015) the author presents a
vision of future spherical tokamaks based on the observed scaling of the fusion energy gain
(Q) which scales with absolute fusion power and energy confinement, and only weakly on
major radius. This inevitably leads to a concept of small reactors, which will need robust
methods for dealing with even higher heat and neutron loads to components like the divertor.
The route for compact spherical tokamaks is perhaps therefore even more reliant on novel
divertor geometries and protection techniques. An argument for the vision of a spherical
tokamak power plant is developed in (A. E. Costley 2019), which suggests that careful design
could result in a power load that is compatible with material limits. A 5-10MW m−2 divertor
heat load is suggested in a double null configuration where divertor engineering is a key
aspect of spherical tokamak power plant viability.

2.3.5 Uncertainty in divertor design

The unverified nature of many fusion power plant concepts means there is a high degree
of uncertainty in the values of many parameters which may need to be used as inputs in a
systems code. The risks associated with undefined components and system integration in
DEMO is discussed in (Gliss et al. 2018), where it is noted that cost saving and design sim-
plification needs to be performed once design uncertainties are reduced in order to allow for
effective design integration. In (Lux et al. 2017) a Monte Carlo sampling technique is used in
conjunction with PROCESS. Significant uncertainty in power flow to the divertor is noted, as
PROCESS lacks a robust model and instead uses a proxy value based on current data. The
reliability of systems code modelling becomes harder to prove for reactors the further they
progress from the current experimental capability. For this reason, (Marbach, Cook, and
Maisonnier 2002) benchmarks PROCESS against existing ITER calculations and finds good
agreement with ITER geometry and cost, however, uncertainties in ITER operation still exist.
As stated in (Zohm et al. 2013), the assumptions made in systems code modelling of DEMO
are largely dependent on the optimism of the author, where it is suggested that out of all the
areas requiring improvement in technology and understanding, the power exhaust system
(including the divertor) is where the most progress is needed.

(Bachmann et al. 2018) discusses the design integration challenges envisaged for the con-
struction of a European DEMO reactor. It is stressed that divertor performance is an out-
standing issue which creates a challenge for design integration. Furthermore, it is suggested
that the DEMO divertor may have to rely on the sub-cooled boiling regime associated with
liquid coolants (water) rather than gas coolants in order to deal with heat loads. This again
leads to the contradiction that a water-CuCrZr coolant-pipe combination is required in order
to manage heat loads in DEMO but is also considered unsuitable due to its poor radiation
resistance. The power density from which divertor operation can be recovered without signif-
icant damage if detachment is lost is assessed as affecting the net electrical power by ±3%
when it is modified by ±10% (Kembleton, G. Federici, et al. 2019). In a review of design
integration issues regarding power exhaust in the transition from ITER to DEMO, (A. Loarte

74



and Neu 2017) finds that contamination of the core plasma is a central issue with W divertor
PFCs. Liquid metal is presented as a solution, however, it is subject to potentially hazardous
interactions with the magnetic fields.

2.4 Divertor target modelling

This section focuses on the modelling of plasma-facing divertor targets, which are typically
composed of rows of actively cooled armour plates. The discussion is divided into two sec-
tions, one which focuses on the modelling of armour processes and another which describes
issues relating to the coolant fluid.

2.4.1 Divertor armour modelling

The armour provides a number of different functions in the divertor: it is the first point of
contact for the most intense tokamak heat load, it provides neutron shielding and heat trans-
port. It must be able to perform these functions without melting or unacceptable activation,
undergoing fracture, retaining excess tritium, resulting in unacceptable arcing from the
plasma, or allowing He ingress (Malizia et al. 2014). It is unlikely that any armour compo-
nent will perfectly satisfy all of these constraints and so compromises are made with different
devices emphasising some functionalities over others. For example, experimental reactors
may be able to use parts designed to be replaced more regularly than would be possible in a
commercial reactor with high availability.

2.4.2 Design codes

Design codes can include rules for manufacture, failure testing methodology, performance
requirements and other processes related to component design. In the case of one concept
known as the monoblock, for example, only the pipe is considered a structural component
and the armour is subject to different design standards (Muyuan Li, Werner, and Jeong-Ha
You 2015). This section does not constitute an exhaustive list of codes but highlights the
existence of some of the major ones used in the design of the divertor.

SDC-IC and RCC-MR

Full details on the development of an ITER-relevant design code - the ITER Structural De-
sign Criteria for In-Vessel Components (SDC-IC) - and recent developments can be found
in (Sannazzaro et al. 2013). The SDC-ICC is based on the earlier RCC-MR, as stated in
(Martinez et al. 2011), which also discusses the challenges in developing structural design
criteria for fusion in-vessel components. (Kalsey and Porton 2014) notes that current nu-
clear power plant codes are all designed for fission and are of limited relevance to fusion
applications. It is argued that they do not adequately account for effects like cyclic softening
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(including ratcheting and creep-fatigue) and non-ductile material behaviours. RCC-MRx is a
French design code resulting from the merger of two other design codes. It is developed in
the context of a materials test reactor and aims to be applicable to ITER-relevant components
(De Meis 2015).

The MEAP

The Monoblock Elastic Analysis Procedure (MEAP) was developed as part of the ITER
Work Package Divertor (WPDIV) as a method for the simple but accurate assessment of
monoblocks under steady-state operating conditions (M. Fursdon, J. H. You, et al. 2018).
Monoblock sub-components are made of materials which have different yield strengths and
coefficients of thermal expansion. This leads to the proposal of a hybrid elasto-plastic analy-
sis technique for proper characterisation of the stress state. It is established that even when
plastic analysis is included, the results only provide an estimate of the cyclic stress range,
rather than the absolute stress state. (M. Fursdon, J. H. You, et al. 2018) also notes that a
new code based on elasto-plastic methods, known as the DEMO Design Criterion (DDC),
is being developed. The MEAP includes selected structural rules from the ITER SDC-IC
and three thermal rules (Crescenzi et al. 2017). Firstly, the cooling tube bulk temperature
must be within the prescribed temperature range limited by irradiation embrittlement, ir-
radiation creep and or thermal softening. Secondly, the tube wall heat flux must be lower
than the CHF. Finally, the W surface temperature should be less than 1800◦C to prevent
bulk re-crystallisation. There are also additional rules relating to failure through processes
including ratcheting that consider distinct load cases. It is stressed in (Thomas R. Barrett
et al. 2016) that the MEAP is intended primarily for comparative purposes, and to inform
design by analysis.

Design by analysis

The concept of design by analysis for PFCs is discussed further in (M. Fursdon, J.-H. You,
and M. Li 2019), where a number of specific design rules for an Inelastic Analysis Procedure
(IAP) are proposed. ITER is described as a design-by-experiment device due to historical
difficulty in predicting cracking, which was identified as a dominant failure mechanism. As
the monoblock cooling pipe is the only sub-component designated as structural, the standard
elastic design rules do not apply to the other sub-components. A number of key points are
highlighted, some of which are summarised as follows:

I W is brittle and no formally validated design assessment rules exist.

II The dissimilar metals and joining methods in monoblocks can lead to singularities for
stress and strain in finite element analysis.

III Material property modification by radiation is poorly characterised.
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2.4.3 Armour geometries and concepts

The following section describes common divertor armour geometries and their performance
where sufficient data is available.

The ‘ITER’ style monoblock

The monoblock design features a continuous armour block with an integrated cooling pipe.
The concept has been selected for a number of reactors including ITER (Hirai, Escourbiac,
et al. 2014) and CFETR (Wan et al. 2017). Early designs used CFC armour. (Cardella et al.
1993), models the CFC armour concept in a 3D thermo-mechanical analysis in support of
experimental results and finds no degradation after 1700 cycles at a heat flux of 13MW m−2

and over 1000 cycles at 15MW m−2. Whilst CFC was evaluated as a divertor plasma facing
material (K J Dietz et al. 1995a), it was rejected for ITER due to reasons of cost and tritium
retention (Dolan 2014). The replacement design includes a CuCrZr cooling pipe separated
from W armour by a stress relieving Cu interlayer (Hirai, Panayotis, et al. 2016). Two design
issues identified are the stress induced due to differing material coefficients of thermal expan-
sion (Schlosser, F. Escourbiac, et al. 2005) and the use of a circular cross-section pipe, which
leads to uneven heating (Araki, Ogawa, et al. 1996). The influence of the ITER divertor on
future DEMO reactors is likely to be widespread due to the number of national members of
the ITER organisation.

Other monoblock concepts

(Hermsmeyer and Kleefeldt 2001) highlights a number of different He-cooled concepts, all of
which are designed to be compatible with a monoblock armour geometry, and discusses the
use of a porous wick to enhance thermal contact. In the concept proposed in (J.H. Rosenfeld
et al. 1997), the porous medium is placed at the outer region of the coolant channel with
the flow in the porous region directed such that the heated coolant fluid flows away from
the top region which receives the peak heat flux. The multi-channel concept presented in
(D. L. Youchison et al. 2000) also features circumferential flow in an outer porous region,
however, two channels are present in a single armour block. A coolant tube concept proposed
in (C B Baxi and Wong 2000) consists of an annular vanadium tube with ridges cut into the
internal surface in order to break the laminar boundary layer which is found near the solid-
fluid interface. The ridges are more pronounced in the top portion of the tube, where the
highest heat fluxes are experienced. Other concepts presented in (Hermsmeyer and Kleefeldt
2001) including the ‘eccentric swirl promoter’ and a slot concept, do not seem to have been
investigated further.
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Flat tile

The flat tile concept typically involves an armour plate bonded to a higher thermal conductiv-
ity heat sink with an internal cooling pipe (Araki, Akiba, et al. 1992). The dangers associated
with an early ITER flat tile concept involving a CFC or beryllium armour layer bonded to
a Cu pipe with an external rectangular cross-section Cu (alloy) heat sink are described in
(Merola and Vieider 1998). The consequences of tile detachment are modelled in ANSYS
(and EUPITER for heat transfer coefficients), and result in a heat flux of 120MW m−2 on a
1mm area of the adjacent tile causing rapid temperature rise and melting (of Be armour) in
17ms. The von Mises stress was found to increase rapidly in the adjacent tile and was thought
to lead to further detachment. It is concluded that a monoblock solution is significantly more
robust in this application. The microchannel designs investigated in (D. Y. Lee and Vafai
1999) rely on plasma-facing armour plates where the opposing side is actively cooled with
coolant forced between finely spaced high aspect ratio fins. This allows for a large contact
surface area and a high temperature gradient within the water coolant.

Tile-finger geometries

The jet impingement concept presented in (Ihli et al. 2005), discussed in the context of
DEMO in (Prachai Norajitra, Said I. Abdel-Khalik, et al. 2008), and optimised in (Widak
and P. Norajitra 2009), uses hexagonal armour tiles which are not cooled directly but are
brazed onto caps to minimise cracking. Jets of high velocity He travel along He tubes or ‘fin-
gers’ perpendicular to the armour tiles and impinge on the underside of these caps. The He
cooled modular divertor with jet cooling (HEMJ) design, based on the tile-thimble concept
is illustrated in Fig. 2.5. An integrated finger and plate concept presented by (A. R. Raffray,
Malang, and X. Wang 2009), has a unit size tailored to the heat flux profile and uses small
components which are better at heat removal in areas of high flux and more reliable, larger
plate components elsewhere.

Interlayer engineering

Interlayers are typically added to divertor monoblock designs in order to relieve stress. The
ITER monoblock interlayer is designed to yield plastically, minimising excessive thermal
stresses (Q. Li et al. 2019). Interlayers have been the subject of a number of recent design
studies aimed at improving monoblock performance, and the emergence of novel manufac-
turing techniques capable of producing designs with more complex internal geometries may
provide further opportunities for development.

A thermal barrier concept which aims to improve heat flux repartition and reduce thermal
gradients with the addition of a graphite layer to the top surface of the interlayer is introduced
in (Giancarli et al. 2005). The design is based on the monoblock concept and uses a Eurofer
cooling pipe and W armour, chosen over a flat tile concept to limit the consequences of fail-
ure (due to tile detachment). A 2D thermal analysis was performed and found that the design
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Figure 2.5. Illustration of the He HEMJ divertor concept, assembly and location in the divertor. Reproduced
from (Prachai Norajitra, Giniyatulin, et al. 2008).

Figure 2.6. Illustration of the ‘thermal break’ concept designed to minimise thermally induced stress around the
upper face of the monoblock cooling pipe. Reproduced from (Domptail et al. 2020)

was able to withstand an incident surface heat flux of 15MW m−2. The thermal barrier is
applied to the top half of the pipe and is 0.075mm at its thickest point. The repartition effect
of the thermal barrier reduces this heat flux to 13 MW m−2 at the pipe interface, giving a
safety factor of 1.28 between this and the CHF (16.7MW m−2).

A design search performed in (T.R. Barrett et al. 2015) with the goal of exploring interlayer
engineering, produced a concept known as the ‘thermal break’. The thermal break is de-
signed to reduce the stress induced by the CTE mismatch between the CuCrZr and the W in
an ITER-style monoblock. Fig.2.6 illustrates a design developed based on the thermal break
low conductivity interlayer concept and presented in (Domptail et al. 2020). The interlayer
‘spokes’ increase thermal resistance, resulting in greater W thermal expansion and therefore
less induced stress due to the more rapid CuCrZr cooling pipe expansion.

The counter-intuitive concept of deciding to reduce overall conductance is justified by refer-
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ence to its proposal in (Li-Puma et al. 2013). The optimisation in (T.R. Barrett et al. 2015)
uses response surface methodology to minimise a stress-based objective function, combined
with a genetic algorithm to identify optimal designs. The optimisation resulted in a thick
compliant interlayer with a low Cu fraction, which was found to re-distribute stress around
the pipe, reducing the peak value. Whilst the optimised design met the ITER SDC-IC rules,
the W maximum temperature was near the imposed limit, described as potentially design
driving. This somewhat calls into question the chosen reduction in conductance. The authors
also note the potential for the development of ultra-compliant interlayers which structurally
decouple the pipe and armour. The thermal break concept is further developed in (Fursdon
2017) where the design features machined spokes in the upper portion of the interlayer, cho-
sen as a compromise between strain in the interlayer and stress in the pipe. The SDC-IC
rule used describes a limit on progressive deformation which the thermal break design satis-
fies, exceeding the performance of the ITER design. (Galatanu et al. 2019) investigates the
manufacture of functionally graded thermal barrier interfaces for DEMO in an attempt to
combat the different operating temperature ranges of the W armour and CuCrZr pipe. Results
from a finite element simulation suggest that it is possible to maintain W in its operational
temperature window (given as 300− 1200◦C) with the chosen design concept. In (Q. Li et al.
2019) the number and thickness of Functionally Graded (FG) interlayers are optimised with
the goal of reducing the impact of thermal stress and irradiation-induced degradation in the
Cu. The FG interlayer was particularly effective at reducing the stress in the CuCrZr heatsink
(by more than half), however, the modelling of functionally graded layer behaviour was some-
what limited. The maximum temperatures in the W and CuCrZr were found to exceed the W
re-crystallisation limit (given as 1300◦C) and the CuCrZr limit for stable operation (400◦C
which moves to 300◦C under irradiation). The author proposes the development of new al-
loys as the solution, however, it is clear that there is significant variation in the operational
limits of these materials in the literature. The SAT (Swept Armour Target) introduced in
(Mazul 2016) involves a water-cooled W armour block with a Eurofer pipe and a LiPb liquid
metal interlayer which minimises the thermally induced stresses due to differences in material
CTEs. A Korean ‘K-DEMO’ monoblock based on a modified ITER design is presented in
(Im, Kwon, and J. S. Park 2016), where a vanadium interlayer and RAFM steel cooling tube
is used. The RAFM steel is used instead of CuCrZr despite its lower thermal conductivity to
minimise activation (Kwon, Im, and J. S. Park 2017), however, to combat this, the pipes must
be very thin and managing stress becomes more difficult.

Advanced armour design

(Li Puma et al. 2002) performs a thermal-hydraulic analysis on a castellated divertor monoblock
component concept optimised for a water-cooled Li-Pb (WCLL) blanket (and divertor) con-
cept associated with the PPCS (Power plant Conceptual Study). The component was found
to tolerate the heat flux without failing, with minimum temperatures in the CuCrZr and
W falling 27◦C and 300◦C below the respective lower limits for a steady state heat flux of
15MW m−2. It is suggested that the castellated W design (illustrated in Fig. 2.7) needs to be
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Figure 2.7. Representation of a castellated monoblock designed to minimise thermally induced stresses by
allowing for thermal expansion. Reproduced from (Li Puma et al. 2002).

further investigated to ensure it does not increase the likelihood of the cracking it is designed
to alleviate. An ITER-like divertor concept for DEMO is evaluated in (Crescenzi et al. 2017)
as part of a design study which uses the MEAP (Monoblock Elastic Analysis Procedure). A
sizing optimisation problem is performed with the objectives of minimising the maximum
temperature and the maximum von Mises stress in the cooling pipe. The interlayer is as-
sumed to be elasto-plastic and the pipe and armour are treated elastically in the finite element
analysis. The optimisation leads to a modified geometry with reduced dimensions that had
sufficient safety margin for the three loading cases studied.

A novel vision for plasma-facing component design and manufacture is established in (R. E.
Nygren et al. 2016), where it is proposed that PFCs made from homogeneous armour mate-
rials would have insufficient lifetimes for operation in reactors like DEMO. It is suggested
that future PFCs will require features like functional grading, nano-structures, and controlled
porosity, enabled by advanced manufacturing techniques.

In (Curzadd et al. 2019), topology optimisation is used to address the problem of stress in
the divertor monoblock system. The localised material composition of part of a generalised
topology optimised monoblock is allowed to vary between the properties of W and Cu in
accordance with a gradient-based optimisation algorithm with the objective of minimising
(peak von Mises) stress. The result is a continuous mixture of Cu and W intended for man-
ufacture using FG technology, with a minimum upper W armour thickness of 5mm. The
lack of proper characterisation of FG materials and the importance of the residual stress state
on the results are noted. (Kerkhof et al. 2021) also implements topology optimisation for
stress minimisation but uses a full 3D model and investigates the influence of temperature
limits on optimisation alongside residual stress and modifications to the objective function to
include the influence of a yield criterion. The resulting designs are found to exhibit improved
performance for the loading conditions used in the optimisation but were outperformed by
reference designs in other loading scenarios.
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2.4.4 Divertor target loading conditions

This section discusses the performance of the various divertor solid domain designs when
subjected to fusion-relevant loading conditions. PFCs must be able to tolerate a wide range
of loading conditions through fusion initiation, steady state operation and shutdown, not
including the additional demands placed on components by transient power surges resulting
from a variety of plasma events. Most fusion devices proposed for commercial application
rely on steady-state operation to maximise availability for electricity production (Kembleton,
A. W. Morris, et al. 2020). Most current tokamak designs, however, which rely on ramping a
current through a central solenoid to induce a toroidal plasma current, are inherently cyclic.
Start-up and shut-down cycles can be particularly damaging to PFCs, both as they introduce
mechanisms for cyclic damage, but also because they can result in higher thermal loads to
the divertor (A.R Raffray et al. 1998). Furthermore, it is currently unclear to what extent
future PFCs will be subject to damaging transient events including plasma disruptions known
as Edge Localised Modes (ELMs). Whilst ELM-free operation is being investigated, it is
currently poorly understood (Siccinio, Biel, et al. 2020) and it is thought that future devices
must be able to tolerate several ELMs without failure (Sizyuk and Hassanein 2018).

Heat flux concentration

One design challenge present even in steady-state operation is caused by small misalignments
that arise between monoblocks in assembly, exposing a leading edge to an increased heat flux.
In (J. Gunn, Carpentier-Chouchana, et al. 2017) it is shown that a 0.5mm bevel in the toroidal
direction can protect the monoblock from bulk melting under steady-state heat loads. The
introduction of this bevel, however, changes the exposure of the monoblock to the magnetic
fields, increasing the overall heat flux, and leading to a greater danger of surface melting
and if detached operation is lost (R. A. Pitts et al. 2017). Uncontrolled ELMs also become
a more severe threat to the divertor. This analysis is extended in (J. Gunn, T. Hirai, et al.
2019) where a poloidal-toroidal bevel is considered (but not recommended for ITER) and it
is highlighted that ELMS on bevelled components may be intense enough to trigger boiling
of the W armour. (J. P. Gunn et al. 2021) includes experimental verification of the impact of
heat loads on leading edges between monoblocks and predicts that ITER monoblocks may
undergo cracking in the first stages of operation which could act as nuclei for further cracking
under steady-state operation. Fig. 2.8, reproduced from (J. P. Gunn et al. 2021) illustrates the
potential for damage due to exposed leading edges.

Transient events

Slow transients of 20MW m−2 over 10 seconds are the most demanding heat load require-
ments PFCs in ITER are designed to handle (A.R. Raffray et al. 1999). However, (Mazul
2016) envisages the worst-case scenarios for divertor loading, with loss of detachment in
ITER resulting in transient heat loads of 40MW m−2. A range of engineering solutions are
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Figure 2.8. Photographs of monoblock sections with discoloured bands showing the result of surface melting in
a high-field region (left) and cracking in a low field region (right). The damage is attributed primarily to
localised intense heat fluxes resulting from small misalignments between tiles that expose leading edges.

Adapted from (J. P. Gunn et al. 2021).

proposed including the use of functionally graded materials, however, it is argued that the po-
tential thermo-mechanical improvement would be insufficient for loads above 15-20MW m−2.
The authors present the idea that it may be difficult to integrate an adequately performant
divertor into an already optimised DEMO design. A number of solutions are proposed which
rely on the movement of either the plasma or the target including liquid metal or a system
involving continually refreshed metal spheres. A rotating target is proposed as an alternative
to sweeping the plasma across a stationary target in order to reduce electromagnetic loading.
(Maviglia et al. 2016) discusses DEMO relevant ITER-style monoblocks designed to handle
slow 10-second transients. A thermal-hydraulic analysis involving a sudden ramping of
power from a steady state load to a value above the CHF found that when the coolant temper-
ature was above 160◦C, the design driving constraint is the CHF and pipe burnout, whereas
for coolant temperatures below 160◦C, melting of the armour surface was the primary source
of failure during high transient heat loads. It is found that thicker W armour would allow
for a longer period of time in an extreme heat load scenario (up to 30MW m−2) before pipe
burnout occurs, at the expense of higher surface temperature. An in-depth simulation of
transient events resulting from ELMS in ITER is presented in (Sizyuk and Hassanein 2018).
It is found that the ITER design has the potential for localised heating of PFCs a distance
away from the divertor targets, leading to damage and vaporisation of both surface and hid-
den components. It is suggested that a single transient could leave ITER inoperable and that
damage to hidden components could involve a lengthy maintenance time. (Hassanein and
Sizyuk 2021) goes further and suggests that the ITER divertor design will not work properly
during transient events without significant redesign. A snowflake divertor configuration is
suggested as a potential solution to this problem.

Transient stresses in a He cooled W divertor target during startup and shutdown considered in
(X. R. Wang, A. R. Raffray, and Malang 2009) show that a jet impingement design operated
within the stress and temperature limits, but risked W re-crystallisation in the thimble. It
is suggested however that transients on the scale of 10 seconds, perhaps associated with
emergency shutdowns, may exceed these limits. The 3D thermo-mechanical and thermo-
fluid analyses were performed for a reactor startup scenario involving ramping power to
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10MW m−2 over 400 seconds.

2.4.5 Deformation, damage and failure

Modelling of the mechanisms of deformation, damage and failure in PFCs in conjunction
with experimental work, is crucial to improving the ability of digital modelling techniques to
continuously evaluate a broad range of design concepts, including those not currently in use
in experimental devices. Some of the main mechanisms for deformation and damage in PFCs
(detailed in (M. Fursdon, J.-H. You, and M. Li 2019)) are:

i Residual stresses (stresses which remain present in materials after the external forces
which initially caused the stress have been removed).

ii Thermal fatigue (induced by repeated cyclic expansion and contraction of materials),
which is especially problematic in multi-material divertor components due to differ-
ences in CTEs.

iii Plastic deformation (permanent distortion of a material which occurs when it is sub-
jected to stresses beyond its yield stress).

iv Ratcheting. Also referred to as cyclic creep, ratcheting involves the accumulation of
plastic deformation due to thermo-mechanical cyclic stresses.

Modelling damage in monoblock concepts

Cracking has been found to occur in the upper portion of the W armour of monoblock con-
cepts. In (T.R. Barrett et al. 2015) the three sources of stress in the monoblock pipe are listed
as the internal coolant pressure; the temperature gradient due to the plasma heat flux and
the differences in thermal expansion. Cracking in W armour is modelled in (Muyuan Li
and Jeong-Ha You 2015), where cracks were initiated with heat loads of 15MW m−2 and
20MW m−2, with the most probable causes of cracking detailed as low cycle fatigue. Surface
cracks initiated during operation were found to grow during cooling, reaching 5mm into
the armour. Furthermore, crack growth was found to continue during subsequent high heat
flux heating, extending to the region directly above the interlayer in some cases. An elasto-
plastic thermo-mechanical analysis of the ITER monoblock cooling tube and interlayer in
(Muyuan Li, Werner, and Jeong-Ha You 2015) for DEMO operating conditions, establishes
that the cooling tube is unlikely to fail under an 18MW m−2 heat flux. It is noted however
that un-irradiated material property data was used. The Cu interlayer however was shown
to experience significant plastic deformation at the upper boundary with the cooling tube
and loads greater than 15MW m−2 were found to reduce the low cycle fatigue lifetime. Con-
sequently, the component was seen as unlikely to meet the design requirements for DEMO
operating conditions.

The heat flux limit in a W/RAFM (Reduced Activation Ferritic-Martensitic) divertor design
for CFETR is investigated in (Mao et al. 2018). The design uses a RAFM steel pipe with
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a Cu interlayer. The ITER in-vessel design code SDC-IC is used to analyse structural in-
tegrity under with ITER-like conditions due to uncertainty in the expected CFETR operating
conditions. The temperature limit for the Cu interlayer was found to limit maximum allow-
able surface heat flux to below 10MW m−2 with a maximum coolant flow rate of 20m s−1.
This was caused by the low thermal conductivity of the RAFM steel pipe. The included
geometric optimisation, therefore, generated designs with thin pipes, which showed increased
performance but a potential vulnerability to failure through accelerated corrosion. Some-
what surprisingly, reducing the heat load from 10MW m−2 to 9.19MW m−2 was found to
extend the lifetime from 0.55 years to 2 years. A thermo-mechanical analysis of the same
monoblock with a China Low Activation Martensitic (CLAM) steel pipe is presented in
(Peng Liu et al. 2018) using the EU DEMO MEAP and the hybrid model detailed in (M.
Fursdon, J. H. You, et al. 2018). Whilst the CLAM steel tube was predicted to satisfy the
requirement for cyclic fatigue, creep is predicted to be an issue for operating times exceeding
1460 hours.

2.4.6 Coolant fluid modelling

Cooling the divertor armour involves removing an intense one-sided heat flux, which cre-
ates challenges for both concept design and the modelling of fluid processes in the coolant.
Digital design typically relies on Computational Fluid Dynamics (CFD) to model coolant
flow as part of a conjugate heat transfer problem coupled to a thermo-mechanical analysis
of the solid parts. A significant source of complexity arises from the multiple engineering
objectives associated with the system. The cooling pipe must be capable of adequate heat
conduction to the coolant, where mixing and convective transfer occurs, in order to carry
away heat without involving a pumping power that is unacceptable from the perspective of
maintaining reactor efficiency. Equally, a balance must be maintained between removing
enough heat from the armour to prevent melting and maintaining operation below the fluid
CHF.

The choice of coolant has a large impact on the design of PFCs. It is both influenced by
‘upstream’ decisions regarding power plant regulations and goals for safety, efficiency, cost
of electricity and maintenance and ‘downstream’ constraints such as the maximum tolerable
heat flux and the need to operate within the operating temperature ranges of PFC materials.
Water is the best-characterised coolant, and the most common choice for past and present
experimental tokamaks. The phase change as water undergoes boiling, however, can add
complexity to modelling, engineering and operating safety. Water has a high heat capacity,
which in turn leads to high heat flux handling capability. It is traditionally associated with Cu
alloy coolant pipes which do not permit operation beyond approximately 350◦C under irradi-
ated conditions (Li-Puma et al. 2013). Helical swirl tapes are typically used as turbulence
promoters (Schlosser, F. Escourbiac, et al. 2005) and increase the heat transfer coefficient by
increasing effective flow velocity and mixing (C B Baxi and Wong 2000).

He has some theoretical advantages over water including its compatibility with the plasma in
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case of a leak and its chemical and neutronic inertness, allowing for corrosion-free operation
in metal cooling pipes (C B Baxi and Wong 2000). Furthermore, it is used as a single-phase
coolant and as such does not involve the modelling and engineering challenges associated
with fluid CHFs. He has a low heat capacity, which may be compensated for with high fluid
velocity, however, this can also mean that a high pumping power is required. Furthermore, in
areas receiving greater heat load, the He gas can expand significantly, reducing density and
increasing pressure drop (D. L. Youchison et al. 2000).

Exotic coolants including liquid metal are another option proposed for next-generation reac-
tors (C B Baxi and Wong 2000). They typically feature high boiling points and heat transfer
coefficients but are highly chemically active (Ferrari et al. 2001). Furthermore, as liquid
metals are conductive, internal currents and Lorentz forces can be induced in the presence
of magnetic fields, as is the case in a tokamak. Their use in divertors (and breeder blankets)
often results in additional drag forces and therefore increased pressure drops (Abdou et al.
2015). The behaviour of electrically conductive fluids in magnetic fields can be described
using magnetohydrodynamics (MHD).

A liquid metal plasma-facing surface concept designed to remove heat fluxes in excess of
20MW m−2 is proposed in (Kurihara 2002). The liquids suggested for use are Li, Ga and a
molten salt (LiF-BeF2) known as FLiBe. The concept aims to reduce the need for mainte-
nance and eliminate the problems of thermally induced stress and crack growth. FLiBe has a
high electrical resistance and so MHD-related pressure loss is predicted to be less significant.
A liquid metal armour concept discussed in (Roccella et al. 2020) aims to increase the PFC
lifetime with a self-healing divertor that is also less susceptible to neutron damage, with
concepts proposed using either Li or Sn-based coolants. (Segantin et al. 2020) details FLiBe
molten salt coolant and dynamic flow adaptation to permit an efficient load following design
where the inlet and outlet temperatures can be modified to protect against stress peaks and
cyclic fatigue. Whilst liquid metals and molten salts are arguably the least mature of the three
coolants discussed, they are the subject of active research and could drastically change the
design of future divertors if successful.

2.4.7 Fluid heat transfer modelling

The fusion environment provides a unique conjugate heat transfer environment, even for
a coolant as well-studied as water. An extreme heat flux is transferred through a (multi-
material) solid domain to highly pressurised hot fluid through one side of the cooling pipe.
Literature describing similar heat transfer scenarios was not widespread before works includ-
ing (Schlosser, Chappuis, and Deschamps 1993) were performed in preparation for ITER.
It was established in (Araki, Ogawa, et al. 1996) that previously-established heat transfer
coefficient correlations for non-boiling to sub-cooled partial nucleate boiling conditions were
unsuitable for ITER purposes. FILM-30 (successor to FILM) is a code developed to calculate
heat transfer properties for the inside of an OFHC (oxygen free high thermal conductivity)
PFC coolant channel that is non-uniformly heated (T. D. Marshall 2001). The code is writ-
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ten in FORTRAN and when combined with FEA, was found to be in good agreement with
experimental data for OFHC-Cu mock-ups.

2.4.8 Thermal-hydraulics

As the coolant fluids used in the divertor are circulated using forced convection, the nature of
their mechanical behaviour, and the interaction of this with their thermal performance is of
significant interest. Whilst the thermal-hydraulic behaviour of water-cooled components is
dominated by investigation of the CHF and phase change behaviour, He-cooled components
operate entirely in the gas phase.

In water-cooled components

The CHF of a fluid describes the upper limit of efficient heat transfer to a fluid, beyond
which heat transfer dramatically deteriorates. In a fluid undergoing nucleate boiling (where
bubbles of gas break away from the heated surface). The process is typically characterised
by the formation of an insulating vapour film between the cooling pipe wall and the main
body of the coolant fluid (Donnelly 1985). The CHF ratio is the ratio of the CHF to the
incident heat flux at the boundary of the coolant channel. Analysis of the ability of the ITER
divertor to handle 20MW m−2 transients over 10s and the impact of the CHF on the design is
presented in (A.R. Raffray et al. 1999). It is found that a suitable CHF safety margin (with
2.0 stated as desirable) is possibly achievable with the since deprecated ITER-style CFC
monoblock for heat loads up to 25MW m−2. A detailed analysis of film boiling in water-
cooled divertor systems with a swirl tape is presented in (Yagov and Dedov 2009) and finds
good agreement between turbulence modelling and experimental data at moderate pressures.
The relationship between CHF and flow rate, including a calculation method, is discussed
in (Dedov 2010). Divertor components often rely on sub-cooled boiling flow, where the
bulk average temperature is less than the saturation temperature. This is favoured for many
high heat flux situations due to the increased efficiency associated with the latent heat of
vaporisation which increases cooling performance over single-phase flow (Alatrash et al.
2022). An analysis of correlations for the description of sub-cooled boiling flow is presented
in (Ping Liu et al. 2021), which finds average errors in literature correlations of between
18.18-78.69%. A new correlation is developed which reduces this error to around 10%.

(Domalapally and Entler 2015) notes that the thermo-mechanical advantages of the swirl tube
could be combined with the thermal-hydraulic advantages possessed by the hypervapotron in
the form of a screw-tube: a pipe with helical grooves also referred to as rifling. This is not
the first time this solution has been suggested, however, with (C. B. Baxi 1995) recommend-
ing a similar approach (discussed further in Section 2.4.9).

The thermal-hydraulic performance of the water-cooled twist tape for use in ITER-style
monoblock divertors is discussed at length in (Clark 2017). Twisted tapes (also known as
swirl tapes) were found to improve thermal performance but result in greater pressure losses.
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Figure 2.9. Schematic illustrating a swirl insert used to promote fluid mixing in the ITER monoblock concept,
reproduced from (Wiggins, Cabral, and Carasik 2021)

Twisted tape simulations at conditions representative of the W7-X stellarator resulted in
boiling in several regions, limiting the applicability of results from studies relying on single-
phase heat transfer correlations. Furthermore, despite attempts to experimentally verify flow
conditions, it was not clear which turbulence model most accurately represented the flow.
(El-Morshedy 2021) finds that an ITER monoblock under a heat load of 15MW m−2 without
a swirl tape has a minimum CHF margin of under 1.4, which is the minimum allowable value
for ITER. The addition of a swirl tape increases the ratio to 2.38 at 20MW m−2. Melting
of the upper W surface was found to occur, however, the Cu temperatures were found to
remain below the melting point. This indicates that, for the swirl tape design, more heat
could be extracted to reduce the likelihood of melting without exceeding a safe CHF ratio.
(Wiggins, Cabral, and Carasik 2021) finds that surface roughness caused by thermal fatigue
from the cyclic loading of a twist tape geometry (illustrated in Fig. 2.9 leads to increased
heat transfer and pressure drop. The design reduces in efficiency over time, however, which
may lead to the materials exceeding operational temperature limits. The study is limited to
the investigation of a uniform heat flux but it is proposed that the scenario would likely be
worse in a more realistic one-sided loading configuration.

The impact of using Eurofer as a structural material for an ITER-like DEMO monoblock
design is investigated in (Richou, Li-Puma, and Visca 2014), where water velocity is max-
imised to enhance heat transfer. In the most favourable thermal-hydraulic case analysed, the
design was found to be limited by the CHF and rules against progressive deformation and
ratcheting. Modelling of transient loads on an ITER-like monoblock concept for DEMO in
(Maviglia et al. 2016) shows that if the water temperature is above 160◦C, the limiting factor
is the CHF (causing vapour film build-up and loss of cooling) but below this temperature,
the limiting factor is the melting of the W armour surface. The THAMES code, discussed
in (Thomas R. Barrett et al. 2016) has been developed to enable rapid design exploration for
thermal-hydraulic concepts.

88



Table 2.3. Comparison of He cooled concept thermal hydraulic performance reproduced from (Hermsmeyer and
Kleefeldt 2001)

Divertor concept Max fluid/structure interface [◦C] Ratio of pumping power to thermal power [%]
Porous medium 880 1
Multi-channel 1240 2.3
Swirl rod 1170 2.5
Eccentric swirl promoter 1080 2.3
Slot 1090 0.7

In He-cooled components

Typical parameters for evaluating thermal-hydraulic performance of divertor components
are pressure drop and a temperature metric (either surface or wall temperature). Numer-
ical thermal-hydraulic benchmarking for porous He-cooled concepts was performed in
(Hermsmeyer and Kleefeldt 2001) based largely on heat transfer correlations derived in (J.
Rosenfeld and Lindemuth 1993) and is shown in Table 2.3.

Table 2.3 shows significant variation in the ratio of pumping power to thermal power, where
lower values represent more efficient cooling. The slot and porous medium concepts perform
best on this measure, however, the study represents an early stage of development. It is noted
that further research is needed to assess the impact of surface roughness on heat transfer
and to better understand heat transfer coefficients in porous material. More details on the
geometry of these designs can be found in Section 2.4.9. Furthermore, it is noted that the
porous medium concept has the highest level of uncertainty. This is a recurring problem in
fusion research where a lack of consistent knowledge about component performance tends to
favour poorly characterised designs. (Prachai Norajitra, Giniyatulin, et al. 2008) evaluates
the performance of the EU He-cooled divertor for DEMO at 600◦C and 10MPa. Mock-ups of
the component were found to handle heat fluxes of up to 11MW m−2 for 100 cycles without
observable deterioration.

Thermal-hydraulic optimisation

The thermal hydraulics of water cooled divertors is discussed in (C. Baxi 2001) where it is
found that pumping in a poloidal direction requires an order of magnitude less power than
in the toroidal direction due to the highly peaked heat flux in the poloidal direction. If the
flow is directed in the poloidal direction, the cooling geometry can accommodate the lo-
calised peak in heat flux without needing to support it over its entire length. Heat transfer
enhancement techniques (of which the swirl tape is the most mature) are found to reduce
the required pumping power, flow rate and pressure drop. The paper also includes recom-
mendations such as the best practice of maintaining a CHF ratio factor of at least 1.5, and a
recommended method of analysis for fusion thermal hydraulic studies. A recent modification
to the monoblock concept in (Kwon, Im, and J. S. Park 2017) investigates reversing the con-
vention established in (C. Baxi 2001) for poloidally directed cooling channels, arguing that
toroidal channels enable local modifications to material properties. This concept employs
CuCrZr heat sinks in the high heat flux regions and RAFM heat sinks, which permit higher
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coolant temperatures, suitable for power generation, in lower heat-flux regions. This was
found to be effective, however, the use of two separate coolant scenarios adds complexity to
the system. Further optimisation of the design using statistical tools and CFD in (Kwon, Im,
and J. S. Park 2018) results in a thinner tube and smaller monoblock for the RAFM design.
The use of thermal-hydraulics to lead design optimisation results in a distinct concept for
the divertor not seen in other approaches. An investigation into the optimisation of cooling
circuit manifolding for the DEMO divertor cassette in (Di Maio et al. 2018) finds that a
more gradual expansion of flow in the supply of coolant to the monoblocks results in a lower
pressure drop with less turbulent re-circulation.

2.4.9 Cooling pipe geometries and design concepts

The next section describes the range of techniques that are commonly used to improve heat
transfer in PFCs.

Internal heat transfer enhancement

(C B Baxi and Wong 2000) includes a general discussion on PFC heat transfer enhancement
techniques, and it is speculated that heat transfer enhancement techniques which rely on
increasing the thermal conductivity of the system through the addition of micro-fins or
porous media will be unsuitable for future devices that rely on low activation, low thermal
conductivity materials. Jet impingement cooling is also criticised for its reliance on high
fluid velocity (and therefore high pressure drop) and manifolding difficulty. The addition
of particulates to coolant gases is identified as a method to improve heat transfer, but it is
thought to lead to complex filtering systems and erosion/blockage of the coolant channels.
The preferred solution is a variation on the swirl tape known as the swirl rod insert, which
has fins instead of a twist.

(Lim et al. 2018) uses CFD and shape optimisation to compute the optimal cross-section for
a monoblock concept. The ratio of incident heat flux at the monoblock surface to the peak
heat flux at the top of the cooling pipe is usually 1.4 − 1.5 for circular cross-section pipes,
concentrating an already difficult to tolerate heat flux. A 3D CFD verification study using
κ− ε turbulence and a two-phase flow model finds a 78% reduction in heat flux concentration
for the elliptical cross-sections illustrated in Fig. 2.10.

Hypervapotrons

The ‘hypervapotron’ technique (illustrated in Fig. 2.11) involves placing fins in the cooling
pipe, transverse to flow direction and allows the base of the fin to operate above the CHF
while the rest of the fin operates near the condition for stable nucleate boiling, allowing for
very efficient heat transfer (Cattadori et al. 1993).
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Figure 2.10. Shape optimised elliptical monoblock cooling pipe profiles designed to reduce heat flux
concentration. Reproduced from (Lim et al. 2018).

Figure 2.11. Hypervapotron component schematic, reproduced from (Pascal-Ribot et al. 2007).

(C. B. Baxi 1995) compares hypervapotrons and swirl tape concepts for application to the
ITER divertor, finding that the hypervapotron requires approximately 10% higher pumping
power and has a CHF of approximately 8% lower than the swirl tube for similar flow condi-
tions. The swirl tube is recommended for ITER vertical targets, however, the comparative
ease of manifolding with the hypervapotron is suggested as a reason for application to the
central divertor dome area. A comparison is made between four monoblock variations in-
cluding dual pipe designs, annular flow tubes and hypervapotron tubes. Thermal-hydraulic
analysis indicated that one of the hypervapotron models showed a 30% higher incident CHF
than the dual tube swirl tape configuration. Operation above 20MW m−2 was found to be
limited by temperature and stresses in the associated Cu alloy heat sinks. A combination
design containing a circular channel monoblock design with helical fins is suggested as the
best compromise between durability and high heat flux performance.

(Milnes, Burns, and Drikakis 2012) demonstrates a new boiling model, developed and im-
plemented using modified commercial CFD software to describe heat transfer of sustained
fluxes of 20-30MW m−2 in hypervapotrons. The new model is described as an effective tool
to be used for design optimisation and virtual prototyping of hypervapotrons for future fu-
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sion reactors. (Oh et al. 2021) combines the hypervapotron concept with a monoblock-style
armour plate. The hypervapotron includes rounded corners to the rectangular cross-section
pipe designed to minimise stress concentration in the monoblock armour and assesses a
number of different fin configurations in accordance with the MEAP. One of the concepts
satisfies all of the MEAP rules and is proposed as a novel design for divertor vertical targets.

Jet impingement cooling

Jet impingement cooling is commonly associated with He cooling and enables a high heat
removal capability using jets of coolant incident perpendicular to the plasma-facing surface.
(Ihli et al. 2005) details a high-velocity jet design where He is filtered out of a thimble-
like tube and impinges on the underside of the hot armour surface. The highly turbulent
flow of the jet impinging on the wall increases coolant mixing and therefore heat transfer
performance. The design involves a W armour tile that is castellated to reduce thermal stress
and brazed to a W alloy cap also known as a thimble. The performance was assessed with a
CFD analysis at fluxes of 8-15MW m−2 and with sufficient mass flow, the design was able to
maintain a maximum thimble temperature below the stated 1300◦C W recrystallisation limit.

A micro-channel geometry is compared to an early investigation of a jet-impingement design
in (D. Y. Lee and Vafai 1999). The comparison is made difficult due to the fundamental dif-
ferences in the designs, however, at their respective optimal operational conditions, it is found
that the jet impingement design requires a high coolant flow rate but has a comparatively
low pressure drop. The micro-channel exhibits a large pressure drop but has lower coolant
flow requirements. (Yoda and S. I. Abdel-Khalik 2017) discusses the thermal hydraulics of
several impinging-jet concepts due to recent anomalous experimental results and finds po-
tential for optimisation of the He-cooled modular divertor with multiple jets (HEMJ) design.
(D. S. Lee et al. 2019) investigates these anomalies experimentally and finds manufacturing
discrepancies as a potential explanation.

Porous cooling media

A dual channel porous metal He cooled divertor module is discussed in (D. L. Youchison
et al. 2000) where finite element software was used to model the effective heat transfer
coefficient inside the divertor module. One drawback with multichannel designs is a flow in-
stability known as ‘dynamic plugging’ where a decrease in pressure due to localised heating
of one channel leads to a density decrease and associated pressure drop. The colder channel
then experiences an increased mass flow which equalises the pressure drop, however, this
results in increasingly uneven cooling performance, possibly leading to failure. In addition to
their use in gas-cooled components, porous geometries have also been proposed for liquid-
metal-cooled systems. (J. Rosenfeld and Lindemuth 1993) discusses a He/Cu porous heat
exchanger tested for fusion, which demonstrated tolerance of 15 MW m−2 heat fluxes without
failure.
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Figure 2.12. Liquid metal divertor module based on the capillary porous system concept. Arrows on the top
surface indicate the direction of heat flux loading. Reproduced from (Roccella et al. 2020)

Liquid metal geometries

Liquid Metal PFC concepts have been proposed for use in tokamaks as early as 1974 (Wis-
consin Univ 1974), as discussed in (Muraviev 1995) which considers Ga as a PFC material.
Liquid metal plasma-facing surfaces have been tested in operational tokamaks, including
NSTX (Ono et al. 2013), where they were found to reduce peak flux by more than 50% due
to radiative heat transfer by vaporised Li. The application of liquid Li to W PFC surfaces
such as those found in ITER is also proposed, if a way to maintain purity and re-supply is
found. Liquid Li-Pb components were also considered as part of the PPCS (A. Li Puma et al.
2003).

Liquid metal PFCs are reviewed in (R.E. Nygren and Tabarés 2016), which focuses on Cap-
illary Pore Systems (CPS) that use a pore structure to supply a plasma-facing surface with
liquid metal using capillary action. CPS are considered the most mature technology and are
engineered to enhance liquid surface stability. Liquid Li PFCs were found to suffer from low
maximum temperatures, however, vapour shielding, whereby a dense cloud of evaporated
neutrals protects the surface from further evaporation, could allow for higher operating tem-
peratures. Liquid Li PFCs were also found to contribute to plasma disruption suppression
and confinement time increases. A forced convection liquid metal divertor concept discussed
in (Ferrari et al. 2001), uses both Pb17Li and SnLi, with SiC insulation to reduce MHD-
induced pressure drops. The concept was found to be capable of tolerating a maximum heat
flux of 5MW m−2. Two evaporation-based liquid metal concepts are discussed in (Reimann
et al. 2001), where it is recommended that the concepts be combined with liquid metal or
gas-cooled blankets to take advantage of the efficiency gained by operating at higher tem-
peratures. The concepts proposed in (Kurihara 2002) include one which utilises liquid-solid
multi-phase flow to exploit the latent heat of fusion associated with melting suspended par-
ticles to increase the heat capacity. In (Roccella et al. 2020), a liquid metal CPS concept
(illustrated in Fig.2.12) is presented that demonstrates the use of liquid Sn as both the armour
and coolant. The armour surface is made up of a porous mesh infiltrated with liquid Sn to
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prevent excessive MHD interaction. This is refilled by capillary action from three coolant
channels. Whilst initial results place the concept in-line with required DEMO performance
characteristics, further development of 3D FEA and CFD models is required.

2.5 Summary of findings

This review has discussed divertor design at a number of different levels, from the perfor-
mance of individual components to the impact divertor choice has on the operation of a
power plant and potential influences on the safety case of a reactor. It was found that much of
the world’s fusion research capability is tied to the development of ITER, delaying progress
and increasing the risk for the development of alternate technological pathways. Top-down
constraints such as the low activation criterion were found to create additional challenges for
material selection, with several recent studies suggesting that operating within the required
activation limits may be unfeasible, hindering the development of commercially viable fusion
reactors.

The discussion of reactor systems codes established that some codes, including PROCESS,
are seen as not conducive to significant design deviations, due to the long associated imple-
mentation time. It is also clear that the heat flux handling requirements for future divertor
targets have significant levels of uncertainty which challenge efficient design and make
progress difficult to assess. Furthermore, as the design of fusion reactor components is
device-led, with large periods of time between devices, research progress tends to be non-
linear. Concepts are pursued up to the engineering design of a device and then abandoned for
many years. Consequently, there are surprising similarities in the content and results of some
papers published 20 years apart. Significant progress has been made in the development of
advanced divertor configurations with extended legs or additional strike points. These may
lower the heat flux handling requirements of the target plates, however, their operation is not
fully understood and therefore they cannot be fully relied upon. Divertor design is further
constrained due to systems integration issues, including the desire in some cases to use a
single coolant for the divertor and first wall. Where divertor heat is used for electricity gener-
ation, this must be incorporated into the power plant thermodynamic cycle, possibly resulting
in compromises to its primary functionality. It is also clear that divertor heat flux handling
capability strongly drives design complexity, size and cost. Additionally, the transition to
more advanced divertor technologies including liquid metal, is challenged by the difficulty
of implementing novel technologies in a multi-decade reactor project and by the lack of
representative test facilities to develop operational confidence. This also presents a challenge
to effective decision-making. Water cooling, for example, is well-characterised, reliable, and
thought to be unsuitable for commercial devices. Other coolants are less well understood
and therefore their drawbacks are less well characterised, which appears to provide them
with false attractiveness. Conductive liquid metals, for example, can be subject to enhanced
pressure drops as a result of induced Lorentz forces from the magnetic fields in the tokamak.
This may pose unquantified challenges to coolant circulation.
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Design codes such as the MEAP are starting to accelerate progress towards design by analy-
sis for divertor components, and many advanced monoblock concepts have been proposed.
Despite this, some reactor design codes are still based on fission pressure-vessel codes that
are of limited applicability. Finally, significant risks to future divertor operation include
poorly characterised transient events which may result in heat loads several times the engi-
neering limit, cyclic loading, and heat concentration on leading edges.

2.6 Additional commentary on Chapter 2

The uncertainties in divertor target operational requirements and in the viability of different
armour-coolant combinations undoubtedly slow fusion development. Due to the interplay
between extreme heat loads, neutron radiation damage, safety, environmental concerns and
cost, engineering design for nuclear fusion requires inherent compromise. To make these
compromises effectively, without subjective tweaking of designs and disputes between stake-
holders who envisage vastly different operating conditions, engineers need to be able to fully
understand the environment in which the components will be used. It is suggested that, as a
significant level of design uncertainty still exists, more attention is devoted to design method-
ology, including novel techniques for optimising designs and areas of rapid development such
as machine learning, emerging manufacturing techniques such as additive manufacturing
and functional grading. These techniques may be able to exploit the growing trend towards
design by analysis, supported by advances in computational power, and new modelling
techniques. It is also clear that more work needs to be done to develop an understanding of
complex components such as the hypervapotron which until recently have defied attempts at
computational description.

Progress in digital modelling techniques may eventually enable engineering development
to be decoupled from the timescales involved in building fusion reactors. This may be im-
portant in order to design components which capitalise on developments made in emerging
fields relating to computing and manufacturing, which evolve on much shorter timescales
than fusion. It is also not clear that the large jumps in technological maturity expected be-
tween ITER and DEMO are optimal for the time-efficient development of a fusion power
plant. This is compounded by the ongoing lack of facilities for testing components in fusion-
relevant conditions outside of experimental reactors, which are designed primarily to inves-
tigate plasma physics scenarios. Whilst devices such as the Divertor Test Tokamak (DTT)
(Crisanti et al. 2017) and the IFMIF-EVEDA project (Knaster et al. 2017), aim to close this
gap, they have not yet been realised.

At any point in the development and construction of a fusion reactor, the emergence of novel
technologies, data or modelling techniques may render any part of the device obsolete. If this
happens mid reactor-cycle, it is important that the implications are taken seriously for the
development of future designs. Whilst some fusion programmes run parallel research and
development studies looking at the viability of alternate component designs, it is put forward
that a set of reactor ‘digital cousins’ could be maintained, consisting of reactor ‘digital twins’
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with different choices made for the design of critical components such as the divertor. These
could then be updated to include contemporary results relating to reactor operation and
emerging manufacturing technologies. Whilst there would be an inherent error and some
subjectivity in ‘translating’ operational results into a different design, these models could
be used to inform long-term design decisions, somewhat similar to the use of systems codes
to optimise designs before construction. Fusion reactor design has a history of returning to
previously abandoned ideas when it is time to build a new device. Work on a more flexible
system which permits some level of mid-cycle redesign could perhaps help fusion reach
commercial competitiveness on a shorter timescale than might otherwise be possible.
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Abstract

Additively manufactured CuCrZr has been considered for application to heat exchange com-
ponents exposed to high heat fluxes. Additive Manufacturing (AM) permits the creation of
parts with complex geometries, such as those with high surface areas, designed to maximise
heat transfer. One potential application area is nuclear fusion, where components designed
using topology optimisation and enabled by AM could help meet the high barrier to entry
associated with cooling the inside of fusion reactors. Whilst AM may permit complex geome-
tries, the components will only be suitable for high heat flux applications if they demonstrate
desirable thermal properties. This study measures the thermal expansion and diffusivity
of AM CuCrZr samples using push-rod dilatometry and Laser Flash Analysis (LFA) for a
temperature range of 30◦C to 700◦C. The samples tested were manufactured by 3T-AM as
part of efforts to accelerate the build process by using high laser powers (370W to 900W).
The samples built using the highest laser power (900W) and greatest layer thickness (60µm)
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were found to have the highest thermal diffusivities and the lowest coefficients of thermal
expansion, indicating a potential for a reduction of the associated build time.

Confidentiality

This report details the outcomes of a collaboration between the author and 3T AM, an addi-
tive manufacturing company based in Newbury, Berkshire, UK. Some details relating to the
materials provided are not specified here for reasons of confidentiality, however, the testing
methodology is based on standard methods.

3.1 Introduction

Additive Manufacturing (AM) enables rapid prototyping, low lead times for unique compo-
nents, and the manufacture of complex geometries which would either require specialised
tooling or would be unobtainable with conventional manufacturing methods. The testing
performed in the present study is designed to inform the modelling of optimised heat ex-
change components for use in fusion reactors. Components designed for use in this context
have challenging design requirements and may require both good thermal properties and a
manufacturing technique that permits the creation of complex internal geometries for use in
future devices (R. E. Nygren et al. 2016).

This study uses push-rod dilatometry to obtain material coefficients of thermal expansion.
This data is then used in the correction of thermal diffusivity data, obtained using Laser Flash
Analysis (LFA).

3.1.1 CuCrZr properties

CuCrZr is a precipitation-hardened alloy, in which Cr and Zr particles improve the strength
and thermal conductivity of the material, but exhibit low solubility, which limits their ad-
dition (Brotzu et al. 2019). Furthermore, the resulting mechanical properties are highly
dependent on heat treatments (Barabash et al. 2011). Unlike other Cu alloys which have low
absorption coefficients for infra-red light, CuCrZr allows for dense part fabrication using
laser sintering AM techniques due to its higher absorption coefficient (Wallis and Buchmayr
2019). CuCrZr has found application in integrated circuits, network cables, high-speed rail-
ways and heat sinks for aerospace and nuclear fusion, however, it has been associated with
manufacturing difficulty, such that that AM has been proposed as a solution (F. Sun et al.
2020).

The CuCrZr samples used in this study were manufactured by 3T Additive Manufacturing
as part of ongoing research to optimise the build process. The material composition for
the CuCrZr in wt. % is presented in Table 3.1 with the corresponding at. % of the main
constituents shown in Table 3.2. A ternary phase diagram (showing possible phases of
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Table 3.1. CuCrZr chemical composition, (reproduced from a datasheet provided by 3T Additive
Manufacturing).

Material Composition (wt.%) Cu Balance Zr 0.03-0.30 Si 0.1 max
Cr 0.50-1.20 Fe 0.08 max Others 0.20 max

Table 3.2. CuCrZr chemical composition in at.% (primary constituents only).

Material composition (at.%) Cu Cr Zr
99.4-98.4 0.6-1.4 0.02-0.2

Figure 3.1. CuCrZr ternary phase diagram reproduced from (K. Zeng and Hämäläinen 1995) with the
approximate regions relevant to the CuCrZr samples in this study highlighted.

Figure 3.2. CuCrZr phase diagrams for 0.5 at.% Cr (left) and 1.5 at.% Cr (right), with the relevant operating
temperature and composition range highlighted. Reproduced from (K. Zeng and Hämäläinen 1995)
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constituent elements at constant pressure and temperature) for CuCrZr at 940◦C is presented
in Fig. 3.1. Vertical cross sections (showing variation with temperature) at relevant at.% of
Cr are presented in Fig. 3.2. In both cases, the operational space relevant to this study, given
the uncertainty in chemical composition shown in Tables 3.1 and 3.2, is highlighted. It is
evident that whilst two different phases may exist in the material, at the maximum operating
temperature of 800◦C (1073.15K) the material should remain in the solid regime, with
no liquid phases expected. The presence of (Cu)+(Cr)+5 and 5+51+(Cr) particles in the
material in unknown quantities may however be the cause of some variation in the thermal
performance. The operational temperature limit for CuCrZr in the divertor is thought to
be around 350◦C due to the effects of radiation damage and thermal creep (Galatanu et al.
2019), however, for purposes of characterisation, a wider temperature range is investigated
in this study. The goal of this study is to establish the thermal characteristics of the CuCrZr
samples both for application to fusion reactor components and as part of ongoing process
optimisation at 3T AM.

3.1.2 The importance of process optimisation

It is sometimes said about AM that, ‘complexity is free’. This statement may be considered
correct to the extent that the process does not require the development of new tooling for
novel designs and thus additional complexity can be added to existing geometries without
requiring extensive development of new machinery. Conversely, it is not the case that the
addition of geometrically complex features does not incur costs associated with an extended
build time and the potential for lower material quality. More complex parts may take signifi-
cantly longer to build and can consume more material (Pradel et al. 2017). The acceleration
of build speed is considered crucial to making AM components commercially competi-
tive (Thomas and S. W. Gilbert 2014), and the possibilities for bespoke components with
optimised geometries may only be considered if the price is not prohibitive.

3.2 Methodology

Coefficients of thermal expansion are obtained using push-rod dilatometry. Thermal diffu-
sivity is measured using a laser flash analyser. The methodology reported here is designed
to comply as much as possible with the ASTM standards established in (ASTM-E1461-
13 2013) and (ASTM-E228−17 2017), for obtaining thermal diffusivity by the laser flash
method and linear thermal expansion of solid materials with a push-rod dilatometer respec-
tively.

3.2.1 Material and preparation

The Direct Metal Laser Sintering (DMLS) process used for manufacture uses a laser to
sinter the CuCrZr powder, creating a part which is manufactured one layer at a time with
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a layer thickness on the order of tens of µm (Yadroitsev and Smurov 2010). Increasing the
laser power from the standard level of approximately 300W (Buchmayr et al. 2017) to 900W
allows for these layers to be sintered more quickly as it takes less time for the powder to reach
the required temperature. The decrease in build time results in a cost reduction as machine
time is a key limiting factor in the speed of manufacture (Thomas and S. W. Gilbert 2014).
Any increase in power must be balanced with a number of other parameters including hatch
distance (the separation between consecutive laser paths) and layer thickness to maintain a
reasonable energy density.

3.2.2 Process optimisation

The optimisation of build parameters and any post-build heat treatments are key influences
on the final performance characteristics of metal AM parts. In (Wallis and Buchmayr 2019),
untreated as-built CuCrZr had a thermal conductivity of 100 ± 2W/(m K), approximately
a third of the thermal conductivity expected for conventionally manufactured parts. The
highest recorded thermal conductivity after solution annealing and age hardening was 297±
6W/(m K), still significantly less than the expected 320W/(m K).

The CuCrZr samples used in this study for experimental testing were built using a modified
EOS 290 metal sintering machine with a 1kW Yb-fibre laser, capable of a build speed of
2− 8mm3 s−1 (dependent on material) and a layer thickness of 20-100µm. The Archimedes
method was used to measure the as-manufactured density by engineers at 3T AM, finding
an average relative density of 98.54%, where the standard deviation across these results was
0.23%. The build parameters for each laser power were chosen to ensure material sintered
correctly without burning, taking into account factors such as material reflectivity, conduc-
tivity and powder size. After building, the components were subjected to a proprietary heat
treatment process. More information on standard heat treatments for AM CuCrZr alloys
can be found in (Ivanov et al. 2002). The energy density used in the build process can be
described as a function of laser power (P), scan speed (ν), hatch distance (dH) and layer
thickness (t) as shown in Eq. 3.1.

E =
P

ν × dH × t
(3.1)

The exact values of some process parameters including scan speed, scanning pattern, atmo-
sphere, powder bed temperature and hatch distance - which may all influence part quality
(Yadroitsev and Smurov 2010) - are kept confidential by 3T Additive Manufacturing due to
the associated business opportunity related to build speed optimisation.

Layer thickness influences the stability of the material sintered by the progress of the laser
across the build plate and needs to be balanced carefully to avoid “balling” of the material
and instability (Yadroitsev and Smurov 2010). In this study, the samples were built for two
separate layer thicknesses, 30µm and 60µm. The thinner the layer thickness, the longer a
component takes to build as more layers are required for a given volume, and therefore the
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Figure 3.3. (1) Cylinders for LFA before machining to correct dimensions, showing discoloured surfaces due to
heat treatment. (2) Larger diameter cylinders for LFA and smaller diameter cylinders for dilatometry after

machining to correct diameter but before sectioning.

higher the associated cost. An optimum layer thickness provides the detail and material
properties required in the part, allowing for sufficient penetration of the laser without unnec-
essarily increasing build time (Yadroitsev and Smurov 2010). The balance between build
parameters for all different laser powers was chosen by engineers at 3T Additive Manufac-
turing in an attempt to maximise part density, as this is a good predictor of suitable material
properties (Wallis and Buchmayr 2019).

3.2.3 Build parameters

The laser power is increased from the standard 370W CuCrZr process to 900W with samples
built at 370W, 540W, 710W and 900W. In this study, samples from the extremes of laser
power are tested to assess the difference between the standard process and the highest laser
power, representing the fastest build time.

3.2.4 Machining

Fig. 3.3 shows the samples before any machining was performed (labelled as (1)), and after
the discoloured surface layer was removed by engineers at 3T-AM (labelled as (2)). Electrical
Discharge Machining (EDM) was the chosen technique for sectioning the sample cylinders
into discs suitable for LFA and dilatometry. For LFA, discs with a 12.5mm diameter, and
a 4mm depth were required. A thicker than average 4mm sample depth was chosen due to
the high thermal conductivity of copper alloys. The dilatometry setup required cylinders
with a 6mm diameter and a 10mm depth. EDM was chosen as it modifies a smaller region
of material than other cutting techniques, however, it does have an associated recast layer
caused by local heating of the material, and beyond that, a Heat Affected Zone (HAZ) (New-
ton et al. 2009). Residual stresses caused by EDM of mild steel were found to affect a layer
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Figure 3.4. A selection of machined samples is displayed. The flatter samples on the left-hand side are for laser
flash analysis and the small diameter cylinders on the right-hand side are for dilatometry. The image also

includes the ends of the cylinders, which were not used for testing.

approximately 10 times the Centre Line Average (CLA) - a measure for surface roughness.
This residual stress arises due to the thermal dilation of the heated material. The heated ma-
terial exceeds the maximum elastic strain limit and deforms plastically. Plastic deformation
during material cooling leads to layers of deformed material that are now shorter than the
unaffected material and thus residual stress arises between the two layers (Barash 1962). The
impact of this is not included in the results, however, due to a lack of data for CuCrZr in the
literature and the lack of processes available to reliably remove this layer without causing
further damage. It is however thought that any impact is likely to be negligible compared to
other sources of uncertainty in the methodology. After machining, samples are referred to
with two-digit names (X.Y ) where the first digit of the sample name refers to the cylinder
it was built in, and the second digit refers to the location in that cylinder. Samples with the
same first digit have therefore been manufactured using the same parameters. A selection of
machined samples can be seen in Fig. 3.4.

3.2.5 Method for obtaining coefficients of thermal expansion

Material expansion with temperature is required for the calibration of the laser flash exper-
iments, and as most of the samples have been made with different build parameters, it was
reasonable to expect that the coefficient of thermal expansion would vary for each sample.
Due to the constraints imposed on the time frame for experimental work, this study focuses
on the extremes of the sample laser power build parameters: 370W and 900W for the 30µm
and 60µm layer thicknesses. The linear thermal expansion is representative of the change in
length ∆L with respect to the initial specimen length L0 and is calculated as shown in Eq.
3.2 between temperatures T0 and T1. This ratio is typically displayed in units of µm m−1.
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Figure 3.5. Push-rod dilatometer showing the sample placed in a heating element where it is raised to the
required temperature and the push-rod through which its resulting expansion is measured.

∆L

L0

=
L1 − L0

L0

(3.2)

The mean thermal expansion coefficient is defined as the ratio between the material expan-
sion and the temperature difference it is caused by, as shown in Eq. 3.3. In Ref. (ASTM-
E228−17 2017), this coefficient is always determined from the initial temperature and so
when the mean thermal expansion coefficient is determined for a series of increasing tempera-
tures, each subsequent coefficient is a progressive estimate of an overall mean coefficient of
thermal expansion.

αm =
1

L0

∆L

∆T
(3.3)

The coefficient of thermal expansion was measured for the CuCrZr samples using push-rod
dilatometry. The dilatometer used was the TA Instruments DIL805 A/D/T and the work
was performed at the University of Manchester, in the School of Materials. A diagram of a
push-rod dilatometer is shown in Fig. 3.5.

The goal of push-rod dilatometry is to measure the thermal expansion of a sample. This is
obtained simply by measuring the change in length of a sample whilst it is subjected to a
thermal cycle. The method requires careful calibration, however, in order to provide accurate
results, as material thermal expansion at standard temperature ranges is typically a small
fraction of the overall sample length. The machine also relies on many moving parts and
care must be taken during operation not to damage any components. The sample holders, for
example, are typically made from quartz or glass, as can be seen in Fig. 3.6.

In push-rod dilatometry, a sample is placed in a sample holder and in contact with a push-rod.
The push-rod can move in response to thermal expansion, enabling registration of change
in length data. The sample then slides horizontally such that it is placed inside an inductive
heating coil. The machine is then sealed so that the air can be evacuated and the test chamber
can be backfilled with inert gas. The machine then needs to be zeroed to establish an initial
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Figure 3.6. Close-up view of push-rod dilatometer sample holder and inductive heating coil.

starting point for obtaining change in length data. The sample can then be subjected to a
thermal test cycle.

Sample preparation is important. The opposing faces need to be perpendicular and evenly
machined and the dimensions need to be suitable for the target machine. Furthermore, a
thermocouple needs to be attached directly to the sample to ensure accurate readings during
the heating cycle. Thermocouples are typically attached to the samples under test by spot
welding, however, due to the high conductivity material used in this study, the thermocouple
wires were wrapped around the sample, as discussed in Section 3.4.5. The sample holder and
push-rod must be made of the same material to ensure a consistent rate of thermal expansion.
Despite this, the machine must be calibrated before use, as detailed in Section 3.3.1. The
specific details of the testing parameters used are presented in Section 3.3.1 and an in-depth
description of the test method can be found in (ASTM-E228−17 2017).

3.2.6 Method for obtaining thermal diffusivity

The thermal diffusivity (D) of the CuCrZr was measured using the technique of Laser Flash
Analysis (LFA), performed at the University of Manchester, using the Netzsch 427 machine
in the School of Materials. A diagram of a typical laser flash analyser is shown in Fig. 3.7.

The technique involves a high-intensity energy pulse directed at the front face of a thin
cylindrical specimen heated to the temperature for which the thermal diffusivity data is
required. The laser pulse is absorbed, transferred through the material, and the temperature
rise on the rear face is measured. The technique therefore measures the transient thermal
response of the material. As the laser pulse is directed perpendicularly to the material, the
thermal diffusivity is only measured in one direction and any material anisotorpy is not
accounted for. In LFA, the thermal diffusivity is calculated using the half-rise time t1/2,
(the time taken for the sample to reach half of the maximum recorded temperature) and the
specimen thickness L through the relation shown in Eq. 3.4.

D = 0.13879L2/t1/2 (3.4)
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Figure 3.7. Schematic of a laser flash analyser showing the placement of the sample in the path of the laser
power source and the detector on the opposing side.

Thermal diffusivity (D) can be related to thermal conductivity (λ) if the specific heat capac-
ity (Cp) at constant pressure, and the mass density (ρ) are known, as described in Eq. 3.5.
Note that all of these quantities are functions of temperature.

λ = DCpρ (3.5)

As the time taken for the heat imparted by the laser pulse to be conducted through the sample
is typically on the order of milliseconds, several successive measurements can be made
quickly. In this study, the average of five shots is taken. This also ensures that any poorly
performing shots do not require full repeats of the experiment. The sample is then heated
to the next test temperature before the laser pulses are repeated. Full discussion of the test
method is provided in (ASTM-E1461-13 2013).

Correction for thermal expansion

Thermal diffusivity is dependent on sample length (cylinder height) as seen in Eq. 3.4, and
therefore on density, as shown in Eq. 3.5. This dependence is corrected for by incorporating
the thermal expansion measurements obtained through dilatometry. Rearranging Eq. 3.3
results in an expression for ∆L which can be added as a length correction to Eq. 3.4 and
evaluated as shown in Eqs. 3.6, 3.7 and 3.8.

∆L = αm∆TL0 (3.6)

D = 0.13879(L+∆L)2/t1/2 (3.7)
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Table 3.3. Properties of the dilatometry test specimens chosen to provide an indication of the change in thermal
properties for samples at the extremes of the laser power used.

Sample name Laser power [W] Layer thickness [µm]
1.3 900 60
5.2 370 60
11.3 370 30
15.2 900 30

D = 0.13879(L+ αm∆TL0)
2/t1/2 (3.8)

Correction for pulse width

The laser pulse has a non-zero width and the energy is not all deposited into the sample
instantaneously, which means that an additional correction must be made to the thermal
diffusivity. This correction is performed by the LFA software used to interpret the recorded
data and is combined with the correction for thermal expansion obtained through dilatometry
to form a final corrected result.

3.3 Results

3.3.1 Dilatometry

The samples names and process parameters for the samples tested are detailed in Table 3.3.

The push-rod dilatometer used was the DIL 805A/D/T model manufactured by TA instru-
ments, operated in α-mode. The temperature was measured with an S-type thermocouple
made of 90%Pt, 10%Rh-Pt by weight. After pumping down the system to a vacuum it was
then filled with a N2 gas, to prevent reaction with the sample at elevated temperatures. In
accordance with (ASTM-E228−17 2017), a testing program was devised where the sample
is heated at a constant rate of 5◦C min−1 throughout testing. The sample is heated between
20− 30◦C to ensure a consistent start temperature for expansion calculations despite possible
variations in initial ambient temperature. It is then heated from 30− 700◦C, held at 700◦C
for 30 minutes and then cooled at 5◦C min−1. Calibration is performed through comparison
to results obtained for a platinum reference material and literature data for a specified tem-
perature range. Eq. 3.9, published in (Hahn et al. 1972) shows the empirical relationship
between temperature and the linear expansion of platinum between 293K and 1900K used to
produce the ‘Empirical equation’ data plotted in Fig. 3.8.

LT − L293

L293

× 106 = −2279 + 6.117T + 8.251× 10−3T 2 − 1.1187× 10−5T 3

+ 9.1523× 10−9T 4 − 3.6754× 10−12T 5 + 5.893T 6

(3.9)
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Figure 3.8. Deviation of the measured platinum sample linear thermal expansion with respect to literature
reference data from (Hahn et al. 1972), generated using Eq. 3.9. The negative values found here indicate that

the measured sample expansion was greater than that found in the literature.

A platinum sample with an initial length of 10.05× 103µm, was tested under the previously
discussed test program and the difference between the measured value of LT−L293

L293
× 106

(where LT is the length recorded at a specific temperature T, and L293, is the length recorded
at 293K) is compared to that obtained from Eq. 3.9. The difference between the recorded
platinum reference material and the literature expansion rate is plotted in Fig. 3.8. The
experimental results are calibrated using: ATi

= [(∆L
L0

)t − (∆L
L0

)m]Ti
where the subscripts m,t

and Ti refer to measured, true, and the value at temperature ‘i’, respectively. This constant is
then used in the final calculation of linear expansion. Once the calibration was performed it
was compared to the values for the linear thermal expansion of platinum found in (ASTM-
E228−17 2017) and the values obtained from Eq. 3.9 and found to be in good agreement, as
shown in Fig. 3.9.

The deviations shown in Fig. 3.9 could be influenced by impurities in the platinum sample,
however, platinum is chosen as a thermal expansion reference material due to the ease of
obtaining pure samples and its lack of phase changes between absolute zero and its melting
point (Kirby 1991). Therefore it is likely that the deviations result primarily from the many
potential mechanical, thermal and environmental factors that could cause inconsistencies in
the push-rod dilatometer.

Linear thermal expansion

The linear thermal expansion of the samples tested is presented graphically in Fig. 3.10,
which shows good agreement with a linear fit in all cases apart from a deviation which
appears in the upper range of sample 1.3. The mean thermal expansion coefficients for the
samples at intervals of 100◦C are presented in Fig. 3.11. The overall coefficients of thermal
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Figure 3.9. The calibration result when applied to the linear thermal expansion measurements obtained for the
platinum reference sample is shown to be in good agreement with the literature values.

Figure 3.10. Calibrated linear thermal expansion plotted for samples heated between 30◦C and 700◦C. A linear
function is fitted to the data and shows overall good agreement with the measured values apart from the highest

temperature range for sample 1.3.

expansion, averaged over the temperature range, are detailed in Table 3.4. These are used in
the calibration of the density values.
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Figure 3.11. Mean coefficients of thermal expansion for the samples tested. The mean coefficients are
calculated with respect to the temperature the sample is initially heated to (30◦C). The first coefficient for

sample 15.2 is significantly lower than the trends would suggest, which may have been caused by poor contact
with the thermocouple or an off-centre placement of the sample in the dilatometer.

Table 3.4. Mean coefficients of thermal expansion.

Sample name Laser power [W] Mean coefficient of thermal expansion [µm/m◦C]
pt n/a 9.97
1.3 900 17.3
5.2 370 19.39
11.3 370 18.45
15.2 900 19.47

Change in length data

The initial and final lengths of individual samples are measured using digital callipers. The
values for the maximum and final length change for the samples tested are presented in Table
3.5. (ASTM-E228−17 2017) requires that any permanent deformations of above 20µm m−1

are reported. This is equivalent to 0.2µm for a 10mm sample. The same document however
requires that the measuring tool must have a precision of ±25µm, which is much greater than
the allowable deformation for a sample length on the order of tens of mm. The permanent
deformation (the last recorded length change data point) for all the samples can be seen
in Table 3.5. All samples, including the reference samples, exceeded the stated limit as
measured by the dilatometer and so are reported.

3.3.2 Laser flash analysis

The laser flash analysis is carried out in accordance with the guidelines established in
(ASTM-E1461-13 2013) where possible and it is stated where deviations are made. An
example of the raw voltage signal obtained during the LFA pulse can be seen in Fig. 3.12
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Table 3.5. Maximum and final length change.

Sample name Maximum ∆L [µm] Final ∆L[µm] Final ∆L[µm m−1]
pt 69.89 -4.66 -466
1.3 118.92 1.93 193
5.2 149.19 -0.69 -69
11.3 130.45 6.34 634
15.2 133.2 -0.28 -28

which shows a clean signal with little noise, indicating a good shot.

Figure 3.12. Raw voltage trace for sample 16.1 where the detected voltage corresponds to a temperature
increase on the rear face of the sample. The thermal diffusivity is related to the gradient of the signal increase.

Thermal diffusivity

Thermal diffusivity for the laser flash specimens was calculated using the length corrections
obtained from dilatometry. The results for thermal diffusivity, in mm2 s−1 are presented
in Figs. 3.13, 3.14, 3.15, and 3.16. Fig. 3.16 depicts one graph only, as only one sample
from cylinder 16 was tested via the laser flash method (which was built using the same
parameters as sample 15 used for dilatometry). A comparison of the differences in thermal
diffusivity between samples where the 5-shot mean is taken at each temperature increment
for all the samples tested is presented in Fig. 3.17. It was expected that samples taken from
the same cylinders (indicated by a shared first digit in the sample name) would exhibit similar
thermal diffusivities. This holds true for all sample pairs shown in Fig. 3.17 apart from
1.1 and 1.8 where a significant difference is observed. Interestingly, sample 1.8 behaves
more like samples 11.1 and 11.8. In addition to this, the similarity in naming means that
it is strongly believed that a sample from cylinder 11 was mistakenly tested and recorded
as sample 1.8. In addition to the uncertainty which arises due to assumptions of sample
homogeneity and instantaneous heat deposition associated with the laser flash technique, it
is found in (Vozár and Hohenauer 2005) that uncertainty reduces with temperature. This is
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because the sensitivity of infrared temperature sensors increases with temperature, meaning
that thermal diffusivity measurements at higher temperatures may be more reliable. This is
supported by the results presented in Figs. 3.13, 3.14, 3.15, and 3.16, where the values are
grouped much more closely at higher temperatures.

Figure 3.13. Thermal diffusivity results for samples machined from cylinder 1.

Figure 3.14. Thermal diffusivity results for samples machined from cylinder 5.

Figure 3.15. Thermal diffusivity results for samples machined from cylinder 11.
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Figure 3.16. Thermal diffusivity results for sample 16.1, machined from cylinder 16.

Figure 3.17. Comparison of mean thermal diffusivity for all samples tested.

3.3.3 Thermal conductivity

An estimate for the thermal conductivity can be made using Eq. 3.5, however, due to diffi-
culties in obtaining access to a Differential Scanning Calorimeter (DSC) and Archimedes
density testing equipment, the results presented in Fig. 3.19 are presented as estimates. They
rely on (fusion relevant) literature values for specific heat capacity presented in (Gonzalez
et al. 2018) and shown in Fig.3.18. Specific heat capacity refers to the quantity of heat re-
quired to raise a unit mass of material by a unit in temperature. Whilst it is widely accepted
that factors such as the process parameters and build direction can influence the microstruc-
ture and final material properties of AM materials (Leonard et al. 2012), this is likely not a
major issue regarding the use of this data. Unlike thermal diffusivity which describes thermal
transport, heat capacity does not depend on the microstructure but is influenced solely by
material composition (Arrizubieta et al. 2020). The CuCrZr material used in (Gonzalez et al.
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Figure 3.18. CuCrZr specific heat capacity data used in the estimation of thermal conductivities, reproduced
from (Gonzalez et al. 2018)

Table 3.6. Room temperature absolute densities and as a fraction of reference CuCrZr density (8.9g cm−3) for
samples used in laser flash analysis.

Sample dlayer PLaser Mass Vol. ρ Fractional ρ
name [µm] [W] [g ±0.0005] [mm3 ±0.1] [g cm−3 ±0.03] [% ±0.4]
1.1 60 900 4.3118 495.6 8.70 97.8
1.8 60 900 4.3371 492.6 8.81 98.9
5.1 60 370 4.1632 494.8 8.41 94.5
5.8 60 370 4.1820 490.6 8.52 95.8

16.1 30 900 4.3121 492.6 8.75 98.4
11.1 30 370 4.3191 495.6 8.72 97.9
11.8 30 370 4.2677 490.8 8.70 97.7

2018) is ITER grade CuCrZr which has a composition in wt.% of Cu (balance), Cr (0.6-0.90)
and Zr (0.07-0.15), detailed in (CuCrZr Tube Procurement Specification for Divertor 2014).
As this composition overlaps with the composition data presented in Table 3.1, the specific
heat capacity is treated as applicable to the estimation of thermal conductivity data.

Measurement of density was made using digital callipers and a mass balance with associated
estimated uncertainties of ±0.0005g and ±0.001mm respectively. These uncertainties are
propagated through subsequent calculations of volume and density in combination with
errors in diffusivity and the previously obtained corrections to thermal expansion. The result-
ing data is shown in Table 3.6. Fig. 3.19 shows that samples 5.1 and 5.8 display significantly
poorer thermal conductivity than the others, with sample 1.1 exhibiting the highest values.
This is consistent with previous results presented.
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Figure 3.19. Comparison of thermal conductivity estimates.

3.4 Discussion

3.4.1 Uncertainty estimation

Dilatometry

The ASTM standard detailed in (ASTM-E228−17 2017) details the limit of precision for a
vitreous silica dilatometer as 4% when carefully calibrated. Random error is introduced into
the measurement through calibration issues and fluctuation in the measured values of length,
temperature, and any associated voltages. The error in ∆L/L0 is estimated as:

δ(
∆L

L0

= ±[(δE)2 + (αTL0δT )
2)]1/2 (3.10)

where the initial length L0 = 10−2m, the precision in length measurement δE = ±5µm,
αT = 18.65µm m−1 ◦C (which is an averaged coefficient for all samples used) and δT =

0.5◦C. The error is calculated as ±25.01 ≈ ±25µm m−1. In order to estimate the error in the
mean thermal expansion coefficient α, the error in ∆L/L0 is combined in quadrature with
that associated with the temperature measurement (δT = 0.5◦C) where average values of
∆L/L0 are used for each temperature interval, giving the fractional errors seen in Fig. 3.11.

Laser flash analysis

The estimation for the thermal diffusivity calculation is more involved than that for the co-
efficient of thermal expansion and is detailed in depth in (Migliorini 2009). Some of the
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sources of uncertainty in the laser flash procedure are related to deviations in the sample
properties from the assumptions made of isotropy, homogeneity, parallelism, and uniform
heat pulse distribution (which allow for the treatment of one-dimensional heat flow) (Vozár
and Hohenauer 2005). Errors are introduced through temperature measurement, detector per-
formance, data acquisition board performance and data analysis. Additional sources include
the finite pulse time effect and heat losses. As some of these sources of error relate to the
internal performance of the laser flash equipment, and the correction to thermal diffusivity
due to length change is very small, the percentage error calculated by the laser flash software
is used in Fig. 3.17.

3.4.2 Comparison to conventional CuCrZr alloy

Data for a traditionally manufactured CuCrZr alloy with a similar composition to the one
studied here is available online (Copper Institute 2021). The stated mean thermal expansion
coefficient for a temperature range of 20 − 300◦C is 17◦C−1. This is of similar magnitude to
the values presented in Table 3.4. Sample 1.3 had the closest thermal expansion to this value
at 17.3◦C−1, with the other samples exhibiting higher thermal expansions. As shown in Fig.
3.17, the thermal diffusivity of the best performing samples reduces linearly from around
100 mm2 s−1 at room temperature to around 95mm2 s−1 at 500◦C, which is comparable to
the 100-90mm2 s−1 decrease for CuCrZr published in (Rohde et al. 2014) where the mean
was calculated based on testing using the laser flash method in 9 different laboratories. Laser
flash samples 1.1 and 1.8, made with the same build parameters as the best-performing
dilatometry sample (1.3), also exhibited the highest thermal diffusivity.

3.4.3 Thermal expansion

The mean coefficients of thermal expansion displayed in Fig. 3.11 show a variation between
samples of 2− 3◦C−1 with the maximum coefficients of thermal expansion found in samples
5.2 and 15.2. The lowest and second-lowest overall coefficients of thermal expansion were
found in samples 1.3 and 11.3 respectively. When considered for use as part of a cooling pipe
in a tungsten (W) component (W has a thermal expansion coefficient of ≈ 4◦C−1), a lower
CuCrZr coefficient of thermal expansion reduces the thermally induced stress at the material
interface. When a component featuring interfaces between different materials is heated, the
expansion of one material at a faster rate than the other leads to the application of stresses
where they meet, which can lead to cracking and component failure. A summary of results
is presented in Table 3.7 where thermal expansion and diffusivity are used to rank sample
performance, based on the premises that a high diffusivity is beneficial for heat transfer and
a lower coefficient of thermal expansion would likely result in lower stresses at the material
interface.
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Table 3.7. Sample build parameters when ranked by thermal expansion performance (where the lowest
coefficient of thermal expansion is ranked 1st) and diffusivity (where the highest diffusivity is ranked 1st).

Dilatometry sample LFA sample Laser power Layer thickness Thermal expansion rank Diffusivity rank
1.3 1.1,1.8 900 60 1 1,n/a
11.3 11.1,11.8 370 30 2 3,2
15.2 16.1 900 30 3 4
5.2 5.1,5.8 370 60 4 7,6

3.4.4 Relationship to laser build power

Sample 1.3 displayed the lowest coefficient of thermal expansion. As mentioned previously,
the corresponding LFA sample (1.1) had the highest thermal diffusivity. These samples
were made with a laser power of 900W and a layer thickness of 60µm. The other samples
manufactured with the highest - 900W - laser power, 15.2 (dilatometry) and 16.1 (LFA) had
a layer thickness of 30µm and displayed high thermal expansion coefficients and moderate
thermal diffusivities. The rankings of the sample thermal expansion coefficients and diffu-
sivities, presented in Table 3.7 are consistent with each other, meaning that if a sample has a
lower thermal expansion coefficient it has a higher diffusivity and vice versa. It is interesting
that the best overall performing sample set was [1.3, 1.1] as this suggests that increasing the
laser power combined with a greater layer thickness not only decreases build time but may
increase material quality over those manufactured at 370W. Sample 1.8 was not included as
it is suspected to have been sample 11.8 tested in error.

3.4.5 Experimental difficulties

The thermal expansion experimental work was complicated by dealing with a high electrical
conductivity material, which also appeared to melt at a lower temperature than expected.
The initial dilatometry heating program was designed to operate up to 1000◦C, however,
it became clear, that a phase change was occurring at approximately 800◦C, as measured
by the thermocouple. The resulting sample can be seen in Fig. 3.20. Even with a reduced
temperature range with a maximum of 700◦C the dilatometry samples were significantly
discoloured and an outer layer of material flaked from the main bulk as shown in Fig. 3.21,
indicating potential phase change.

3.4.6 Possible causes for sample phase change

The high electrical conductivity of the CuCrZr material made the standard process of spot
welding the thermocouple to the dilatometry sample infeasible. After several attempts work-
ing with different welding techniques, it was necessary to wrap the thermocouple wires
around the sample following a method recommended for a Gleeble thermodynamic testing
system. The attachment of the thermocouple can be seen in Fig. 3.21. As the thermocouples
are not directly bonded to the sample, this technique may have introduced error into the
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Figure 3.20. Initial testing was devised to test the thermal expansion up to 1000◦C , however, the sample
appeared to transition to a liquid phase at approximately 800◦C (as measured by the dilatometer), significantly

below the expected melting temperature of ≈ 1080◦C.

dilatometer temperature reading, however, it seems unlikely that it could contribute fully to
the observed discrepancy in behaviour.

It is speculated that the unexpected phase change observed in the CuCrZr is a result of the
heating method used in the dilatometer. The machine employs the principle of inductive
heating, which involves circulating an alternating electrical current in the coil visible in
Fig. 3.21, which acts as a solenoid. This generates a transient magnetic field inside the
coil, causing eddy currents in the sample that result in heating due to electrical resistance.
The presence of intermetallic phases or pockets of unsintered material in the sample may
exhibit higher electrical resistivities than the bulk material, causing hot spots and regions of
excessive heating not measured by the thermocouple. It is proposed that the phase change
observed may have been initiated by regions of excessive localised heating in this manner.
Further work including accurate characterisation of the material melting point (using a
Differential Scanning Calorimeter) in combination with visualisation of internal defects,
would likely be required to better understand this behaviour.

Figure 3.21. Photographs showing sample discolouration (left and centre) and location in the dilatometer before
operation (right). A conservative test, considering the expansion up to 700◦C was used to obtain finalised data,

however, the samples still showed significant discolouration.
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3.5 Conclusions

A set of additively manufactured CuCrZr samples were produced by 3T Additive Manu-
facturing based on a range of laser powers (370-900W) and layer thicknesses (30µm and
60µm) as part of ongoing work to optimise the build process. A subset of these samples,
representing the extremes of the laser powers, were analysed using push-rod dilatometry and
the laser flash method to ascertain the coefficients of thermal expansion and thermal diffu-
sivities. Despite experimental difficulties relating to spot welding thermocouples to highly
conductive material and unanticipated phase changes, data was obtained for a temperature
range of 30− 700◦C. The samples manufactured with the highest laser power (900W) and
greatest layer thickness (60µm) were found to have the most desirable thermal properties for
application to a fusion reactor cooling component: high thermal diffusivity and low coeffi-
cient of thermal expansion. This indicates that a reduction of the associated build time by
increasing laser power is possible without compromising thermal performance. Additionally,
samples manufactured using the lowest laser power (370W) and the smallest layer thickness
(30µm), representing the most conservative build process, performed the worst. Further
testing would be required to fully optimise the process parameters, however, the results in
this study indicate that changes to the build parameters produce observable differences in
the thermal properties which could impact the performance and lifetime of manufactured
parts. This is of particular importance when considering the application of the material to
high-temperature environments such as a fusion reactor cooling system. Further investigation
is however required in order to establish the cause of the observed sample phase change.
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3.6 Additional commentary on Chapter 3

The preceding chapter discussed the details of a collaboration with an additive manufacturing
company with the capability to produce and sell CuCrZr. This in itself demonstrates that
there is a viable market for additively manufactured metal products at the present level of
technological capability. 3T AM’s motivation for the investigation was related to the optimi-
sation of the build process and cost reduction. The CuCrZr samples tested in the preceding
chapter approached full density, with as-built relative densities of 98.54%. There are many
factors to consider in the assessment of applicability for fusion. As discussed in Chapter 2,
CuCrZr is currently proposed primarily for use in water-cooled divertor systems in conjunc-
tion with a W (alloy) armour plate. The operational temperature limit of CuCrZr is thought
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to be around 350◦C (Galatanu et al. 2019), so any AM part should feature comparable ma-
terial properties up to this temperature. The coefficients of thermal expansion and thermal
diffusivities were tested up to 700◦C and were found to be approx. 17-19◦C−1 and 100-
90mm2 s−1 respectively, values which are comparable to those obtained in literature for con-
ventionally manufactured CuCrZr alloys. Design codes and criteria such as the Monoblock
Elastic Analysis Procedure (MEAP) go further and specify a limit of Tmax < 300◦C to avoid
creep and softening after irradiation (Oh et al. 2021). There is some evidence that radiation
damage may affect additively manufactured materials differently, in part due to the anisotropy
of the mechanical properties which arise from the printing process (Song et al. 2019) which
will likely be a significant focus for future research. Regions of porosity associated with AM
may also result in different behaviour under irradiation.

The MEAP also contains mechanical rules which relate to ratcheting and fatigue that any AM
CuCrZr component would have to meet. There are many additional factors which go into the
consideration of whether a manufacturing process is suitable for use in a tokamak, including
cost, ease of mass production, systems integration and availability of materials. Assessment
of all these criteria is beyond the scope of this thesis, for which AM is primarily of interest as
an enabling technology for topology optimisation.

AM components have already been installed in operational nuclear fission power plants (Hui
Li et al. 2022), and so, from a technological maturity perspective, AM could be considered
more mature than nuclear fusion. Chapter 3 indicates that adequate thermal properties may
not be a limiting factor for the application of AM techniques to fusion components, and so
there are no explicit penalties applied in the topology optimisation discussed in Chapters 5,
6 and 7. The proposed application area for topology optimisation is to high-value compo-
nents where suitable performance cannot be obtained by other means and so any additional
costs associated with AM may be seen as acceptable. On the other hand, the practicality of
producing complex components and the issues associated with the functional grading of ma-
terial properties described in Chapter 6 are likely to require significant further development.
Chapters 5, 6 and 7, follow an approach where the material properties used are treated as
targets, where the exact details of the material and manufacturing approach remain unknown.
If it had emerged that the presently obtainable thermal properties of AM Cu alloys were
significantly worse, another approach could have been considered.
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Chapter 4

Topology optimisation literature survey

This chapter presents a review of topology optimisation literature, required to establish an
understanding of the methodologies employed in topology optimisation studies and a plan for
numerical implementation. The focus of this chapter is on thermal and fluid optimisation and
the application of topology optimisation to 3D engineering-relevant problems using standard
workstation computing resources.

4.1 Introduction

Topology optimisation is a term which encompasses a broad range of mathematical tech-
niques for the distribution of material in a design domain in order to comply with objectives
and constraints specified by the user. There are a number of ways of performing this opera-
tion, and mathematical approaches vary from rigorous gradient-based methods to heuristic
methods inspired by biological reproduction in cells. The technique has its roots in struc-
tural mechanics, where the optimisation objectives have typically been focused on weight
reduction. There is a significant quantity of literature on this topic, and reducing weight or
maximising stiffness remain the most mainstream industrial applications of the technique, as
reviewed in (Eschenauer and Olhoff 2001) and (G. I. N. Rozvany 2009).

Design for products and components in all industries is a process of balancing costs, con-
straints and performance requirements. Topology optimisation can be used to explore non-
traditional design concepts as, unless specifically implemented, it makes no account for
preconceptions or intuitions (whether well-justified or not) on the part of the engineer or
designer. There are many ways such a technique may be integrated into a design workflow.
One approach might be to establish an optimisation implementation based on a simple model
that includes what are thought to be the key physical processes, in order to explore design
concepts and sensitivity. Another method might be to try and encapsulate the constraints
and requirements as realistically as possible in order to generate a topology which can be
exported directly for manufacture. The former approach informs designers as part of a more
conventional design process, whereas the latter essentially automates design with the goal
of removing subjective input. Both of these processes hold value, however, it seems that
as the field matures, there is likely to be a push towards topology optimisation as a way of
automating the design process, perhaps supported by other emerging techniques applicable to
design, such as machine learning.
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4.2 Additional background and context

Whilst some topology optimisation background was introduced in Section 1.7, additional
theory and context are required in order to discuss the literature.

4.2.1 Optimisation algorithms

A crucial component of topology optimisation software is the algorithm used to solve the
optimisation problem. In addition to the gradient-based MMA introduced in Section 1.7.3
(repeated below for convenience), there are a number of possible ways of solving any generic
problem. Common alternative formulations in the literature include the level-set method
(LSM), Evolutionary Structural Optimisation (ESO) and the use of Genetic Algorithms
(GA).

The method of moving asymptotes (MMA)

The MMA has already been introduced in Section 1.7.3, however, due to its use in the re-
mainder of the work, that introduction is repeated here for convenience. The MMA is an
optimisation algorithm developed in 1987 in (Svanberg 1987) that is commonly employed for
topology optimisation problems in the literature. These studies typically use the algorithm
presented in Ref. (Svanberg 2002) which contains a MATLAB ®script made available for
academic usage. The MATLAB implementation is expanded upon and made globally con-
vergent in (Svanberg 2007). The method is an iterative technique whereby the optimisation
problem is split into a series of strictly convex approximate sub-problems. It is designed to
handle a wide variety of element sizes, design variables and constraints, where the derivative
of the constraint with respect to the design variables can be calculated numerically (Svanberg
1987).

Level set methods

Initially developed in (Osher and Sethian 1988), the level set method (LSM) is based around
the level-set function, which is a real-valued function of a number of variables that is equal to
a constant value or ‘level’. The zero level represents material domain boundaries. Due to its
formulation, the level-set method explicitly tracks material boundaries. Due to this capability,
it is used commonly in fluid problems, where it is important to know the exact location of the
edge of the fluid domain. Additional formulation is required in order to include the creation
of holes in the method, however, and different configurations of holes in the initiation can
significantly affect the end result (Chungang Zhuang, Zhenhua Xiong, and Ding 2013).

An overview of the LSM for topology optimisation is presented in (van Dijk et al. 2013),
where geometry is parameterised based on an implicit description of material boundaries
rather than the density. One of the features and common reasons for using an LSM is the
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generation of crisp designs without the ‘grey areas associated with the density-based meth-
ods. Density-based level-set methods are also discussed, which combine the LSM with a
more traditional topology optimisation approach. In particular, the author notes that the
differences between level-set and density-based approaches have narrowed and the need to
consider topology optimisation as a single field of research within which ideas are shared is
emphasised. It is recommended that future research look at the contributions of individual
components of LSMs in order to identify the causes of difficulties associated with conver-
gence and computational cost. Techniques used to extend LSMs such as the addition of hole
nucleation schemes to extend the topological changes possible are discussed. Challenges to
the method are detailed, including the dangers of LSMs converging to local minima, a fea-
ture inherent in their use formulation. Seeding of the initial domain with a large number of
holes has been used to combat this. However, this approach could in itself lead to numerical
problems and does not remove the dependency on the initial design.

4.2.2 Evolutionary Structural Optimisation

The Evolutionary Structural Optimisation (ESO) approach is a heuristic method based on
the progressive removal of elements. ESO is a discrete approach to topology optimisation
and is described in (Ole Sigmund and Kurt Maute 2013) as a modified density approach. The
approach was developed from methods which involve removing elements with the lowest
strain energy known as hard-kill techniques. Bidirectional variations of the techniques have
been developed, which allow for the re-introduction of elements previously removed.

4.2.3 Genetic algorithms

Genetic algorithms are inspired by the biological processes of reproduction, including muta-
tion and crossover (exchange of genetic material between chromosomes during reproduction).
The basic approach to genetic optimisation is as follows. Firstly, a random population of
initial design solutions is generated. The optimality (or ‘fitness’) of each of those solutions
is then evaluated individually. Having found the fittest solutions, information is allowed to
be transferred between these designs, producing hybrids of the initial solutions. Then a new
generation of solutions is generated containing the features selected for by the proceeding
generation. This process is repeated many times in the hope it converges towards an optimal
solution (G. Rozvany 2001; Zargham et al. 2016).

4.2.4 Numerical instabilities

Topology optimisation - like many other numerical techniques - is subject to numerical
instabilities, including what is known as the checker-boarding problem. Checker-boarding
is where regions of the design domain exhibit an alternating pattern of elements of zero and
full density (as shown in Fig. 4.1) that do not represent an optimal material distribution (Diaz
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Figure 4.1. Illustration of checker-boarding in a topology optimisation problem, reproduced from (Diaz and
Ole Sigmund 1995)

Figure 4.2. Left: Heat conduction topology optimisation domain and boundary conditions. Centre: topology
optimised geometry with high conductivity material shown in black. Right: temperature distribution.

Reproduced from (Ercan M Dede 2009).

and Ole Sigmund 1995). This was found to arise from an incorrect finite element formulation
and mesh dependence. Checker-boarding is resolved by using higher order finite elements
or prevented through the proper implementation of restriction methods (such as filtering and
projection) that ensure mesh independence (Ole Sigmund and Kurt Maute 2013).

Another issue is the convergence of optimisation problems to local minima, a problem which
is approached differently by individual topology optimisation implementations. In density-
based methods this problem is often approached with the use of continuation techniques,
whereby the strength of the penalisation of intermediate density elements is gradually in-
creased as the optimisation progresses, reducing the likelihood of quickly converging to local
minima (M. P. Bendsøe and O. Sigmund 2003).

4.3 Thermal optimisation studies

The number of topology optimisation studies concerned with thermal studies has been
slowly increasing, ranging from simple case studies to new methodologies that push the
field towards greater complexity and computational efficiency. The most basic studies are 2D
heat conduction problems, which are sometimes extended by incorporating heat transfer to a
fluid requiring a formulation that includes convection. Fig. 4.2 and Fig. 4.3, reproduced from
(Ercan M Dede 2009), show examples of a typical 2D thermal conduction and convective
heat transfer topology optimisation setups respectively.

Thermal optimisation problems often take the form of systems designed to transfer heat from
a solid to a coolant fluid or between two fluids. For this reason, the development of thermal
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Figure 4.3. Left: Fluid flow and heat transfer topology optimisation domain and boundary conditions. Centre:
topology optimised geometry with fluid domain walls shown in black. Right: fluid velocity distribution.

Reproduced from (Ercan M Dede 2009).

topology optimisation is tied to the development of fluid optimisation, which is often the
source of technical developments, incorporating more complex forms of flow and developing
methodologies that track the effect of the changing geometry of solid-fluid interfaces during
optimisation.

4.3.1 Previous reviews

The work presented in (T. Dbouk 2017) represents the first major review of the application of
topology optimisation to thermal transfer problems. The lack of comparison between numeri-
cal methods for topology optimisation was observed to have a negative impact on the field’s
reputation for finding optimal designs. It was noted that the majority of thermal conduction
problems in the literature are performed in 2D, with only a few extending the problem to 3D.
Furthermore, it was suggested that in most thermal topology optimisation studies, sufficient
detail regarding the performance of the most commonly used MMA optimisation algorithm
is not presented. Developments made in computing power were found to have permitted the
study of more complex fluid flow systems. This has resulted in the increase in popularity
of topology optimisation over shape optimisation for fluid systems, with the important dis-
tinction that topology optimisation allows for the creation of new boundaries. Despite this
progress, the author did not consider topology optimisation to be a mature technique for the
development of optimal systems for thermal transfer at the time of publication. Problems are
identified in numerous areas including computational time, meshing techniques, optimisation
algorithms, transient state modelling, parallelisation, filtering techniques and experimental
validation.

4.3.2 Conduction focused optimisation

Heat sinks are a common focus for topology optimisation studies. In (Srinivas 2006), the
authors optimise a passive electronic cooling device that uses a phase-change material such
as paraffin wax along with aluminium. Transient heat conduction analysis and topology
optimisation were performed with COMSOL Multiphysics, which was chosen as it permits
users to modify the governing partial differential equations. This allowed for the description
of phase change in the wax. The topology optimisation was performed using a density-based
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method with SIMP interpolation. The optimal design was considered 35% better than an
“intuitive” design. In 2007, multiple load cases for heat conduction topology optimisation are
considered in (ChunGang Zhuang, ZhenHua Xiong, and Ding 2007). The approach uses the
level-set method to implicitly represent the geometric boundaries of the structure, avoiding
the need for user-specified design thresholding. The topological derivative (a technique
which involves the introduction of infinitesimal changes to topology) is used to generate
new holes in the design. It is claimed that the combination of topological derivative and
shape optimisation used, reduces the influence of the initialisation on the final design. (T.
Gao et al. 2008) presents an implementation of a bidirectional ESO method for steady-state
heat conduction problems, including design-dependent heat loads. The bidirectional ESO
method involves analysing the sensitivity to the objective of elements in an initially fully-
solid structure. Elements are then removed or added depending on their sensitivity. The
work deals with the problem of applying boundary conditions to a changing topology, which
is important in solid-void optimisation, where boundary conditions are applied directly to
the design domain. A related approach is used in (Anflor and Marczak 2009), where a hard
kill material removal algorithm is used for the optimisation of non-isotropic heat transfer
problems. The technique uses the Boundary Element Method (BEM) which does not have
the same meshing requirements of finite element techniques and allows for the creation of
designs with no intermediate density elements, however, the formulation of constraints is
found to be more challenging than in density-based techniques.

(Deaton 2009) performs thermoelastic topology optimisation based on the typical approach
for structural optimisation. The work represents the first published application of topology
optimisation to thermally induced stress, combining two common application areas for the
technique. A custom formulation of the problem was developed in MATLAB. Thermal loads
are implemented in as boundary conditions in a compliance minimisation problem. The
topology optimisation was shown to break down when thermal loads (and resulting restrained
thermal expansion) were significant compared to mechanical loads. An alternate formulation
appeared to result in improved stress-related performance however in this formulation, stress
was not explicitly considered. Stress-based design criteria were introduced, allowing for the
direct targeting of thermal stress as an optimisation objective.

(Dirker and J. P. Meyer 2013) presents an implementation of heat transfer topology optimisa-
tion for electronic cooling systems. The results were found to resemble tree structures with
branching regions of high-conductivity material. It was found that for a 2D heat conduction
domain, these structures were consistent regardless of the domain dimensions but were de-
pendent on the formulation of the cost function and the ratio of conductivity between the
two materials used. The influence of changing the conductivity ratio γ on the shape of high
conductivity tree structures is illustrated in Fig. 4.4, however, for a full discussion of the
figure, the reader is referred to the original publication (Dirker and J. P. Meyer 2013).

The transient heat conduction topology optimisation problem presented in (Chungang
Zhuang, Zhenhua Xiong, and Ding 2013) and extended in (Chungang Zhuang and Zhenhua
Xiong 2014) uses a density-based implementation and the MMA optimisation algorithm. The
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Figure 4.4. Influence of changing the conductivity ratio γ on optimised topologies. For full details of the
displayed parameters, the reader is referred to the original publication (Dirker and J. P. Meyer 2013), from

which this figure is reproduced.

main contribution of the work is the automation of peak heat flux identification in a transient
problem, leading to an optimisation result that is more effective at tolerating maximum loads
than if an average value had been used. The main difficulties encountered were numerical
instabilities in the density-based formulation, including problems of mesh dependence and
intermediate densities.

In (Pizzolato et al. 2017b), the optimisation of energy storage systems is approached through
the distribution of highly conductive and poorly conductive material. The study represents
a deviation from the literature surrounding fin design which is described as having high
physics complexity and low design freedom. The topology optimisation problem is posed
such that the maximum amount of energy is extracted from the low-conductivity material in a
given period of time. The optimised 3D design includes aspects of alternative designs tried
by researchers such as the addition of radial and pin fins but in a non-intuitive configuration.
The 3D design shows an improvement of approx. 30% due to the added design freedom. Fig.
4.5 illustrates the differences between the extruded 2D design and the full 3D optimisation
result produced in this study, which display significantly different topologies.

In an application of topology optimisation related to the development of hypersonic vehicles,
(Yang et al. 2019) finds the topology-optimised design of an integrated thermal protection
system based on minimising net heat transfer rate and net strain energy. The optimised
designs exhibit lower temperature, deformation and component stress. In (Kang and James
2019), a novel multi-material topology optimisation methodology is presented and follows a
parametric representation in which finite-element style shape functions are used to determine
the local material properties in each element. The technique relies on adjoint sensitivity
analysis and optimises for structural stiffness and thermal insulation. The technique permits
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Figure 4.5. Illustration of the differences between extrusion of a 2D topology optimised design (left) and a full
3D optimisation (right). Reproduced from (Pizzolato et al. 2017b)

the application of individual temperature constraints to the different materials. Topology
optimisation inspired by nature is implemented in (Lin, J. Wang, et al. 2019). A method
for conduction optimisation based on leaf venation is presented. The process was found
to visually resemble leaf growth, and the performance in solving a volume-to-point heat
conduction problem was superior to the density-based approach. This technique is inspired
by the constructal approach developed in (Bejan 2003).

Improvements to computational techniques

In (Lin, Hong, et al. 2018), a deep learning approach combined with the density-based
method is presented to accelerate topology optimisation of conductive heat transfer. The
deep learning implementation is based on a fully convolutional neural network. The deep
learning is applied to the later stages of the density-based process which typically involves
only small-scale changes to material distribution. The deep learning approach was able to
reduce the convergence time by 71.65% compared to the standard topology optimisation
approach. The inputs to the deep learning system are based on topology optimisation iter-
ations and the final results of pseudo-random problems, resulting in a training data set of
10,000 problems. The accuracy of the deep learning approach was validated successfully
using volume-point problems. Computational techniques for exploring the performance
of evolutionary algorithms are explored in (Ikonen et al. 2018). Parametric L-systems (de-
scribed as developmental recipes) are applied to evolutionary topology optimisation for heat
conduction. The implementation, which involves the finite volume method, requires 2 orders
of magnitude fewer iterations and results in better designs most of the time than a reference
method and lower average temperatures than a density-based implementation. It is based on a
model for interpreting the development of trees (the L-systems method).
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A novel technique for the design of transient heat conduction systems is presented in (Wu,
Y. Zhang, and Shutian Liu 2019) where a new performance index is introduced, known as the
Regional Temperature Control Function (RTCF). This is used as an objective function which
represents the maximum temperature of specific areas during the full transient analysis. This
is proposed in response to findings showing that the results for transient topology optimisa-
tion studies on different time scales result in different geometries. The study uses the MMA
in conjunction with density-based methods and is demonstrated as effective at minimising
temperature in specific areas in transient systems.

Experimental verification

(Jensen 2018) describes a new application of a code which implements fast anisotropic
mesh adaptation for the topology optimisation of 2D/3D heat conduction problems. (Q. Xia,
Shi, and L. Xia 2018), presents an efficient method for solving heat conduction topology
optimisation problems that combines ESO and LSM methods in order to overcome the
inability of the LSM to nucleate new holes in the domain. This reduces design sensitivity to
initial conditions. In (Vignaesh Subramaniam, Talib Dbouk, and J.-L. Harion 2018) topology
optimised designs are tested experimentally using infrared thermography, representing one of
only a few cases where topology-optimised designs are experimentally verified. The topology
optimisation implementation uses the MMA, SIMP interpolation and a finite volume method.
The optimised results were found to reduce the overall temperature and agreed with the
simulation and another similarly manufactured component.

Topology optimisation is applied to a refrigerator cooling system in (Lu et al. 2019). The
topology optimisation was performed in MATLAB using an optimality criteria based opti-
miser and uses an objective function based on heat dissipation. The topology-optimised parts
were manufactured in copper, with the component displaying a 32% higher specific cooling
power than a conventional design.

4.3.3 Incorporating convection

Numerical modelling of convection does not necessarily require explicit fluid modelling,
with the use of convective boundary conditions allowing for direct application of the tech-
niques used in conduction-based topology optimisation without modification to include
computational fluid dynamics (CFD).

(T. E. Bruns 2007) presents a framework for topology optimisation of non-linear steady-state
heat transfer with conduction convection and radiation, without explicitly accounting for fluid
motion. The study focuses on the numerical instabilities arising from convection-dominated
problems, which are known to significantly affect the optimisation results. This paper em-
ploys a variation on SIMP interpolation based on the hyperbolic sine function and known
as the SINH method (described in (T. Bruns 2005)). The SINH method enables element
penalisation such that intermediate-density material is made less volumetrically effective
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than either solids or voids. A new topology optimisation implementation is proposed in
(Yamada, Izui, Nishiwaki, and Takezawa 2010) based on the ability to adjust geometrical
complexity using the level-set method. The approach is developed further in (Yamada, Izui,
and Nishiwaki 2011), where a concept based on maximising thermal diffusivity is presented.
This methodology is then applied to numerical examples of conduction and convection. The
3D convection problem presented shows the emergence of fins to aid convection, however, it
is acknowledged that the design is strongly influenced by the design-dependent convection
coefficient, where lower convection coefficients were found to increase the length of the heat
convection boundary.

In (Cheng et al. 2018), a novel technique for managing the limitations of density-based meth-
ods is explored with lattice structures. Instead of designs with intermediate material densities,
the technique produces regions of fully dense material and lattice structures where less mate-
rial is required. It is argued that this technique allows for more reliable manufacturing. The
projection of grey areas generated by density-based methods is criticised as it constitutes
a deviation from the optimal design. An asymptotic homogenisation technique is used to
interpolate the thermal conductivity of the lattice structure. The proposed methodology is ap-
plied to the optimisation of cooling channels, resulting in significant reductions in maximum
temperature. The topology-optimised lattice-based design is also built using AM.

4.4 Topology optimisation for fluids

The development of topology optimisation techniques for fluid systems began later than
structural optimisation, spurred primarily by the publication of (Borrvall and Petersson
2003), which presents a methodology for the topology optimisation of fluids in Stokes flow
(viscous or creeping fluid). A generalised Stokes flow problem is derived from a plane
flow assumption (Couette flow). The optimisation problem is formulated to minimise the
dissipated power in the fluid. The methodology conceptualises the fluid domain as a porous
media, where a penalty to flow is applied to reduce fluid velocity in non-fluid regions. Here,
a density of 0 corresponds to a high flow rate representing an open element and a density of
1 represents a low flow rate indicative of a closed (low permeability) element. The problem
was found to be well posed, with no regularisation techniques required. Subsequent studies
have largely focused on extending optimisation techniques to more complex forms of flow,
the addition of turbulence and multi-objective optimisation. There is a divide between studies
that use a porous media formulation often associated with density-based implementations and
those that criticise that approach, often implementing LSM formulations.

4.4.1 The development of fluid topology optimisation methodology

(Allan Gersborg-Hansen 2003) extends the methodology in (Borrvall and Petersson 2003) to
treat incompressible Newtonian flow at moderate Reynolds numbers. The Reynolds number
represents the ratio of inertial to viscous forces in a fluid and is used to characterise the onset
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Figure 4.6. Topology and streamlines for a density-based fluid channel topology-optimisation reversed flow
example. Sub-figures a),b),c),d) show the impact of decreasing the Darcy number (Da) on the resulting

topology. For more detailed analysis, the reader is referred to the initial figure, published in (Olesen, Okkels,
and Bruus 2006).

of turbulent flow. In (Guillaume and Idris 2004), topological sensitivity analysis is incorpo-
rated into the shape optimisation of Stokes flow in an attempt to avoid the numerical issues
associated with the topology optimisation. (A. Gersborg-Hansen, O. Sigmund, and Haber
2005) focuses on the development of an optimisation methodology for steady incompressible
laminar viscous flows at low to moderate Reynolds numbers and the inclusion of inertial
effects, to find the optimal layout for channels in fluid network systems. Inertial effects are
found to be significant even for moderate Reynolds numbers. The need to extend modelling
to three dimensions to properly capture more complex, design-altering effects is stressed.

The minimisation of Stokes flow power for given velocities at the fluid boundary of the do-
main using the Darcy-Stokes or Brinkman equations is considered in (Evgrafov 2005). It is
shown that the introduction of a requirement specifying zero power dissipation due to flow
through the material makes the system a well-posed mathematical problem. It is argued that
in (Borrvall and Petersson 2003), the generation of fully dense internal walls in the domain
is not possible, preventing changes to the connectivity of the domain, and therefore that
it cannot strictly be considered topology optimisation. In (Evgrafov 2005) however, pure
flow and fully solid regions are possible, and the method is shown to provide optimal solu-
tions. In (Guest and Prévost 2006), topology optimisation is performed using a novel method
for conceptualising the flow as a porous medium that allows for efficient simulation of the
no-slip condition at solid-fluid boundaries. (Olesen, Okkels, and Bruus 2006) describes
an implementation of non-linear topology optimisation exemplified with Navier-Stokes
flow using commercial FEMLAB software (an early name for the software which became
COMSOL Multiphysics), extending work in (Borrvall and Petersson 2003). A numerical ex-
ample, treating the standard reversed flow case, is reproduced in Fig. 4.6. The Darcy number
(Da) represents the permeability of the medium, with lower values corresponding to thinner,
less permeable topologies. The study focuses on reducing the computational difficulty in
the formulation and is designed to be broadly applicable to a range of applications. A nu-
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Figure 4.7. Left: illustration of a standard reverse flow topology optimisation problem extended to 3D. Right:
topology optimisation geometry showing the flow path for 1 inlet branching to two outlets. Reproduced from

(Aage, Poulsen, et al. 2008) where a full discussion can be found.

merical example looking at a four-terminal device indicates that, for problems associated
with the optimisation of systems with multiple competing local minima, the solution can be
strongly dependent on the initial conditions. (Georg Pingen, Evgrafov, and Kurt Maute 2007)
presents 2D and 3D optimisation performed using the Lattice Boltzmann Method (LBM) to
approximate Navier-Stokes flow. The use of the LBM allows for a representation of the flow
which does not rely on varying permeability. The method is the first of its kind but is found
to require improvements to the convergence behaviour before application to engineering
problems.

(Wiker, Klarbring, and Borrvall 2007) involves the topology optimisation of Darcy-Stokes
flow, as another extension of the work in (Borrvall and Petersson 2003). The implementation
is tested on area-to-point flow systems similar to those considered in (Bejan 2000, 2003).
This study however sets up the problem as two domains: free flow using Stokes’ equations
and porous flow using Darcy’s equations. The objective is the minimisation of the total po-
tential power of the system. Furthermore, the authors do not agree with the conclusion of
Guest 2006 (Guest and Prévost 2006) who claims regularisation is not required to prevent an
ill-posed problem. ‘Large-scale’ Stokes flow optimisation is considered in (Aage, Poulsen,
et al. 2008). The problem is posed in 2D and 3D with approx. 125,000 elements. The for-
mulation uses slightly compressible flow to ensure the problem was well-posed. COMSOL
Multiphysics was used to verify the constraints and to ensure the no-slip boundary along
the solid-fluid interface is maintained. An illustration of the extension of the reverse flow
problem to 3D is presented in Fig. 4.7.

(Carsten Othmer, de Villiers, and Weller 2007) implements 3D topology optimisation of
flow splitting in OpenFOAM. (C. Othmer 2008) develops a method for sensitivity calcula-
tion for the finite volume method including the implementation of a continuous adjoint into
OpenFOAM to produce sensitivity maps, indicating where changes to the topology should be
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Figure 4.8. Illustration of topology optimised bends with increasing Reynolds numbers (Re). Reproduced from
(Deng et al. 2011).

made. The system considered involved steady-state incompressible Navier-Stokes flow with
Darcy porosity and frozen turbulence. The proposed workflow uses topology optimisation
for an initial design draft followed by fine-tuning with shape sensitivities. (Georg Pingen,
Evgrafov, and Kurt Maute 2009) performs porous fluid topology optimisation using the LBM.
The technique was shown to enable accurate implementation of no-slip boundary conditions
and it was found that a shaping factor in the porosity condition produced optimal designs
consisting of “0-1” solutions (with low levels of intermediate values). A novel approach to
two and three dimensional Stokes flow optimisation problems is presented in (M. Abdelwa-
hed, M. Hassine, and Masmoudi 2009). The approach relies on the insertion of perturbations
(small obstacles) in the fluid domain and is presented as accurate and fast for Stokes flow,
with only a few iterations required to construct a final domain. It is acknowledged however
that the technique may lead to local minima and that further development is required.

4.4.2 Consideration of additional fluid flow scenarios

A computational method for the optimisation of unsteady flows is developed in (Deng et
al. 2011), using Brinkman penalisation to ensure flow in the porous material is zero. The
Brinkman method is similar to the technique introduced in (Borrvall and Petersson 2003)
but originates from an earlier work (Arquis and Caltagirone 1984) which penalises the fluid
momentum equations, conceptualising obstacles to flow as porous media. The study focuses
on the development of a material interpolation approach and the mitigation of numerical in-
stabilities in the porous material. The inability of the Brinkman approach to prevent pressure
diffusion through solid areas, is noted, with geometric boundary representation proposed as
a solution. Fig. 4.8, reproduced from (Deng et al. 2011), shows the influence of increasing
Reynolds numbers on optimal topologies.

(Kreissl, G. Pingen, and K. Maute 2011) details a methodology for unsteady flow problems
at low Reynolds numbers. Brinkman penalisation is used to enforce zero flow velocities
in the solid material, and examples show that designs based on unsteady flow differ from
their steady counterparts. Topology optimisation for incompressible, laminar and turbulent
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ducted flows is presented in (Papoutsis-Kiachagias et al. 2011), which implements the one-
equation Spalart-Allmaras turbulence model. The method does not use frozen-in turbulence
but includes the changes to turbulent flow which result from changes in the topology that are
typically ignored.

(Mohamed Abdelwahed and Maatoug Hassine 2014) considers the optimisation of a non-
stationary Navier-Stokes system including the minimisation of dissipated energy. An algo-
rithm for topology optimisation of Stokes flows based on Chebyshev’s iteration is presented
in (Evgrafov 2015) which saves computation time. The reduction in computational time is
the focus of significant effort in the field of fluid-based topology optimisation, often with
the goal of permitting the study of more complex geometries and flow regimes. In (Jenk-
ins and Kurt Maute 2015), the LSM is combined with the extended finite element method
(XFEM) for the design of fluid-structure interaction problems. The fluid model includes
Navier-Stokes flow and uses a fluid mesh which deforms with the structure. The method is
compared with density-based topology optimisation, and it is indicated that the LSM-XFEM
approach converges well, requiring fewer elements and resulting in better-defined geometries
than is possible with the density-based approach. The LSM-XFEM approach does exhibit
some problems with discontinuous design evolution, however, including the disconnection
of thin members. Topology optimisation of unsteady incompressible fluid flows using the
LBM is demonstrated in (Nørgaard, Ole Sigmund, and B. Lazarov 2016). A partial bounce-
back model is implemented, which models fluid flow at the fluid-solid boundary during
optimisation. It is found that the topology optimisation can account for more complex fluid
effects such as vortex shedding and time-varying boundary conditions at moderate Reynolds
numbers. Extension of the problem to 3D is, however, thought likely to cause computational
difficulties.

The computational performance of fluid-based optimisation is explored in (Chen et al. 2018)
where a threshold dynamics method is presented for topology optimisation of fluids. The
implementation relies on minimising an energy function, which contains a measure of dissi-
pation power in the fluid. The algorithm is shown to converge in significantly fewer iterations
than other methods (including the MMA used in (Borrvall and Petersson 2003)). It is also
shown that the algorithm is insensitive to the initial guess. Porosity is considered explicitly
in the optimisation process presented in (Bastide, Cocquet, and Ramalingom 2018) where
a methodology for including material porosity in the optimisation procedure through a per-
turbation to the Navier-Stokes equations is developed. A method for combining shape and
topology optimisation is presented in (Feppon et al. 2019). The technique is applied to a
fluid-structure interaction problem using the level-set mesh evolution framework. The simula-
tion is only weakly coupled, however, as the equations for fluid and solid regions are solved
consecutively.
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4.5 Thermo-fluid problems

The following discussion focuses on topology optimisation studies which include explicit
fluid flow and heat transfer modelling. Much of the theoretical complexity arises from the
implementation of the fluid-based topology model, however, (turbulent) convective heat
transfer processes create additional challenges to implementation. These problems are multi-
physics by definition, and additional complexity is introduced into the topology optimisation
process by the need to consider how to compose objectives made up of multiple terms and
the impact that individual weightings can have on the results.

(Ercan M Dede 2009) couples COMSOL Multiphysics with an MMA technique in a custom
COMSOL/MATLAB script. The study includes conduction, convection, diffusion and Navier
Stokes flow and results in the optimisation of heat exchanger geometries. The weighting of
multiple objectives was found to have a significant impact on optimal geometries and it is
suggested that further work should focus on automating this process. (Yoon 2010) demon-
strates the creation of a design for dissipating heat that relies on convective heat transfer,
where the MMA was used in conjunction with SIMP interpolation for coupled Navier-Stokes
and heat transfer equations. Thermal compliance – the product of temperature and the con-
ductive heat flux vector – was used as an objective function. It was found that the balance
between the conduction and convection of fluid is of central importance to the design of
heat-dissipating structures.

(K. Lee 2012) investigates the topology optimisation of 2D and 3D convective cooling
systems using Brinkman penalisation for Stokes flow. The stabilised finite element method
and adjoint sensitivity formulation were found to be cost-effective, accurate methods for
weakly coupled multi-physics optimisation. Numerical instabilities such as element-scale
voids and boundary oscillations were found to cause convergence problems that became
more apparent at higher Reynolds numbers. The element-scale instabilities were found to
be distinct from traditional checker-boarding and were not easily suppressed with a filtering
technique. Further numerical instabilities were found at the fluid-solid boundary due to
the rapid change in velocity. Convective cooling systems were also investigated, with the
goal of maximising cooling efficiency in cooling channels as shown in Fig. 4.9. Physically
impossible cooling systems, in which no coolant could flow, were produced initially. This
was resolved by fixing the flow path or by adding pressure drop minimisation as an additional
objective.

In (Marck, Nemer, and J.-L. Harion 2013), the finite volume method is used in combination
with the discrete adjoint method in order to conduct topology optimisation to minimise pres-
sure drop and maximise recoverable thermal power. The methodology is applied to several
numerical examples concerning heat and mass transfer, however, the study only considers
laminar flow. Further work is suggested based on the investigation of heat exchanger design
through maximisation of internal heat generation rate. (Matsumori et al. 2013) demonstrates
a density-based topology optimisation implementation for coupled thermal-fluid interac-
tions using Navier Stokes flow. The focus is on the design of heat exchangers which are
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Figure 4.9. Upper: design domain for topology optimisation of an air cooling system showing fluid and thermal
boundary conditions. Topology optimised coolant channels are shown for Re = 100 (middle) and Re = 1000

(lower). Reproduced from (K. Lee 2012), where a full discussion can be found.

optimised under constant input power. The porous media approach is used, and it was found
that optimised geometries were Reynolds number and mesh dependent.

(Alexandersen, Aage, et al. 2014) investigates the application of density-based topology
optimisation to the design of heat sinks and micro-pumps based on natural convection ef-
fects. Steady-state laminar flow is modelled using Navier-Stokes equations coupled to the
convection-diffusion equation with the Boussinesq approximation (ignoring density differ-
ences except where they are associated with gravity). The Brinkman approach is used to
penalise velocities inside the solid domain. The importance of design-dependent values for
the convection coefficient is emphasised. The optimisation of natural convection systems is
found to be challenging as a result of the strong coupling between the fluid and solid regions
and the underlying non-linearity in the system. The extension of the methodology to three-
dimensional problems is considered trivial, apart from a dramatic increase in computational
cost.

Topology optimisation for a coupled thermal fluid problem based on two and three dimen-
sional Navier-Stokes flow is presented in (Yaji, Yamada, Kubo, et al. 2015). The problem is
posed as a heat transfer maximisation problem, with heat exchange governed by the interac-
tion between structure and fluid. It is argued that many topology optimisation implementa-
tions produce overly complex geometries, which are unsuitable for engineering applications.
The level-set method is seen as a viable way of generating more easily manufacturable, yet
still ‘optimal’ geometries. A regularisation method is also introduced which allows for con-
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trol of design complexity. In (Coffin and Kurt Maute 2016) the development of an LSM
topology optimisation methodology targeting convective heat transfer in two and three dimen-
sions is presented. The model is however thought to over-predict convective heat flux and
result in overly thin fluid channels. (Xu et al. 2017) uses COMSOL Multiphysics to perform
topology optimisation of a micro-channel heat sink in 2D with a high 3MW m−2 heat flux.
The study minimises pressure drop and maximises heat dissipation, however, the weighting
factor between these objectives was found to significantly affect the results. A new technique
which interpolates material properties using sigmoid functions is applied to multi-objective
optimisation of a convection problem in(Ramalingom, Cocquet, Maleck, et al. 2018). The
study focuses on natural convection in an asymmetrically heated channel, considering ob-
jectives relating to fluid power dissipation minimisation and the maximisation of thermal
recoverable power. Steady-state laminar flow and natural convection are assumed and it is
found that the new formulation avoids the use of filtering techniques.

(Jan H. K. Haertel, Engelbrecht, et al. 2018) presents pseudo-3D topology optimisation
of a heat sink, assuming steady-state laminar flow. The design is not fully optimised in
3D, but instead involves a 2D heat sink base plate and thermo-fluid design layer, which are
thermally coupled. Symmetry conditions were used to minimise the computational load. The
optimisation objective was the minimisation of heat transfer resistance for pressure drop and
heat load constraints. It is acknowledged, however, that the pseudo-3D model only serves
as a first estimation for the optimisation of flows in three dimensions, as the model does not
account for heat exchange in the extruded perpendicular to the 2D models. Thermal topology
optimisation problems conducted in full 3D are rare, with many studies simply extruding
the 2D results. Extrusion provides a different result to 3D optimisation as the optimiser
has more freedom when implemented in 3D. Studies that perform fully 3D optimisation
are becoming more common as the field matures and computing power is better utilised by
scalable codes.Topology optimisation of a volume-to-surface thermal conduction problem
is presented in (Burger, Dirker, and J. P. Meyer 2013). The average temperature in cubic
domains was minimised with an implementation which makes use of the MMA.

The development of high-performance topology optimisation software

In order to fulfil the desire to incorporate more physics, including turbulence and convective
heat transfer in topology optimisation problems, there has been a focus in recent years on
the development of high-performance topology optimisation codes. Currently, however, this
appears to be limited primarily to the development of academic software and the simulation
of standard topology optimisation geometries in higher resolution.

(Alexandersen, Ole Sigmund, and Aage 2016) details density-based topology optimisation for
the design of three-dimensional heat sinks cooled by natural convection using cluster comput-
ing facilities. The study represents a significant step towards the implementation of topology
optimisation codes which are able to make use of large-scale computational facilities. Fig.
4.10 illustrates the evolution of one of these heat sinks at increasing topology optimisation
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Figure 4.10. Optimised heat sink topology at iteration 200 (upper left), 400 (upper right), 600 (lower left) 1000
(lower right). Full details are available in the original publication (Alexandersen, Aage, et al. 2014)

iterations. As the optimisation progresses, a continuation approach progressively penalises
intermediate density values and results in the removal of smaller features at later iterations.
The study treats the optimisation of a typical heat sink problem, however, it is important that
high-performance codes are sufficiently accessible such that they permit the study of the
complex systems that are most likely to benefit from increases in computing power.

A methodology for the topological optimisation of heat sinks with turbulent forced convec-
tion is presented in (S. B. Dilgen et al. 2018) to demonstrate the scalability of a previously
developed solver to coupled multi-physics and large 3D problems. The study represents
progress in the topology optimisation of coupled thermal-fluid problems with turbulent flows.
Comparison between the 2D and 3D designs showed that the performance is particularly
dependent on the fluid-solid contact interface. A 3D design was shown to provide a more
even temperature distribution than an extruded 2D result. The resulting 3D flow manifolds
are shown in Fig. 4.11.

A multi-resolution 3D topology optimisation is used to design a multi-material structure for
efficient heat dissipation in (J. Park et al. 2019). The problem is decomposed into a number
of binary distribution problems for each material. The optimality criteria method is used with
a multi-resolution scheme that allows for better material boundary representation than the
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Figure 4.11. Two views of the same optimised 3D flow manifold using the k − ω turbulence model. Streamlines
are coloured based on the velocity magnitude. Reproduced from (S. B. Dilgen et al. 2018).

conventional SIMP approach without needing massively parallel codes. It is noted that the
technique is currently limited to application to small conduction-dominant systems.

4.6 Engineering applications

Much of the literature discussed so far has involved the application of topology optimisa-
tion techniques to ‘numerical examples’. These are typically simple heat conduction or flow
systems that can be set up easily and enable a superficial level of comparison (limited by
differences in boundary conditions) between studies. Whilst this is to be expected of a de-
veloping technology, there is a growing focus on the application of topology optimisation to
experimental and industrial scenarios, targeting more complex systems and considering ease
of manufacture.

A multi-physics optimisation method for the design of a multi-pass branching micro-channel
heat sink for electronics cooling is presented in (Ercan M. Dede 2012). The topology optimi-
sation was performed with two objectives, minimising fluid power dissipation and domain
average temperature. The design was found to lower the thermal resistance with nearly neg-
ligible pressure drop. The work is extended in (Ercan M. Dede and Y. Liu 2013), which
focuses on the manufacture of the resulting multi-pass branching micro-channel heat sink
for high heat flux applications. The performance of the system is evaluated for a range of
different flow conditions however the study lacks a baseline device to compare with. A full
development cycle for the optimisation of small-scale heat sinks is demonstrated in (Koga
et al. 2013), which focuses on minimising pressure drop (considering Stokes flow) and max-
imising heat dissipation. Small auxiliary channels were observed in the optimised design
which did not contain flowing fluid but improved heat distribution (at the expense of addi-
tional pressure drop). Numerical simulation and experimental testing were carried out on the
manufactured design, and showed good agreement with the optimisation study.

The thermo-hydraulic design of micro heat sinks is presented in (Van Oevelen and Baelmans
2014) with the goal of taking advantage of the design freedom associated with topology opti-
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Figure 4.12. Left: CAD representation of topology optimised heat sink. Right: AM prototype. Reproduced
from (Ercan M. Dede, Joshi, and F. Zhou 2015).

misation. The performance improvement associated with the resulting geometry is attributed
to increases in surface area and the corresponding increase in heat transfer coefficients. In (J
H K Haertel et al. 2015) topology optimisation is applied to the performance of an air-cooled
copper heat sink based on a coupled 2D thermo-fluid model with forced convection. The
study uses density-based optimisation implemented in COMSOL Multiphysics to minimise
the heat sink temperature and pressure drop for two-dimensional incompressible laminar
flow. Brinkman penalisation, in conjunction with a Rational Approximation of Material
Properties (RAMP) interpolation function, is used to modify thermal material properties.
Another topology optimisation implementation for an air-cooled heat sink, this time with
side-surface convection, is presented in (Ercan M. Dede, Joshi, and F. Zhou 2015). The
topology optimisation was conducted using COMSOL Multiphysics in conjunction with an
MMA implementation. The AM prototype design made from AlSil2 material is visualised in
Fig. 4.12.

The performance is experimentally validated and found to be superior to that of conventional
designs machined out of aluminium and copper in two separate cases despite high levels of
porosity leading to a reduction in thermal conductivity of almost 50%. The authors recom-
mend further work on the numerical modelling of as-built material composition and final
finish complexity including porosity and surface roughness. (Soprani et al. 2015) presents
work to improve active cooling for down-hole tools used by the oil and gas industries. The
thermal design was optimised using SIMP interpolation in COMSOL Multiphysics software.
The density-based topology optimisation distributes highly thermally conductive materials to
minimise the temperature of sensitive electronics. Density filtering and projection were used
for design regularisation. Topology and shape optimisation for the design of the air-side of a
heat exchanger is presented in (Bacellar et al. 2016). The optimisation was performed using a
multi-objective genetic algorithm based using in-house code. The optimisation reduced ap-
proach temperature by 10%, pumping power by >20% and size by >20%. The authors note
that this technique did not require secondary heat transfer surfaces such as fins, potentially
resulting in lower manufacturing costs.
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Figure 4.13. Topology optimised electric motor cover geometries. Left: high conductivity, low convection
coefficient design. Right: low conductivity, high convection coefficient design. Reproduced from

(Mingdong Zhou et al. 2016)

An approach for performing conjugate heat transfer topology optimisation in SIMULIA soft-
ware is presented in (Mingdong Zhou et al. 2016). A minimum member size is introduced
to control the finest structures and a symmetry constraint is introduced partly for aesthetic
reasons and partly to compensate for numerical inaccuracies. The thermal compliance is
minimised with a 20% volume fraction constraint. Fig. 4.13 illustrates the differences in the
resulting topology optimised geometries for an electric motor cover as a result of changing
the ratios of convection coefficient and thermal conductivity between air and the design
domain material. This serves as an effective demonstration of the importance of well-defined
material properties in topology optimisation studies.

(Jan H. K. Haertel and Nellis 2017) presents a density-based topological optimisation of
the air-facing side of a dry-cooled power plant condenser. This is performed to improve
the efficiency to achieve commercial competitiveness with traditional, environmentally
demanding water-cooled solutions. The computational cost associated with the system is
reduced by using geometric periodicity and symmetry to reduce the model to a 2D section
of the unit cell. Fluid flow through the solid area is penalised with a Brinkman friction term.
COMSOL Multiphysics was used to implement the topology optimisation module using
the globally convergent GC-MMA with filtering and projection. The topology-optimised
designs outperformed the reference geometry by up to 71% when the minimum fin width of
the slot geometry is set to 0.3 mm and by up to 36% when an unconstrained slot geometry
is considered. It is noted however that the study only involves a one-way coupling of the
thermal problem to the convection model.

In (Lange et al. 2018), topology optimisation is performed for a heat sink in COMSOL
Multiphysics and compared with a parametric optimisation in terms of performance and
computational effort. A comparison between the parametric and topology-optimised geome-
tries is shown in Fig. 4.14. Experiments were performed on AM prototypes and both the
parametric and the topology-optimised designs improved performance over the conventional
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Figure 4.14. Left: parametric optimised design results (upper) and AM prototype (lower). Right: Topology
optimisation result (upper left), AM prototype with manufacturing constraints (upper right) and without (lower

half). Reproduced from (Lange et al. 2018).

Figure 4.15. Investment casting of a topology optimised heat sink. The images shown (from left to right) show:
the topology-optimised design, the castable resin pattern, the plaster mold and finally the metal heat sink.

Reproduced from (Lei et al. 2018).

design. The parametric approach had a less costly computational implementation but the
topology optimisation approach provided a more universal solution.

A conjugate heat transfer optimisation problem is presented in (Lei et al. 2018). The paper
considers Investment Casting (IC) and stereolithography as methods for manufacturing
topology-optimised designs for 3D heat transfer devices. There is significant discussion
of the issues with additive manufacturing as a method for producing topology-optimised
designs. Porosity is common in AM components and it is argued that low levels of porosity
have a significant impact on thermal conductivity and that not enough data is available
on the performance of AM parts. The results presented were obtained with computation
times of approximately 1 day using 2000-4000 CPUs, demonstrating industrially-relevant
application of the technique to large computational facilities. An illustration of the steps
required between obtaining a topology-optimised design and a heat sink produced using
investment casting can be seen in Fig. 4.15. The topology-optimised designs were found
to display superior results for the situations they were optimised for but under-performed
outside of these scenarios.
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Topology optimisation is used to design a wick for use inside a heat pipe in (Lurie, Rabinskiy,
and Solyaev 2019). The problem involves distributing the wick material to minimise power
dissipation and minimum total pressure drop over the heat pipe. This involves producing opti-
mal pathways for liquid and vapour flow which are directed in opposing directions and are
subject to many forms of interaction. This treatment of multiple-phase flow in a highly non-
linear system indicates that topology optimisation is being applied to increasingly complex
systems. COMSOL Multiphysics is used for the FEA and topology optimisation. The heat
transfer capability was increased in the range of 25-100% without exceeding the maximum
allowable temperature.

4.6.1 Optimisation for manufacturing

Whilst a full discussion of the incorporation of manufacturing simulation is outside the scope
of this review, work has been done to incorporate geometric uncertainties and processes spe-
cific to additive manufacturing in topology optimisation software. AM-specific constraints
could include more traditional minimum feature size constraints, overhang placement rules,
and those relating to residual stress.

This is becoming increasingly important to the field with the move towards engineering-
relevant applications. A 2016 review (K et al. 2016) notes that AM has been associated
with a recent resurgence of interest in topology optimisation prompted by the possibility of
efficiently producing geometrically complex designs in small batches. The review covers
20 different software packages with topology optimisation capabilities, including com-
mercial and educational offerings and finds that the commercial software was not capable
of implementing sufficient manufacturing constraints to enable the direct manufacture of
topology-optimised designs. Non-commercial tools were, however, found to be unsuitable
for use in industrial settings due to limitations on design export functionality and workflow
integration. It is noted that the prevalence of density-based methods in commercial software
that rely on thresholding techniques to export the final design result in the re-introduction of
design subjectivity that topology optimisation aims to avoid. The author also notes the lack
of AM-specific manufacturing constraints regarding build direction, overhangs, supports and
thermal gradients in metal-based AM.

4.7 State of the field

It is clear that there has been significant development in the field of thermal and fluid topol-
ogy optimisation over the last two decades. The literature shows a progression from 2D
proof of concept studies (such as the widely used fluid methodology presented in (Borrvall
and Petersson 2003)) and attempts to increase computational efficiency, to more advanced
descriptions of physical phenomena such as turbulence ((Deng et al. 2011)) and convective
heat transfer ((Yoon 2010)). Furthermore, high-resolution 3D problems are beginning to
take advantage of large computational facilities ((Pizzolato et al. 2017a)). It is also clear that
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as the field matures, it is finding greater application to engineering problems, where manu-
facturing constraints are being considered ((Lei et al. 2018)). (T. Dbouk 2017) concludes
that topology optimisation is not a robust approach to finding the optimal designs of thermal
systems. However, it is clear that in the years since that review, advances continue to be made
and the technique is reaching the point of maturity where it is of interest to a broad range of
industrial applications. There does seem to be a lack, however, in the exploration of some
issues faced by many studies, including the impact of material properties and the exploration
of different design objectives and weightings for multi-objective optimisation. These issues
have the potential to impact topology-optimised designs in ways not currently accounted
for, and greater agreement on best practices within the field needs to be established. The
following section discusses the availability and practicality of using some of the software
packages used by the literature surveyed here for the optimisation performed in the remainder
of this work.

4.8 Software evaluation

This section contains a brief breakdown of the process of identifying the suitability of vari-
ous topology optimisation codes available at the time of writing, for application to the fusion
divertor. The option to define thermal and fluid parameters as objective functions was one
of the most important factors when deciding on the software to use. In many commercial
software packages, which often do not permit the modification or extension of the underlying
code, the applicability is limited by the built-in functionality. In contrast, many open-source
implementations of topology optimisation make the modification of functionality possible,
at the expense of significant development time. The goal here was to find a solution which
was sufficiently modifiable in order to facilitate novel research but sufficiently mature not
to require several years of development time before moving beyond the demonstration of a
trivial example.

4.8.1 Commercial software

Dassault Systèmes software

There is some optimisation functionality, including topology optimisation, built into Abaqus
CAE. As detailed in the Abaqus User’s guide (SIMULIA™ Support Documentation - Das-
sault Systèmes® 2019), it is possible to set strain energy; eigenfrequencies; internal and
reaction forces; weight and volume; centre of gravity and moment of inertia as objective
functions.

Topology optimisation using TOSCA is detailed in (Larsson 2016) and is implemented in
two ways, the first of which is a modified optimality criteria (OC) method that is applicable
only to stiffness problems with a volume constraint. The second method is a sensitivity-based
algorithm that uses the MMA. This approach allows for the specification of manufacturing

144



constraints, including adaptation to specific manufacturing techniques and the ability to
specify member-size constraints. A detailed study implementing conductive and convective
topology optimisation using TOSCA was performed by Zhou et al in 2016 (Mingdong
Zhou et al. 2016). The workflow established allows for the possibility of using the TOSCA
optimiser with an alternate finite element package. This study allows for the treatment of the
thermal problem through an optimisation objective based on reaction forces. However, it was
later established that the code used in (Mingdong Zhou et al. 2016) was unreleased and not
available to the public, and as such, this software was found to be unsuitable.

4.8.2 COMSOL Multiphysics

COMSOL Multiphysics a popular software package for implementing topology optimisation
of thermal problems, with the following studies (among others) using COMSOL Multi-
physics for thermal topology optimisation in some manner: (Ercan M Dede 2009; J H K
Haertel et al. 2015; Jan H. K. Haertel, Engelbrecht, et al. 2018; Lange et al. 2018; Soprani
et al. 2015; Srinivas 2006; Xu et al. 2017) and fluid optimisation: (A. Gersborg-Hansen, O.
Sigmund, and Haber 2005; Allan Gersborg-Hansen 2003). It is unusual among commercial
topology optimisation software packages in that it does not place many constraints on the
formulation of objective functions, allowing for the explicit specification of thermal and
fluid objectives. It is often used in conjunction with an MATLAB optimisation script, as
demonstrated in (Ercan M Dede 2009).

4.8.3 Educational tools

The 99-line MATLAB script

A 99 line topology optimisation code for MATLAB is presented in (O. Sigmund 2001).
It includes an optimiser and a finite element routine and can handle multiple load cases,
although it is designed primarily for education. The topology optimisation scheme is based
on the SIMP method, which uses a power law to interpolate between material properties at
solid and intermediate densities. The code is easy to understand and modify and was tested
in its default configuration, which aims to maximise stiffness for a given volume fraction
for a static load (2D). The code can also be extended to treat other problems (such as 2D
heat conduction) with a few modifications. The script includes support for passive elements
such as a hole in a pipe which must exist in the final design. The results from modifying and
running this code are visualised in Fig. 4.16. The code is run using the following command:

top3d(nelx,nely,nelz,volfrac,penal,rmin)

Top3d is the name of the function, ‘nelx’,‘nely’ and ‘nelz’ are the number of elements in the
three coordinates (x,y,z) which make up the domain. ‘volfrac’ is a constraint on the fraction
of the design domain that the result is allowed to occupy, ‘penal’ is the level of penalisation
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Figure 4.16. 99-Line MATLAB optimisation code. Left: optimised geometry for a static load on a 2D beam
(with vertical symmetry condition). Right: thermal conduction geometry with voxels representing the

placement of highly conductive material. The loads in each case are applied at the top of the domains, and the
greyscale value is proportional to the material density.

given to intermediate density elements and ‘rmin’ is the filter size. More details are available
in (O. Sigmund 2001).

An updated, more computationally efficient 88-line implementation is presented in (An-
dreassen et al. 2011). The code lacks any sort of import/export workflow or the ability to
handle complex geometries. This, in addition to the need to develop many additional features,
made the code unsuitable for application to the present work.

Level-set MATLAB code

A MATLAB implementation of the level-set method is presented in (Challis 2010), and is
designed for topology optimisation of statically loaded structures. The code is inspired by
the 99-line MATLAB code and is also compact, at 129 lines long. The code can be used as
an educational tool and as a comparison to the SIMP method. Another MATLAB level-set
implementation inspired by (Challis 2010) is presented in (Otomori et al. 2015). The code
presented uses a reaction-diffusion equation to update the level set function and claims to
be computationally efficient, implementing loop vectorisation and memory preallocation
techniques described in (Andreassen et al. 2011).

Other MATLAB codes

A number of other codes inspired in part by (O. Sigmund 2001) have been implemented
in MATLAB, including (Suresh 2010) which uses a sequential element rejection method,
(Talischi et al. 2012) which uses unstructured polygonal finite element meshes, (Tavakoli and
Mohseni 2014) which focuses on reducing multi-phase optimisation problems to a series of
binary optimisation problems, and (Q. Xia, Shi, and L. Xia 2018) which focuses on materials
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with extreme properties. The 99-line MATLAB code has been very influential and forms
the basis for a lot of open-source topology optimisation codes, including those designed for
application to high-performance computing systems. These codes were rejected for similar
reasons to those associated with the 99-line MATLAB code.

4.8.4 Large scale optimisation

Codes designed for use on large computing facilities are commonly open source, and in
general, have a higher barrier to entry regarding their usage and more limited documentation
than commercially available packages. A number of topology optimisation codes have been
designed to use on supercomputing facilities, including a parallel framework for topology
optimisation using the MMA (Aage and Boyan S. Lazarov 2013) published in 2013, and
an approach which uses the multiscale finite element method (H. Liu et al. 2018). Other
approaches aim to make high resolution problems tractable on desktop systems including
(Amir, Aage, and Boyan S. Lazarov 2014) and others implement topology optimisation
techniques on GPUs (Martínez-Frutos and Herrero-Pérez 2016; Schmidt and Schulz 2011;
Wadbro and Berggren 2009) and (Herrero, Martınez, and Martı 2013).

PETSc topology optimisation

A code based on the Portable and Extendable Toolkit for Scientific computing (PETSc)
is presented in (Aage, Andreassen, and Boyan Stefanov Lazarov 2015), and made freely
available. The authors claim it has led to the discovery of new effects in comparatively
well-studied design problems. PETSc contains most of the elements required for large-
scale topology optimisation including sparse matrices, vectors, iterative linear solvers, non-
linear solvers and a time-stepping scheme. PETSc libraries have been tested extensively
and are actively maintained. The application is scalable to thousands of cores. The code is
written in object-oriented C. (Aage, Andreassen, and Boyan Stefanov Lazarov 2015) presents
visualisations of topology optimisation results performed with 111.8 million design elements,
run on 1800 cores with a completion time of 4h32m. The code is organised into modules
where the most likely to need modification are the simplest to use and the least likely to
need modification are the most complex. The code is divided into 5 C++ classes and a core
program. There is a default problem included with the code which consists of a minimum
compliance problem using a sensitivity filter with a radius of 0.08 and a volume fraction of
0.12. The flexibility of the system allows for extension to a number of problems, with the
main barrier to entry being development time and effort. After a discussion with one of the
developers, this effort was deemed such that it is likely not appropriate for this project. Fig.
4.17 shows the optimised structure from the example minimum compliance problem after
being post-processed in Paraview (Ahrens, James, Geveci, Berk, Law, Charles n.d.). The
case was run on a desktop workstation with 16Gb RAM and a quad-core processor. After
installing and compiling the required packages, the code was run using the command:
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Figure 4.17. PETSc topology optimisation minimum compliance default problem run on a desktop workstation
and post-processed in Paraview. The colouration of the model represents the magnitude of the displacement
field, in-keeping with the presentation of results in (Aage, Andreassen, and Boyan Stefanov Lazarov 2015).

mpiexec -np 4 ./topopt -filter 2 -rmin 0.2 -volfrac 0.3 -maxIter 200

These options are similar to those specified for the 99-line MATLAB code, but also in-
clude more options for the filtering method and a maximum iteration constraint. The post-
processing in Paraview requires user input with regard to a density threshold, above which
the domain is considered to be part of the final design.

GPU based optimisation

A study looking at topology optimisation of heat conduction problems using a GPU is pre-
sented in (Wadbro and Berggren 2009). Here, the material domain is represented as a large
array of voxels. A standard SIMP approach, using gradient-based methods for optimisation
is implemented. In (Schmidt and Schulz 2011), a GPU-based open-source topology optimi-
sation code is presented which makes use of the SIMP method, and the Compute Unified
Device Architecture (CUDA), a programming language designed for parallel computation
using graphics cards made by Nvidia.

It is argued that graphics cards can now be used as powerful tools for scientific computing.
CUDA was chosen due to its popularity and the availability of commodity graphics hardware.
Different operations are performed by the CPU and GPU according to the potential for
their parallelisation. The GPU used by the authors was found to perform better than a 48-
core shared memory system. Due to the differences in the architectures, the GPU and CPU
implementations have different bottlenecks and take more time in different subroutines.

The study considers a 3D body deformed under forces which are modelled using linear
elasticity with respect to displacement. Similarly to the previously discussed codes, the
default problem is a minimum compliance problem, however the pathway for modification is
less clear than that of the PETSc code, and issues with the installation of the correct drivers
on Linux operating systems for stable CUDA operation were encountered. The code is
run from an executable and design variables including the size of the domain, the number
of iterations and the convergence condition can be specified interactively. The results, as
visualised in Paraview, are displayed in Fig. 4.18.
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Figure 4.18. Left: 2D projection of a low volume-fraction result colourised with material density. Right: a high
volume-fraction result with colourisation representing displacement field. Both images were post-processed in

Paraview.

4.8.5 Other codes

Software designed for CFD has been used for topology optimisation focusing on fluid flows,
including OpenFOAM, with methods implemented in (Pietropaoli et al. 2017) and others.
A number of other codes, including ToOptix (Martin 2019) a code integrated with the open-
source 3D creation suite Blender (The Blender Foundation 2019) were tested but could not
be made to function correctly and several other codes including a Dolfin-adjoint optimisation
framework (Funke and Farrell 2013) and others ((M2DOLab 2019) and openMDAO (Chung
et al. 2019)) were either found to require too much development time or were otherwise
unsuitable for the application area.

4.9 Conclusions and strategy for computational work

It is clear that there is a large variety of topology optimisation codes being developed in
the research community, based on a range of different algorithms. However, some of these
are developed exclusively for the use of individual research groups and are either not made
available to external researchers or are provided in a rudimentary form with varying levels of
documentation. The prevalence of lots of codes with small user bases can make it difficult for
newcomers to the field and those interested in using topology optimisation in an engineering
context. This is likely due to the relative immaturity of the field, however, and it is likely that
better-supported open-source codes and more functional commercial packages will emerge
in the near future. The use of GPU-based codes for the computation of high-resolution
problems using easily obtainable consumer-grade hardware is a promising development in
the field, and will likely gain popularity as the implementation becomes more mature.

After consideration of the available literature on topology optimisation for thermal and
fluid problems, the decision was made to proceed with COMSOL Multiphysics for the
remainder of the project. This software is used in a number of thermal topology optimisation
studies and demonstrates flexibility regarding the specification of objectives and the modular
treatment of multi-physics modelling. It is also well documented and made available to the
general public, unlike some research codes. When this decision was made, the optimisation
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methodology was untested, and an approach was pursued based on the development of
increasing complexity through the treatment of different elements of the fusion divertor
monoblock system through papers which treat problems of increasing complexity. Thermal
optimisation objectives in the monoblock armour domain are investigated in Chapter 5. Next,
the problem is extended to incorporate thermally induced stress, temperature-dependent
material properties and investigation of different attachment scenarios in Chapter 6. Finally,
the methodology is applied to the conjugate heat transfer system associated with the cooling
channel in Chapter 7.
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Abstract

The ITER tokamak, the experimental fusion reactor designed to be the first to produce net
energy, has had a monoblock concept selected for use as a plasma-facing component in the
divertor region. This design currently consists of a CuCrZr cooling pipe surrounded by a
Cu interlayer and embedded in a W armour plate. Additive manufacturing may facilitate a
geometry capable of greater efficiency through the introduction of greater design freedom
whilst maintaining compatibility with the monoblock concept. This is achieved through the
addition of high-conductivity material to the armour domain surrounding the coolant pipe.
Finite element simulation of the heat transfer system combined with a topology optimisation
methodology has been used to find the optimal distribution of high thermal conductivity
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material (such as Cu) for three thermal objectives: minimising temperature and thermal
gradient, and maximising conductive heat flux. The topology optimisation relies on a density-
based approach which makes use of the globally convergent method of moving asymptotes
technique (Svanberg 2002). The optimised geometries have been tested for both steady-state
operation and transient heat flux events for both a symmetric, flat monoblock design and
an asymmetric component designed to minimise leading edges. In high heat flux transient
events, the optimisation resulted in temperature reductions of over 200K and reduced thermal
gradients. These techniques may be used to help protect divertor components from damage
in future devices.

Key words: heat transfer; topology optimisation; nuclear fusion; additive manufacturing;

5.1 Introduction

The planning, design and construction of new fusion reactors (tokamaks) is a long process.
ITER will be the world’s largest tokamak when it is completed, however, in the 47 years be-
tween the beginning of Conceptual Design Activities (1988) (Tomabechi 1991) and planned
full power operation (2035) (Bigot 2019), the power of design tools and the capabilities of
novel manufacturing techniques available to engineers and designers will surely continue
to advance. The plasma-facing components which protect the inside of the fusion reactor
face unique operational conditions including high steady-state heat loads, damaging transient
events, neutron and gamma radiation, sputtering, arcing and a number of other damage mech-
anisms which challenge engineering design. It is important that emerging design tools and
techniques are considered even before they are fully mature, to assess their potential to influ-
ence future fusion reactor design. The divertor, which is responsible for handling the most
intense heat loads in ITER consists of 54 cassettes containing thousands of monoblocks: W
armour blocks with a CuCrZr water-cooled heat pipe in the centre. Divertor components may
receive heat fluxes of ≥ 20MW m−2 either in steady state or in the form of transient events
occurring over tens of seconds, leading to extremes of temperature and a thermal gradient
with the potential to cause melting, cracking and ultimately component failure (R. A. Pitts
et al. 2017). This paper incorporates thermal topology optimisation to re-introduce design
freedom in order to solve a set of temperature-based objectives whilst maintaining compat-
ibility with the monoblock concept. The technique is subsequently applied to asymmetric,
bevelled monoblocks, designed to limit heat flux concentration by reducing the prominence
of monoblock leading edges exposed to the plasma. The design concepts are enabled by the
prospect of emerging manufacturing technologies, including functional grading achieved
with additive manufacturing.
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5.2 Problem description

The divertor monoblock design used in this study (Fig. 5.1) has a 5mm minimum pure W
armour thickness (sometimes referred to as a sacrificial armour layer) at the top of the design
to ensure integrity after erosion of material by plasma processes. This sacrificial armour
layer is continuous with the rest of the armour plate and is only shown as separated in Fig.
5.1 in order to distinguish the design domain for topology optimisation. The geometry of the
CuCrZr pipe and surrounding interlayer are maintained in order to maximise compatibility
with the baseline ITER monoblock design. This leaves the remaining W to use as the design
domain for thermal topology optimisation. Cu is used as the high-conductivity material
for topology optimisation. These materials choices are made as they are already present
in the conventional ITER monoblock design, however, it is envisaged that any eventual
finalised design using similar heat transfer enhancement techniques would use materials
more suitable to the requirements of future devices. Interlayer engineering approaches have
been used in the past to develop thermal barriers (T. R. Barrett et al. 2019) which reduce
overall conductance (Li-Puma et al. 2013) of the monoblock but relieve thermally induced
stress due to the mismatch in coefficients of expansion between the Cu alloy and W. This
work considers designs with increased conductance, on the basis that this may be a desirable
way of handling high heat flux events.

Figure 5.1. Schematic of 2D geometries for thermal conduction topology optimisation studies, showing flat
monoblocks with steady-state (A) and transient (B) heat loads and bevelled monoblocks with steady-state (C)
and transient (D) heat loads. The schematic includes (1): The design domain (initially W), used for the topology
optimisation. (2) W minimum armour thickness of 5mm. (3) Cu interlayer. (4) CuCrZr cooling pipe described

by an internal forced convection heat flux boundary representing 423.15K water at 10m s−1.

5.2.1 Modelling setup

A 2D finite element heat conduction problem is solved for a flat monoblock design with a
steady state heat flux of 10MW m−2 and 20s transients of 20MW m−2. The same approach
is then applied to a bevelled monoblock, designed to reduce the prominence of leading
edges due to misalignment, as shown in Fig. 5.1. The heat flux profiles and a detailed ac-
count of monoblock shaping can be found in (R. A. Pitts et al. 2017) where 8% of the top
surface receives a reduced load of 4MW m−2 in steady state and no load during transient
fluxes. The other 92% of the top surface experiences 13MW m−2 in steady state operation
and 31MW m−2 during 20s transients. These heat fluxes are higher than those in the flat
geometry, as they take into account global tilting of the divertor plates, which results in a

153



different plasma interaction. The Fourier law for heat conduction, Eq. 5.1, forms the basis for
the topology optimisation objective functions.

q = −k∇T (5.1)

where q is the conductive heat flux, k is the thermal conductivity and ∇T is the gradient of
the temperature field. The objectives include:

i The minimisation of average temperature T,

ii The minimisation of average thermal gradient magnitude |∇T |,

iii The maximisation of conductive flux magnitude |q|.

Changes in the values of these objectives are made through the iterative modification of the
material properties in the design domain. The topology optimisation relies on the density-
based SIMP implementation found in COMSOL Multiphysics which involves penalisation
of intermediate material values, resulting in distinct high conductivity and low conductivity
domains in optimised designs.

The algorithm is based on the Globally Convergent Method of Moving Asymptotes (GCMMA)
(Svanberg 2002). The transition in thermal conductivity, density, and heat capacity between
W and Cu is handled by linear interpolation of material properties. Average values for the
objectives rather than maxima or minima were found to be more robust in the software. Both
filtering and projection were used in the topology optimisation in order to produce designs
with smoother more manufacturable domains and to reduce the mesh dependency.

5.3 Results

The images in Fig. 5.2 show the optimised geometries with discrete high and low conduc-
tivity regions in the design domain. The flat monoblocks and bevelled cases have similar
resulting optimised geometries however minor differences are observable. This is particularly
apparent on the right side of the coolant pipe where there is a greater armour thickness. It is
possible that more significant differences would be visible if the optimisation design domain
included the sacrificial armour layer. It is clear that the different objectives result in distinct
geometries, with the heat flux objective in particular (Figs. 5.2c and 5.2f) showing deviation
from the others. The Cu ‘arms’ appear to redirect heat flux to the sides of the pipe. Figs.
5.2b, 5.2a, 5.2d, 5.2e display more minor differences, however, with the main result being
increased thermal conduction to the top of the pipe.

Fig. 5.3 displays temperature profiles as measured between the top of the topology optimisa-
tion design domain and the sacrificial armour layer (labelled as 1 and 2 in Fig. 5.1) for the
optimised geometries shown in Fig. 5.2. Fig. 5.3 shows that the temperature and thermal
gradient minimised designs have similar performance characteristics as outlined in Table
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(a) Gradient (b) Temperature (c) Flux

(d) Gradient Bev. (e) Temperature Bev. (f) Flux Bev.

Figure 5.2. Optimised geometries for the flat (top row) and bevelled (lower row) monoblock objectives.

5.1. The same is true for the thermal gradient minimised designs in steady-state operation.
More significant reductions are seen in the transient loading scenarios, lowering temperature
profiles at the top of the design domain by approximately 200K in the flat monoblock and
300K in the bevelled monoblock, as shown in Fig. 5.3.

Figure 5.3. Temperature profiles during transient loading conditions along the upper boundary of the design
domain for baseline and optimised geometries. Left: flat monoblocks. Right: bevelled monoblocks.

Fig.5.4 shows a strong reduction in thermal gradient magnitude in the regions occupied by
the topology-optimised heat transfer promoters above the cooling pipes for the temperature
and thermal gradient minimised designs. The geometry resulting from conductive heat flux
maximisation does not result in significant average reductions in design domain temperature
or thermal gradient and only produces a slight increase in average conductive heat flux, but
does produce a more even temperature profile across the top of the design domain (see Fig.
5.3), which may lead to reductions in thermally induced stress. The placement of Cu at the
sides of the monoblock counteracts the flux concentration associated with using a circular
pipe to cool a square cross-sectioned monoblock.
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Figure 5.4. Contours showing the change in thermal gradient magnitude with respect to the conventional ITER
baseline design, for temperature (left), thermal gradient (middle) and conductive heat flux (right) optimised flat

monoblocks in 10MW m−2 steady state heat fluxes.

Table 5.1. Design domain average values for temperature and thermal gradient for all geometries. The values
are displayed as percentages of the baseline design steady-state performance.

Objective Flat monoblock Bevelled monoblock
Heat flux [MW m−2] 10 20 (4,13) (0,31)
Temperature Baseline 100% 136% 100% 153%

Temperature 97% 120% 97% 143%
Gradient 98% 128% 98% 144%
Flux 100% 133% 100% 154%

Thermal gradient Baseline 100% 226% 100% 262%
Temperature 87% 168% 87% 195%
Gradient 83% 164% 83% 188%
Flux 101% 198% 102% 262%

5.4 Conclusions

Whilst this optimisation setup only provides a limited encapsulation of the challenges facing
the fusion reactor divertor, it has been demonstrated that the addition of high conductivity
features in the monoblock armour domain has the potential to cause a significant reduction
in thermal gradient and to reduce the temperature at the top of the design domain by over
200K for temperature and thermal gradient minimised designs during high heat flux transient
events. The application of topology optimisation to an asymmetric design shows the potential
of the technique to generate novel geometries targeted to specific applications. There may be
merit to considering this approach in future reactor designs, as the application of topology
optimisation to thermal problems becomes more mature and the material considerations
evolve. The addition of high conductivity heat transfer elements in the design creates ther-
mally induced stress concentrations not accounted for in this study, however, the use of a
secondary topology optimisation step such as that used in (Curzadd et al. 2019) is suggested
as a potential solution. Simultaneous multi-objective optimisation of temperature or thermal
gradient and stress was found to produce unsatisfactory results with the available software
tools and was therefore not pursued in this study but may be the subject of future work.
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Abstract

The potential for topology optimisation to contribute to future fusion reactors is considered
and applied to a W-Cu divertor monoblock, a component responsible for handling the most
intense heat fluxes. A density-based topology optimisation method implemented in com-
mercially available software has been applied to two different monoblock geometries in
order to investigate the impact of an asymmetric bevel on the top surface. Additionally, two
different attachment methods are considered: suspension of the monoblock on a structural
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cooling pipe and bonding of the bottom edge to a support. Multi-objective optimisation, with
terms linked to both thermally induced stress and heat transfer characteristics, employing a
2D plane stress approximation has been investigated, alongside the impact of reducing the
maximum allowable Cu content of designs. Minimising thermally induced stress was found
to reduce the maximum stress in the design domain to 35% of the reference value in one case.
Thermal performance improvements include a temperature reduction of 270◦C in the upper
portion of the monoblock and a 20% transfer of heat flux from the top of the cooling pipe to
the sides. Four design concepts are presented which could inform future development and
manufacture of monoblocks aided by functional grading manufacturing techniques. Realistic
structure-property relationships in Cu-W alloys are beyond the scope of this study, but further
research in this area would enable better interpretation of topology-optimised designs for
manufacture. The results presented are provided within the context of long-term applica-
tion to fusion design and demonstrate the ability of topology optimisation both to provide
novel geometries and to illustrate the impact even minor changes to geometry and operating
conditions can have on the search for an optimal design.

6.1 Introduction

The planning, design and construction of new fusion reactors (tokamaks) is a time-intensive
process. ITER will be the world’s largest tokamak when it is completed, however, in the
47 years between the beginning of Conceptual Design Activities (1988) (Tomabechi 1991)
and planned full power operation (2035) (Bigot 2019), the power of design tools and the
capabilities of novel manufacturing techniques available to engineers and designers have
advanced dramatically. The ITER plasma-facing components (PFCs) which line the reac-
tor first-wall and divertor face unique operational conditions including high steady-state
heat loads, damaging transient events, neutron and gamma radiation, sputtering, arcing and
a number of other processes which challenge engineering design. The divertor, which is
responsible for handling the most intense heat loads in ITER, consists of 54 cassettes con-
taining thousands of monoblocks: W armour blocks with a CuCrZr water-cooled heat pipe in
the centre, separated by a stress-relieving Cu interlayer. Divertor components in ITER may
receive heat fluxes of ≥10MW m−2 in steady state with transients of up to 20MW m−2, lead-
ing to extremes of temperature and a thermally induced stress which can induce component
failure (R. A. Pitts et al. 2017).

Divertor operation is a crucial design-driving factor that plays a major part in the concep-
tualisation of future devices (D. Maisonnier et al. 2007) and hence it is chosen here as the
subject for a topology optimisation study with the goal of minimising a set of stress and
temperature based objectives whilst maintaining compatibility with the monoblock concept.
The technique is subsequently applied to asymmetric, bevelled monoblocks, designed to limit
heat flux concentration by reducing the prominence of monoblock leading edges exposed to
the plasma. This paper aims to contribute to the development of divertor components which
exploit developments in functional grading enabled by additive manufacturing (Loh et al.
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2018). This is done in order to improve component performance whilst remaining resilient to
the uncertainty that is present in future reactor operating conditions, which may see increases
to heat loads (Zohm et al. 2013). A selection of baseline divertor components which are
then tailored to specific devices using techniques like topology optimisation may reduce the
current risk associated with designing components for future reactors such as DEMO, which
have significant uncertainty in design requirements (G. Federici, Bachmann, Barucca, Biel,
et al. 2018).

6.2 Concept and methodology

The divertor monoblock optimisation process involves using finite element analysis and
topology optimisation to obtain design concepts which minimise stress and improve thermal
performance. Bevelling of the top surface of the monoblocks was a recent introduction to
the component design which has been found to protect leading edges from high steady state
heat fluxes and offer some protection from plasma disruptions such as Edge-Localised Modes
(ELMs) (J. Gunn, T. Hirai, et al. 2019). As bevelling is a novel design modification, topology
optimisation is used to explore the design space both in regard to behaviour under load and
influence on optimum geometry. It is thought that topology optimisation is particularly
appropriate for the generation of optimum designs where there is asymmetry (introduced by
the monoblock bevelling) due to the possibility of specifying a generic design domain. This
reduces the need for detailed parameterisation and initial concept development associated
with other optimisation techniques. Furthermore, whilst topology optimisation could be
applied to any property of monoblock design, to constrain the scope of the work, this study
focuses on elements already established in the literature as part of the design.

6.2.1 Finite element analysis

The modelling is formulated using linear elastic material models. Whilst some recent work
investigates modelling of a non-structural interlayer which undergoes inelastic deformation
by design (M. Fursdon, J. H. You, et al. 2018), this approach is outside the scope of the
present study. The results from the linear elastic analysis are likely to be somewhat unrealis-
tic, however, as inelasticity is common for the subject application and therefore the stresses
presented in the optimised geometries should be interpreted relative to the reference cases
primarily and not as absolute or ‘design’ values. The finite element analysis is composed of
a thermal conduction problem and a linear elastic stress analysis. The divertor monoblock
problem is simplified to 2D, where the plane stress approximation of a thin plate stretched
in its own plane (the monoblock cross-section) is employed. The geometries and boundary
conditions used are shown in Fig. 6.1.
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Figure 6.1. Sketch of 2D geometries for topology optimisation studies showing flat monoblock (left) and
bevelled monoblock (right) with a 0.5mm bevel resulting in a higher heat flux over 92% of the top surface and a
shadowed area on the left-most 8%. (1): The design domain (initially W), used for the topology optimisation.

(2) W minimum armour thickness of 5mm. (3) Cu interlayer. (4) CuCrZr cooling pipe described by an internal
forced convection heat flux boundary representing 120◦C water at 10m s−1 and a 4MPa load on the internal

boundary of the pipe representing water pressure.

6.2.2 Geometries and loading conditions

The geometries shown in Fig. 6.1 are based on the ITER monoblock design, and were chosen
in order to facilitate comparison to current design performance. The case for shaping the
upper edge of divertor monoblock components is presented in (R. A. Pitts et al. 2017), where
a bevel with a height of 0.5mm and an angle of 1◦ was evaluated for its ability to reduce the
likelihood of concentrated heat fluxes and melting occurring on leading edges. The result-
ing difference in plasma exposure gives rise to the different heat fluxes incident on the top
edges of the two monoblock geometries. The minimum armour thickness of 5mm shown in
Fig. 6.1 is also referred to as the ‘sacrificial armour’ region and is designed to account for
erosion during the component’s life. This is visualised as a separate domain for the purposes
of identifying the design domain for topology optimisation however it is designed to be part
of a continuous armour plate and not a separate entity requiring joining. The monoblocks
are assumed to be operating in a vacuum, preventing heat transfer to the environment by con-
duction or convection. Radiative heat transfer is assumed to be negligible and so a thermal
insulation condition is imposed (Fig. 6.1), described by −n.q = 0, where n is the normal
vector on the boundary and q is the heat flux. In the ITER design, every fifth monoblock is
fixed at its base to a support structure, with the remaining 80% suspended on the structural
CuCrZr pipe (Ezato et al. 2016). To reflect this, results are presented for both a geometry
with minimal mechanical constraints, where the bottom left corner is constrained in the
y-direction and the bottom right corner in both the x and y directions and for a monoblock
with a fixed constraint on its bottom edge. To avoid excessive repetition, the minimally con-
strained case referred to as ‘suspended’ and the fixed constraint case is referred to simply
as ‘fixed’. This results in four cases: a suspended flat monoblock, a fixed flat monoblock, a
suspended bevelled monoblock and a fixed bevelled monoblock.

The water-cooled pipe is modelled with a convective heat flux (q0) of n.q = q0 where
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Figure 6.2. Left: Variation in yield stress and conductivity with temperature for the monoblock constituent
materials: tungsten (W (Tungsten as a Structural Divertor Material 2018)), pure copper (Cu (Karditsas and
Baptiste 1995)) and copper-chrome-zirconium alloy (CuCrZr (Gonzalez et al. 2018)) Right: Conductivity

variation with temperature for W, Cu (krishna et al. 2012), and CuCrZr (Gonzalez et al. 2018). Where material
properties were not available in the built-in material library, representative properties were found in the
literature and extrapolated linearly (in regions indicated with the ‘+’ symbol) when not available for the

appropriate temperature range.

q0 = h.(Text − T ). The temperature-dependent heat transfer coefficient h is calculated for a
12mm diameter pipe with a coolant temperature (Text) of 120◦C and a velocity of 10m s−1. A
force of 4MPa is applied to the inner surface of the pipe to represent water pressure, but the
pipe is not mechanically constrained, allowing for inward thermal expansion.

6.2.3 Topology optimisation

The topology optimisation approach relies on a density-based technique implemented in
commercial software (COMSOL Multiphysics 5.6 ®) that utilises the Globally Convergent
Method of Moving Asymptotes (GCMMA). The (GC)MMA method divides the optimisation
problem into solvable convex sub-problems in a manner that ensures global convergence
(GC). The reader is directed to background on the density-based method (M. Bendsøe and
Ole Sigmund 1999) and the globally convergent MMA method (Svanberg 1987, 2002).
The material properties of W, Cu and CuCrZr exhibit significant spatial variation in the
monoblock due to the high temperature difference between the top and bottom of the design.
The variation of conductivity and yield stress is highlighted in Fig. 6.2. The stress-free
reference temperature (indicating the temperature at which there is no residual stress) is
kept constant at 26.85◦C. Its influence on the design of topology optimised monoblocks is
investigated in Ref. (Curzadd et al. 2019; Kerkhof et al. 2021). Furthermore, it is indicated in
Ref. (M. Fursdon, J. H. You, et al. 2018) that attempts to incorporate the impact of residual
stress in elastic modelling are not recommended.

6.2.4 Temperature constraints

The influence of temperature-based constraints (summarised in Table 6.1) on the constituent
materials is investigated. These include a constraint designed to limit the presence of W
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below the Ductile to Brittle Transition Temperature (DBTT), set at a value of 200◦C. The
W operational temperature range continues up to the recrystallisation limit, set at 1200◦C.
A limit of 500◦C (Tcu) is used for pure Cu. This is a ‘soft’ limit, however, as Cu may be
placed in regions that will exceed this temperature in a linearly diminishing fraction up to
the recrystallisation limit. In practice, however, the placement of Cu becomes undesirable
to the optimisation algorithm at higher temperatures due to the reduction in yield stress.
The recrystallisation temperature limit (Tw) can be imposed on the temperature variable for
individual elements of varying material content: Tlim = (Tcu − Tw)θ + Tw, where θ is the
topology optimisation density variable used for the interpolation of material properties. This
variable θ varies in the design domain as 0 ≤ θ ≤ 1, where θ = 0 indicates a region of pure
W and θ = 1 indicates a region of pure Cu. The design domain is initialised with θ = 0.5.

Table 6.1. Summary of material-based temperature limits. *These limits are ‘soft’ limits which are linearly
interpolated in topology optimisation problems in order to account for the local mixing of materials.

Material Upper/Lower Temperature limit [◦C]
W (DBTT)* Lower 200
W Upper 1200
Cu Lower 26.85
Cu* Upper 500
CuCrZr Upper 350

The lower DBTT limit (also a ‘soft’ limit) is imposed on the topology optimisation density
variable θ, with (TDBTT − T )/TDBTT acting as a constraint on the lower bound of θ. The
limit is not physics-based, but formulated such that the W fraction is limited to < 100% if
the temperature is below the DBTT. The DBTT limit was investigated in preparatory work
but not applied to the results presented due to its impact on the optimisation, but is described
here to add context to the discussion in Section 6.3.4. The upper limits for W and Cu were
combined in an interpolated constraint to reflect the local material content at all points during
the optimisation. It is surmised that the structural CuCrZr is unsuitable for operation above
350◦C (K. Zhang, Gaganidze, and M. Gorley 2019) due to thermal creep exacerbated by
neutron radiation (Jeong-Ha You 2015). The CuCrZr is outside the present design domain
and so a limit is not imposed, however, visualisation of the temperature results relative to the
local temperature limit makes reference to this value. A volume fraction constraint (surface-
area fraction in 2D) is investigated in Section 6.3.5 as a means of reducing the Cu content of
optimised designs.

6.2.5 Materials and manufacturing

The variation in the yield strengths of the materials considered with temperature is presented
in Fig. 6.2. As the mismatch of coefficients of thermal expansion (CTE) is one of the pri-
mary drivers of thermally induced stress in the design (Linke et al. 2019), intermediate
density elements are not penalised, to reflect the capability of functional grading to produce
transitions in material properties not anticipated in early topology optimisation works where
penalisation was established to accommodate traditional manufacturing techniques (see Ref.
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(G. I. N. Rozvany et al. 1993)). A filter based on the Helmholtz partial differential Eq. with
a radius of 1mm (see Ref. (B. S. Lazarov and O. Sigmund 2011)) is used to reduce mesh
dependence and the occurrence of fine structures which would further hinder manufacture.
The relevant material properties are linearly interpolated between the two materials. These
include thermal conductivity, coefficient of thermal expansion, density, Poisson’s ratio, elas-
tic modulus and yield strength. Research into the material properties of W-Cu composite
materials is ongoing but incomplete. For example, there is some indication that Cu-infiltrated
W has a lower DBTT (Hiraoka et al. 2005). The linear interpolation of material proper-
ties in the present work should be interpreted as representing ‘target material properties’
which do not correspond to exact proportions of functionally graded Cu-W and are a guide to
future design work. Ongoing development in the fields of additive manufacturing and func-
tional grading are identified as methods for the construction of topology-optimised designs,
however, it is likely that a substantial amount of interpretation and post-processing will be
required before any topology-optimised design is suitable for manufacture.

6.2.6 Consideration of cost functions

It is likely that partial monoblock melting due to intense transient loads resulting from
plasma disruptions including Edge Localised Modes (ELMs) (R. A. Pitts et al. 2017) will oc-
cur in ITER and future devices. Furthermore, there is a high degree of uncertainty regarding
the operating conditions of future divertors (DEMO), with some suggesting a heat flux limit
of 5MW m−2 (Zohm et al. 2013) and others expecting heat fluxes between 10− 20MW m−2

(Bachmann et al. 2018), which may mean that future divertor components may be manu-
factured from different, often lower conductivity materials such as Eurofer (Li-Puma et al.
2013). For these reasons, whilst the problem considered in this paper is framed in terms of
the ITER reference design for ease of comparison, thermal objectives are considered worthy
of investigation in addition to the more conventional minimisation of thermally induced
stress. The thermal objective problem can be thought of as the distribution of a limited quan-
tity of high-conductivity material in the armour domain. The Fourier law for heat conduction,
Eq. 6.1, forms the basis for the thermal topology optimisation objective functions:

q = −k∇T (6.1)

where q is the conductive heat flux, k is the thermal conductivity and ∇T is the gradient
of the temperature field. All of these quantities can be used as thermal objectives to be
minimised or maximised. The thermal conductivity is related to the density ρ, specific heat
cp through the thermal diffusivity α.

α =
k

ρcp
(6.2)

Therefore, temperature ( T
Ti

) and the inverse of conductive heat flux magnitude ( qi
|q| ) have been

minimised. The domain selection for the minimisation of the thermal objectives changes
and is specified with individual results. Normalisation constants qi and Ti are equivalent to
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the average reference design conductive heat flux and temperature, respectively. The stress
minimisation is performed using the von Mises stress σV and the yield stress σy as a cost
function σV

σiσy
, where σi is a normalisation constant equal to the average von Mises stress in

the reference design.

6.2.7 Reducing the Cu-content of designs

The European Fusion Development Agreement (EFDA) in (Romanelli et al. 2012, pp. 5)
sets out the goal that ‘at around 100 years after the reactor shutdown all the materials can
be recycled in a new reactor’. Whilst the ITER monoblock design uses Cu, its presence is
considered unfavourable as the time taken for activity to decay such that it is suitable for
disposal or recycling exceeds 100 years (Okada, Noda, and Abe 1989). For this reason, there
is a strong motivation for reducing the Cu content of the designs generated in this study. This
is approached by placing a limit on the maximum Cu content in the design domain.

The ‘surface-area’ fraction θavg (commonly referred to as volume fraction in 3D) is defined
in Eq. 6.3, where Ω is the design domain. Here, θavg represents the maximum allowable
fraction of the design domain which can be occupied with Cu:

θavg =

∫
Ω

θdΩ/

∫
Ω

dΩ (6.3)

Eq. 6.3 implies that in the case of intermediate material density material (0 < θ < 1), the
surface-area fraction constraint can be met equally by a small high Cu content region or a
larger, more diffuse area. Minimising the amount of Cu in topology-optimised designs may
also be important to comply with performance-related requirements placed on the divertor, as
the physical and mechanical properties of pure Cu degrade with neutron irradiation (Richou,
Li-Puma, and Visca 2014).

Goals for successful optimisation

The topology optimisation of the monoblock may be considered a success only if the results
do not interfere with the component’s other functions and requirements. In this study, the
following factors may be considered desirable:

i The use of a minimum amount of Cu.

ii The placement of Cu as far away from the extreme operating conditions of the plasma-
facing surface as possible.

iii Any contribution to relieving other monoblock challenges such as uneven heat dissipa-
tion or cooling limitations.

Points (i) and (ii) are important to reduce the impact of excess material activation in the
monoblock (Li-Puma et al. 2013) and (iii) aims to ensure that the flexibility presented by the
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topology optimisation process is exploited. Ease of manufacture is arguably as important as
any of these points, but as mentioned previously, is beyond the scope of this study.

6.3 Flat monoblock results

The results of the reference design analysis for a suspended flat monoblock are presented in
Fig. 6.3. The temperature in Celsius and relative to the operational limits: ( T

Tlim
), presented

in Fig. 6.3a and 6.3b show that the top of both the W armour and the CuCrZr pipe exceed the
operational temperature limits, specified in Table 6.1. Von Mises stress and relative stress
( σV

σyield
) are shown in Fig. 6.3c and 6.3d respectively, including maximum values for σrel.

Whilst the absolute values of the von Mises stress may not be fully reliable, it is clear that the
thermally induced stress in the monoblock is significant, with particular stress concentrations
in and around the top of the coolant pipe. As previously mentioned, there is very high stress
in the interlayer relative to the yield strength, however as this is not the focus of the present
study, interlayer stress is not discussed further.

(a) T (b) Trel (c) σV (d) σrel

Figure 6.3. Results for the suspended flat monoblock reference design. a) Temperature distribution with
contours highlighting Cu 500◦C and W 1200◦C temperature limits. b) Temperature relative to respective

material limits. c) von Mises Stress. d) von Mises stress relative to yield stress. The maximum values of σrel

are highlighted in each domain.

6.3.1 Suspended flat monoblock optimisation results

Fig. 6.4 shows the topology optimisation results for the suspended flat geometry, for: stress
σV (Fig. 6.4a); stress and conductive heat flux σV + q (Fig. 6.4b); stress and temperature
σV + T (Fig. 6.4c). The results for temperature, flux and stress difference with respect to the
suspended flat reference design are also displayed.

For all of the optimisation cases in Fig. 6.4, the Cu fraction plots show that Cu is placed
around the bottom of the pipe and transitions to an intermediate density region around the
sides of the pipe, enabling a gradual transition of CTEs. The temperature difference plots
(δT ) show a reduced temperature in the top half of the monoblock with large regions ex-
periencing a δT > 100◦C (highlighted) and maximum δT values of 167◦C, 181◦C and
183◦C. The flux difference plots (δq) show transfer of conductive heat flux from the top of
the coolant pipe to the sides. Contours representing changes of ≥ 1MW m−2 are highlighted.
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Table 6.2 shows significant reduction of stress relative to the interpolated material dependent
elastic limits is seen in the pipe, where the σV case is best at reducing stress in the design
domain and the sacrificial armour layer (labelled as ‘Top’), but the multi-objective cases
produce better stress reduction in the interlayer and pipe. The multi-objective cases in Fig.
6.4 in general feature more Cu placement, and consequently better cooling capability (with
peak δT approximately 20◦C greater) and more extensive regions where the increase in heat
flux to the sides of the monoblock is greater than 1MW m−2. The σV + q case uses more
Cu and involves a significantly different geometry whereas the σV + T result increases the
density of structures already observable in the single objective case. The enhancement of
features found in the σV case and the use of less Cu than the σV + q design indicate that the
σV + T case may be considered the most compatible with the objectives set out in Section
6.2.6 for a desirable topology optimisation result.

Cu fraction Temperature difference (δ T)

(a) σV (b) σV +q (c) σV +T (d) σV (e) σV +q (f) σV +T

Flux difference (δ q) Stress difference (σV )

(g) σV (h) σV +q (i) σV +T (j) σV (k) σV +q (l) σV +T

Figure 6.4. Results presented for suspended flat monoblock designs, identified by the objective function listed
below the sub-plot. The difference plots are calculated by subtracting the data for the corresponding reference

design.

Table 6.2. Maximum relative stresses σrel for suspended flat monoblock sub-components

Top Design domain Interlayer Pipe
Reference 1.7 0.85 6.9 3
σV 1 0.38 3.2 1.8
σV + q 1.1 0.46 2.8 1.7
σV + T 0.96 0.4 3.1 1.8

In all the optimised cases, the stress in the design domain is significantly decreased, with
large regions exhibiting δσV ≥ 250MPa reduction in von Mises stress. There is, however,
an increase in stress of around 200MPa where the design domain meets the lower edge of
the sacrificial armour layer. Whilst this is not desirable, this region was not near its yield
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(a) Cu fraction (b) Trel (c) σV (d) σrel

Figure 6.5. Designs without a constrained sacrificial armour layer. (a) Cu fraction [%]. (b) Temperature
difference with respect to the reference design, with contours highlighting −100◦C. (c) Flux difference. (d)

Difference in von Mises stress.

stress in the reference design and or after optimisation (where it is between 40− 60% of σy).
This stress increase is present for two primary reasons. Firstly, during the optimisation, Cu is
placed at the sides of the monoblock to minimise stress in the design domain on the basis that
lateral expansion is largely unrestricted. Secondly, the material composition approaching the
upper boundary of the design domain is not 100% W and hence there is a difference in CTE
that does not exist in the reference design.

6.3.2 Extension of the design domain

Fig. 6.5a shows the distribution of material obtained when the sacrificial armour layer is
included in the design domain. The plots in Fig. 6.5 feature greater reductions in stress and
temperature, distribution of Cu less dependent on placement at the sides of the domain and
no increase in stress at the sacrificial armour domain boundary. As the goal of this study is to
produce designs compatible with the geometric requirements for the ITER monoblock, this
approach is not pursued further, but again highlights the importance of boundary conditions
in the topology optimisation process. It is likely that a managed transition to 0% Cu at this
boundary would result in a compromise between the two approaches, however, this was not
possible to implement in the available software. It is emphasised that the sacrificial armour
layer is not intended as a separate sub-component and exists in the monoblock model solely
for the purpose of defining the boundary of the design domain.

6.3.3 Fixed flat monoblock optimisation results

Results for the fixed flat monoblock case are presented in Fig. 6.6, which follows the layout
established in Fig. 6.4. The conductivity distribution is very different to the suspended case,
and Cu is added to the sides of the pipe rather than below it. The tops (or top corners in the
case of the σV objective) of the monoblocks display negative δT of ≥ 100◦C. Again, there
are regions at the sides of the pipe where the difference in flux exceeds ±1MW/m2. The
fixed boundary condition selection results in stress singularities around the lower corners of
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Cu fraction Temperature difference (δ T)

(a) σV (b) σV +q (c) σV +T (d) σV (e) σV +q (f) σV +T

Flux difference (δ q) Stress difference (σV )

(g) σV (h) σV +q (i) σV +T (j) σV (k) σV +q (l) σV +T

Figure 6.6. Results presented for fixed flat monoblock designs, identified by the objective function listed below
the sub-plot. The difference plots are calculated by subtracting the data for the corresponding reference design.

the fixed flat reference design, the topology optimisation reduces the magnitudes of these
concentrations, and hence in Fig. 6.6, the monoblock lower corners display high levels of
stress reduction. The reductions in maximum relative stresses (σrel) are presented in Table
6.3. The increased stress on the lower edge of the sacrificial armour layer is again seen in all
the designs presented. The geometries for multi-objective results in Fig. 6.6 follow a different
pattern to those in the suspended flat monoblock cases, and remain closer to the stress-only
objective result in topology but with more Cu placement. The σV + q and σV + T cases both
result in significant temperature reductions and transfer of conductive heat flux away from
the top of the pipe, however, the σV + q case utilises more Cu and so may be considered less
favourable according to the goals established in Section 6.2.7.

Table 6.3. Fixed flat monoblock maximum relative stresses σrel for reference and optimised designs.

Top Design domain Interlayer Pipe
Reference 1.46 1.26 6.34 3.19
σ 1.00 0.52 3.70 2.00
σ + q 1.02 0.59 2.89 1.81
σ + T 0.90 0.57 3.37 1.96

6.3.4 The ductile to brittle transition temperature (DBTT) constraint

The regions above the re-crystallisation limit and below the DBTT limit for flat and bev-
elled geometries are shown in Fig. 6.7. Both designs feature a region under the pipe where
the temperature falls below the DBTT. Whilst in the case of results for the suspended flat
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Figure 6.7. Regions where the temperature falls outside the W operational range for flat (left), and bevelled
(right) reference geometries.

monoblock, presented in Fig. 6.4, a significant proportion of the Cu is placed in this region
without a DBTT constraint enabled, this is not true for the fixed flat case shown in Fig. 6.6.
When applied, the DBTT constraint results in the addition of a large quantity of Cu below the
pipe at the start of the optimisation. This Cu is not directly tied to meeting the objectives and
significantly changes the optimisation problem, reducing the design sensitivity of elements
around the pipe, and leading to faster convergence to a local minimum. This is because the
convergence method relies on the variation of the optimisation variable in successive itera-
tions. If it is below a specified value (1× 10−4), the optimisation terminates. Consequently,
the DBTT constraint was not enforced for any of the results presented, as it was decided that
the topology optimisation technique employed was most useful as an early-stage design tool
to explore the design space. The right side of Fig. 6.7 shows a smaller region of material
below the DBTT due to the overall higher average armour temperature. However, there is a
much larger region of material above the recrystallisation temperature. The impact of this
region is clear in Fig. 6.9d, where the stress reaches almost 7× yield. For the purposes of
this optimisation, the focus is on reducing the region experiencing the highest temperature -
and therefore stress relative to yield - rather than on ensuring it operates above its DBTT.

6.3.5 Reduced Cu content designs

This section explores the consequences of constraining the maximum allowable Cu content
in the design domain, in line with the optimisation goals presented in Section 6.2.7. Fig.
6.8 shows that reducing θavg from 50% to 5% counter-intuitively results in a reduction of
peak stress in the design domain (DD) and in the sacrificial armour layer (Top). Whilst
due to the limitations of the material models, the material properties at intermediate Cu
fractions are not fully reliable, a dramatic reduction in peak stress can be observed with only
5% Cu. Although low Cu content designs maintain low maximum stresses (see Table 6.4),
these stresses are spread over a larger area. Furthermore, Table 6.4 shows that the cooling
capability and flux changes brought about by the addition of the Cu dramatically decrease.
Whilst relative stress decreases in the design domain, it increases in the sacrificial armour
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Surface area fraction (θavg)

(a) 0.05 (b) 0.10 (c) 0.20 (d) 0.30 (e) 0.40 (f) 0.50

Figure 6.8. Upper: Topologies for reduced surface area fraction designs for a range of average surface area
fractions from 5-50%. Lower: Corresponding maximum stress and conductivity data. DD= design domain.

Table 6.4. Relative stress with surface area fraction, presented to summarise the performance of reduced Cu
content designs.

θavg Max. σrel

(DD)
Max. σrel

(Top)
Min. δT
[K]

Max. δT
[K]

Max. δq
[MW m−2]

Min δq
[MW m−2]

0.5 0.39 1 166 14.9 1.98 1.61
0.4 0.34 1 130 10.6 1.55 1.15
0.3 0.34 1.1 98.8 8.31 1.22 0.836
0.2 0.34 1.1 95.7 8.15 1.19 0.812
0.1 0.34 1.1 61.7 7.96 1.03 0.596
0.05 0.34 1.2 44.8 7.08 0.796 0.44

layer due to the higher operating temperature. Higher Cu content designs, therefore, enable a
reduction in temperature in the sacrificial armour layer, increasing its yield strength under
10MW m−2 operating conditions.

6.4 Bevelled monoblock results

The results for the reference design for the bevelled monoblock are presented in Fig. 6.9.
The temperature distribution reflects the asymmetry of the geometry and heat load (see
Fig. 6.9a). The upper right-hand corner of Fig. 6.9b includes a point where the temperature
is 1.35× the W re-crystallisation limit. The influence of temperature on the yield strength
of the component is made clear by observing the differences between Figs. 6.9c and 6.9d.
The significantly reduced yield strength at the hottest part of the monoblock results in very
high relative stresses, with a maximum of 6.9 in the sacrificial armour layer (see Fig. 6.9d).
Asymmetry is visible in Fig. 6.9b) and to a lesser extent than relative stress (Fig. 6.9d), but
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not significantly in the von Mises contours (Fig. 6.9c) indicating that the main driver of any
asymmetry observable in topology optimisation results is the temperature dependence of
yield strength. Whilst the suspended bevelled monoblock optimisation results are presented
in Section 6.4.1, the fixed bevelled monoblock results are not presented as they contain a
combination of features already observed in the fixed flat and suspended bevelled monoblock
cases, but are pursued further in Section 6.4.2.

(a) T (b) Trel

(c) σV (d) σrel

Figure 6.9. Temperature and stress results for the bevelled reference design.

6.4.1 Suspended bevelled monoblock optimisation results

The results for suspended bevelled monoblock optimisation are presented in Fig. 6.10. The
Cu fraction plots show large regions of between 55-60% Cu extending from below the pipe to
the sides of the monoblock, promoting the transfer of conductive heat flux away from the top
of the pipe. These regions are surrounded by a layer of material that is 50% Cu, 50% W. The
geometries show some similarity with optimisation results for the flat monoblocks in Fig. 6.4
but with a more diffuse placement of Cu. The placement of Cu is however constrained by the
higher temperature (shown in Fig. 6.9b) in the upper half of the monoblock compared to the
suspended and fixed flat monoblock cases. The multi-objective geometries display a small
amount of asymmetry in Cu placement, with marginally more Cu placed on the left side,
away from the highest temperature regions. The thermal objectives were calculated over the
entire design domain due to the diffuse nature of Cu placement in the σ-only case. Fig. 6.10h
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Figure 6.10. Results presented for suspended bevelled monoblock designs, identified by the objective function
listed below the sub-plot. The difference plots are calculated by subtracting the data for the corresponding

reference design.

shows that a small difference in the Cu fraction on the right side of the monoblock (Shown in
Fig. 6.10b) has a significant impact on conductive heat flux transfer, with the +2MW m−2

contour enclosing a significantly larger area on the right side of the pipe. In other respects,
there are only minor differences between the temperature, flux and stress results for the multi-
objective designs compared to the single-objective stress-minimised geometry shown in Fig.
6.10a. The higher stresses also limit the placement of Cu, which has a lower yield strength
than W. The reductions in relative stress are presented in Table 6.5. The maximum relative
stresses in the design domain are reduced below unity in all optimisation cases, with the σ

+T case resulting in the most significant reduction. The temperature difference plots show
significant temperature reduction in the top corners, with δT peaking at around 270◦C.
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Table 6.5. Maximum relative stresses σrel for suspended bevelled sub-components

Top Design domain Interlayer Pipe
Reference 6.9 1.2 14 3.7
σ 4.8 0.72 6.5 2.3
σ + q 5.2 0.74 5.9 2.2
σ + T 4.8 0.64 6.4 2.3

(a) Flat (suspended) (b) Flat (fixed) (c) Bevelled (suspended) (d) Bevelled (fixed)

Figure 6.11. Design concepts for the four different monoblock scenarios, obtained with σV + T optimisation
and a surface area fraction constraint of 0.40.

6.4.2 Identifying a design compromise

The optimisation objectives stated in Section 6.2.6 provide a route to navigating the many
competing optimisation parameters in order to suggest more specific design concepts. In
all the cases considered, the σV + T results seem to meet the criteria best, with the multi-
objective optimisation subtly improving the thermal performance, resulting in a further
reduction of von Mises stress relative to yield. Furthermore, in Section 6.3.5, it was found
that for the suspended flat monoblock, the surface area fraction could be reduced whilst
maintaining significant stress reduction, albeit at a cost to the thermal objectives. The com-
bination of multi-objective σV + T optimisation with a 0.4 surface-area fraction constraint
was therefore chosen as a compromise. The resulting topologies from this suggestion at a
design compromise are presented in Fig. 6.11 and their performance is summarised in Table
6.6. The suspended flat design (Fig. 6.11a) performs similarly to the 0.4 surface area frac-
tion case presented in Fig. 6.3 but with a higher maximum design domain conductivity and
better thermal performance, including a temperature reduction of δT ≈ 156◦C (compared to
130◦C in Fig. 6.3), and greater flux transfer away from the top of the pipe. The fixed flat (Fig.
6.11b) and suspended bevelled (Fig. 6.11c) designs also perform similarly to their previously
presented equivalents but with less Cu in the design domain. The fixed bevelled design re-
sembles a combination of the fixed flat σV + T (Fig. 6.6c) and the suspended bevelled (Fig.
6.10c) cases with regions of higher Cu fraction around the sides of the pipe that promote heat
flux redistribution.

173



Table 6.6. Summary of results from the chosen four design concepts. The maximum value for the specified
parameter is displayed in each case, as evaluated in the location given in the row below. Design domain is

abbreviated to ‘DD’ and ‘Top’ and refers to the sacrificial armour layer.

λ[W/mK] %σRel of ref. design −ve δT [◦C] −ve δq [MW m−2]
Concept DD DD Top Top Above pipe
Flat suspended 325.21 42.35% 57.65% -155.63 -1.36
Flat fixed 294.11 75.64% 60.00% -157.54 -1.52
Bevelled suspended 246.8 73.33% 68.12% -268.84 -2.75
Bevelled fixed 252.4 94.55% 71.67% -266.8 -1.64

6.5 Discussion and conclusions

6.5.1 Multi-objective optimisation

The suspended and fixed monoblock geometries respond very differently under multi-
objective optimisation. There are many ways to approach multi-objective optimisation and
potential for a wide range of ‘optimal’ topologies which may perform similarly. The results
presented here aim at enhancing a topology already present in the stress-only case. Multi-
objective optimisation was found to work best when the modification of element density
contributes to meeting both objectives. As the objectives are summed, elements which con-
tribute to meeting both represent a steeper gradient, which is more attractive to the GCMMA
algorithm. In the suspended flat monoblock stress-only minimisation case, Cu is placed
below the pipe with a transition region that stretches up the sides of the monoblock. For
this reason, the entirety of the design domain (labelled as ‘1’ in Fig. 6.1) was chosen as the
domain for multi-objective optimisation. In the fixed case, stress-minimisation presents a
geometry with a more well-defined region of Cu placed in the upper half of the domain and
so the thermal objectives were evaluated in the top half of the design domain only. This was
done to ensure that the multi-objective optimisation enhanced the features already present in
the stress-only optimisation case and that the highest temperature regions of the monoblock
were targeted.

6.5.2 Material temperature constraints

It could be argued that the upper temperature limit considered on the Cu is not severe enough,
with the lack of penalisation of intermediate material properties making Cu-W composites
artificially desirable to the optimiser. However, whilst the material models in this study are
simplistic, they are intended to serve as a guide to further design and development with
conductivities that represent target material properties rather than exact material fractions.
This may mean that some of the material properties are difficult to achieve with current
materials science and manufacturing, but this was considered preferable to an attempt to
fully encapsulate material properties for functional grading techniques which are not yet
well defined (Loh et al. 2018). The impact of operating the W monoblock below the DBTT
is thought to be more severe if that material has undergone re-crystallisation (M. Fursdon,
J.-H. You, and M. Li 2019). In (S. Wang et al. 2020) it is suggested that cracking is likely to
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occur in W-rich areas below the DBTT if the stress is above a maximum principal stress of
700− 900MPa. The DBTT, therefore, is likely to be more of a problem for the upper portion
of the monoblock during shutdown or startup rather than the section below the pipe, and
hence whilst testing was performed with this constraint enabled, it wasn’t used for the results
presented in this study. It is likely that the loads on monoblocks in future devices will differ
from those used as boundary conditions in this study, however, the design process utilised in
this study could be applied to tailor standardised tokamak components to individual reactor
specifications once their operating conditions are well defined whilst maintaining some
compatibility with the engineering design. The differences between the results for flat and
bevelled monoblocks and between fixed and suspended monoblocks indicate that the impact
of minor changes to monoblock geometry or attachment scenario can have consequences for
design optimisation. This is perhaps particularly important in the divertor, where the extreme
heat loads push designs close to their operating limits.

6.5.3 The case for an increased thermal conductance monoblock

The designs presented in this paper follow a different approach to several previous monoblock
design optimisation studies, where the focus is primarily on interlayer engineering. In (T.R.
Barrett et al. 2015) a reduced conductance approach to monoblock stress minimisation is
presented, based on a idea proposed in (Li-Puma et al. 2013). Whilst these studies aim to
increase heat flux tolerance, this comes at the expense of higher armour temperatures. The
dangers associated with stress in the monoblock are highly temperature dependent, with a
decreased yield strength in the upper portion of the component potentially facilitating failure.
Whilst the designs presented in this study represent early concepts, the prospect of being
able to cool a region at the top of the monoblock by 100 − 300◦C, allowing for a higher
yield strength to be maintained at the top of the component and a reduction in material that
exceeds recrystallisation temperature warrants further study. The redistribution of heat flux
may also aid in overcoming limitations associated with exceeding the critical heat flux of
water at the internal edge of the coolant pipe. It is suggested that future work focuses on
adding accurate manufacturing and materials constraints to the topology optimisation process
and further development of an increased conductance monoblock design.

6.5.4 Conclusions

Multi-objective topology optimisation combining both stress and thermal terms was per-
formed on an ITER-like divertor monoblock resulting in four different design concepts,
featuring maximum stress reductions of up to 65%, a peak reduction in temperature of ap-
proximately 270◦C and a 20% transfer of heat flux from the top of the cooling pipe to the
sides. The results can be interpreted for manufacture via functional grading with conduc-
tivities representing target material properties rather than explicit Cu-W fractions, and are
presented in the context of evolving design and manufacturing technology which may enable
high-performance PFCs to be targeted to future tokamaks. This study demonstrates that even
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minor changes to the geometry and loading conditions of the components can drastically
affect optimisation results. Beyond the bounds of topology optimisation, the differences in be-
haviour observed in this study may warrant further investigation, particularly if monoblocks
with different fixing mechanisms are found to have different rates of failure. Whilst the ge-
ometries presented in this study are not intended for direct manufacture, it is suggested that
topology optimisation of the monoblock may help to inform PFC design as the technology
grows in maturity and the operating conditions expected in future reactors become better
defined.
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6.6 Additional commentary on Chapters 5 and 6

The methodology employed in Chapter 5 is a proof of concept that is later developed further
in Chapter 6. Alongside this, testing was performed for a number of different objective func-
tions and problem setups. The problem was extended to 3D, however, this proved to be trivial
as no bending forces are modelled, and the 2D implementation was pursued. The decision
to focus on the bevelling of the monoblock was made as it represents a comparatively recent
design modification to the divertor monoblock. Topology optimisation can be used to ex-
plore the impact of this geometry modification on optimum design. Secondly, bevelling adds
asymmetry to the monoblock design. Due to the use of a generic design domain, topology
optimisation is ideally suited to finding a novel solution to asymmetric problems without
the need for initial guesses or seed features. In addition, the ability to combine mechanical
and thermal objectives is considered by the author to represent one of the technique’s most
significant advantages. This is not, however, explored in the other fusion topology optimisa-
tion works that were published during the course of this project (Curzadd et al. 2019) and
(Kerkhof et al. 2021). The use of temperature-based objectives provided a pathway for the re-
duction of the thermally induced stress through the minimisation of material CTE mismatch,
in combination with a reduction in operating temperature and a corresponding increase in
yield strength.
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Abstract

Topology optimisation is applied to the design of internal features in a recently proposed
monoblock concept in order to improve cooling performance. The problem is formulated as
a forced convection conjugate heat transfer problem where the fluid flow is modelled using
the k − ε turbulence model. The topology optimisation includes Brinkman penalisation of
the fluid flow with additional terms included to account for the turbulent kinetic energy k and
dissipation rate ε. The thermal conductivity and specific heat capacity are interpolated using
the SIMP method. The divertor monoblock geometry considered consists of a water-cooled
rectangular CuCrZr pipe surrounded by a stress-relieving Cu interlayer and a W armour
domain. The fluid forms the design domain for topology optimisation, where three objectives
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relating to thermal performance are tested: thermal compliance and solid domain tempera-
ture are minimised, and fluid temperature is maximised. All cases are subject to a pressure
drop constraint. The resulting geometries are post-processed and found to promote convec-
tive heat transfer in a verification study. This study demonstrates the application of topology
optimisation to the extreme conditions experienced by the plasma-facing components and
represents an initial step in the conceptual design of new internal geometries designed to im-
prove cooling performance. The work is performed using commercial software on a standard
quad-core workstation PC.

Key words: Topology optimisation, Conjugate heat transfer, Turbulence

7.1 Introduction

The tokamak divertor is responsible for handling approximately 18 % of the total thermal
power emitted from the plasma that the reactor uses as fuel (Li Puma et al. 2002). The
divertor design for the upcoming ITER tokamak is made up of 54 cassettes containing
thousands of water-cooled plasma-facing components known as monoblocks. The diver-
tor monoblocks are exposed to extreme, one-sided heat loads on their upper surface. The
challenges faced in divertor monoblock design are compounded due to their exposure to
damaging 14.1MeV neutron fluences, the inaccessibility of the components for maintenance
and the desire to use materials designed to reduce activation (Romanelli et al. 2012). The
current ITER monoblock design employs W armour, separated from a CuCrZr water-cooled
pipe by a Cu interlayer designed to relieve thermally induced stress. The monoblocks need
to effectively transfer heat to the coolant to prevent damage to the armour surface. In the
ITER design, there is a 10MW m−2 engineering limit for heat flux on the divertor, however, it
is thought that occasionally, higher heat fluxes will be experienced, with 20MW m−2 speci-
fied as the maximum allowable limit (J. Gunn, T. Hirai, et al. 2019), without exceeding the
margin to Critical Heat Flux (CHF) (F. Escourbiac et al. 2019).

This paper investigates the application of topology optimisation to the design of the divertor
monoblock coolant channel. Topology optimisation allows for the use of a generic design
domain to investigate geometries which may improve performance whilst maintaining a level
of compatibility with the reference design. The resulting structures often involve complex
internal geometries and are often associated with additive manufacturing techniques. The
motivation for considering introducing additional complexity to the divertor is related to
ongoing design challenges. Whilst the results from ITER will be used to inform future reac-
tor designs, heat flux to the divertor is currently both subject to significant uncertainty, with
‘major progress needed’ to the understanding of power exhaust in order to enable predictive
capability (Zohm et al. 2013) and likely to increase with future devices (Prachai Norajitra,
Said I. Abdel-Khalik, et al. 2008). The tolerable heat load to the divertor is also considered
design-driving with regards to the size and cost of reactors (Marbach, Cook, and Maisonnier
2002). The results of this study are ultimately proposed as initial steps in the conceptual
design of components that may improve divertor heat-transfer performance.
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7.1.1 Plasma-Facing Component (PFC) design

There are three main ways that single-phase heat transfer from a solid to a fluid may be en-
hanced (without material changes). Firstly, a smaller free-flow cross-sectional area increases
fluid velocity and reduces the thickness of the laminar sub-layer. Secondly, the internal pipe
surfaces can be designed to enhance turbulence. Thirdly, the use of mechanical inserts can
promote local turbulence (L. Castro Gómez 2019). The utilisation of any of these methods,
however, can result in increases to pressure drop. As the ultimate goal of tokamaks is effi-
cient electricity production, any enhancements to the cooling performance must be weighed
against any additional pumping power required to combat an increased pressure drop.

In water-cooled PFC design, the use of mechanical inserts is commonplace, with twist tapes
used in the ITER divertor monoblock concept (Wiggins, Cabral, and Carasik 2021). The use
of a circular cross-section coolant pipe in the ITER monoblock design, however, results in
a geometrically concentrated heat flux, which is 1.5-1.8 times the surface value at the top
of the pipe (Greuner et al. 2019). Local turbulence enhancement has been pursued with the
development of the hypervapotron (Cattadori et al. 1993) but has not been used in the highest
heat flux regions of the divertor due to the consequences of the detachment of the associated
flat-tile armour design. (Merola and Vieider 1998) details the temperature rise on the leading
edge of the adjacent tile in the case of tile detachment and the potential for a cascade failure.
(Oh et al. 2021) aims to combine the monoblock design with a hypervapotron internal ge-
ometry that incorporates a wider, flatter coolant channel somewhat similar to the resulting
shape-optimised cross-section proposed in (Lim et al. 2018). The geometry used in this
study is inspired by the armour and pipe design used in (Oh et al. 2021), with the internal
volume of the pipe used as the design domain for topology optimisation. The larger pipe
cross-sectional area (compared to the ITER monoblock design) provides a greater design
domain volume, and therefore a larger parameter space, increasing design freedom.

7.2 Methodology

The monoblock can be described as a forced convection conjugate heat transfer system,
where the heat transfer is dependent on the quantity and distribution of conductive material,
the contact surface area between the solid and fluid, the velocity distribution of the fluid,
the temperature and heat capacity (S. B. Dilgen et al. 2018). The finite element implemen-
tation used in this study involves a solid conduction problem coupled to a CFD simulation
describing the flow of the coolant.

7.2.1 Boundary conditions

The monoblock is set up with ‘ITER relevant’ boundary conditions, similar to those adopted
in (Lim et al. 2018) which include a heat flux on the plasma-facing armour surface of
10MW m−2 and a water temperature of 120◦C. A visual representation of the model is shown
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(a) Dimensions (b) Boundary conditions

Figure 7.1. Exploded view of the monoblock geometry inspired by a component developed in (Oh et al. 2021).
The water coolant channel is used as the design domain for topology optimisation. A depth of 30mm,

equivalent to 3 monoblocks, was chosen as a compromise between increasing the volume of the design domain,
computational expense, and the need for any optimised geometry to be periodic.

in Fig. 7.1. A coolant channel with a length of 30mm is used as the design domain for topol-
ogy optimisation, equivalent to the depth of three monoblocks. This represents only a small
fraction of an ITER-scale divertor, where rows of armour tiles extend over the scale of a
metre (C. B. Baxi 1995), and so the effects of modifying a small fraction of the geometry
are necessarily minor. Symmetry conditions are specified for the plane which intersects the
plasma-facing surface and the longitudinal axis of the coolant pipe, meaning that half of the
monoblock is simulated in order to reduce computational expense. The fluid inlet is modelled
with a 10m s−1 velocity and the outlet with a 4MPa pressure. The coolant domain is used as
the design domain for topology optimisation.

7.2.2 Turbulence modelling

The flow is described using the Reynolds Averages Navier Stokes (RANS) realisable k − ε

turbulence model, which includes transport equations for the turbulent properties including
turbulent kinetic energy (k) and turbulent dissipation rate (ε), that allow for the description
of the convection and diffusion of turbulent energy. The k − ε realisable turbulence model
has previously been applied to the divertor monoblock in Refs. (Kwon, Kim, et al. 2021;
Lim et al. 2018) and is commonly applied to industrial problems in which computational
resources are limited.

7.2.3 Computational cost

In the topology optimisation literature, many industrial problems are either treated in 2D
or feature a 3D implementation which is simply an extruded version of the 2D problem (for
example (Lundgren et al. 2019)). The coolant pipe in the monoblock geometry, however,
is completely surrounded by the W armour, which combined with the one-sided heat load,
forces a 3D treatment of the problem. This increases computational time significantly and
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therefore requires a coarser finite element mesh than would be possible in a 2D model, in
order to enable computation on a quad-core workstation PC. The PC used for the study had a
3.4GHz maximum processor speed and 16GB of RAM.

7.2.4 Topology optimisation formulation

The topology optimisation of the coolant channel relies on a Globally Convergent Method
of Moving Asymptotes (GCMMA) technique, originally developed in Refs. (Svanberg
2002, 2007) and implemented in COMSOL Multiphysics 5.6 (COMSOL 2021). The goal of
the optimisation is to improve the thermal performance of the monoblock at an acceptable
pressure drop. The end goal is a system which can be described in terms of discrete domains,
with an optimal design consisting of elements which either belong to the coolant fluid or
internal Cu features. Topology optimisation techniques allow the relaxation of the problem to
one in which the material density is allowed to vary continuously between that of a solid and
a void (M. P. Bendsøe and O. Sigmund 2003), or in this case, a fluid and a solid. This allows
for the use of efficient, gradient-based methods for calculating element sensitivities, greatly
reducing the computational cost of the technique, but requires continuous interpolation of
relevant material properties to describe intermediate densities.

7.2.5 Fluid optimisation

The topology optimisation domain is conceptualised as a porous medium, in a similar man-
ner to the fluid topology optimisation methodology for Stokes flow, presented in (Borrvall
and Petersson 2003). The technique used in this paper however is based primarily on an ex-
tension of the method to treat full incompressible Navier-Stokes flow in steady state (Olesen,
Okkels, and Bruus 2006). This approach is further modified for application to several turbu-
lence models in (C. B. Dilgen et al. 2018) and the k − ε model in (Yoon 2020) through the
penalisation of k and ε such that they reduce to zero in solid regions. This is in addition to
the modification of the Navier-Stokes momentum equation, known as Brinkman penalisation,
which introduces a friction force which impedes fluid velocity in solid regions.

The friction force f is proportional to the fluid velocity (v), and defined as: f = −αv, where
α(r) is the inverse of the local permeability in the medium at position r. As inverse perme-
ability increases, the flow is restricted, with velocity tending to zero in ‘solid’ regions. The
porous medium is described by the Darcy law q = − k

µ
∆p where q is the instantaneous flow

rate, k is the permeability, µ is the dynamic viscosity of the fluid and ∆p is the pressure drop.
The Darcy number (Da) represents the relative impact of the permeability of a medium over
its cross-sectional area and is defined as Da = k

d2
where d is the characteristic length.

A design variable field which controls the local permeability of the medium γ(r) is then
introduced, where 0 ≥ γ ≤ 1. Solid material is obtained when γ = 0 and a fluid corresponds
to γ = 1. The method used in both (Borrvall and Petersson 2003) and (Olesen, Okkels,
and Bruus 2006) is followed, where an interpolation scheme is formed by relating the local
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inverse permeability α(r) to the design variable field through the Darcy number. The Darcy
number can be reformulated as in Eq. 7.1.

Da =
η

αmaxL2
(7.1)

η is the dynamic viscosity, L is the characteristic length scale in the system and αmax con-
trols the maximum value of the friction force f. The variation of α(γ) is described in Eq.
7.2.

α(γ) ≡ αmin + (αmax − αmin)
q[1− γ]

q + γ
(7.2)

Where q is used to control the strength of the penalisation in the interpolation function, as
indicated in Fig. 7.2. αmin is chosen as zero, to ensure free flow in fluid regions. In theory,
solid walls are obtained when αmax = ∞, however, the numerical implementation requires a
finite value, which is calculated by rearranging Eq. 7.1, giving Eqs. 7.3 and 7.4.

α(γ) = αmax
q[1− γ]

q + γ
(7.3)

α(γ) =
η

DaL2

q[1− γ]

q + γ
(7.4)

It is suggested in (Olesen, Okkels, and Bruus 2006) that Darcy numbers on the order of
Da / 10−5 are required in order to represent material approaching impermeability. The
high fluid velocities in the divertor monoblock however mean that lower Darcy numbers are
required in order to ensure the impermeability of solid regions. More detail on the impact
the Darcy number has on the resulting topologies is available in (Olesen, Okkels, and Bruus
2006).

In a similar manner to the Brinkman method for modification of the Navier-Stokes momen-
tum equation, penalty terms shown in Eqs. 7.5 and 7.6 are added to the k and ε transport
equations respectively, following the method established in (Yoon 2020). The use of the
κ− ε turbulence model requires the introduction of values for the turbulent kinetic energy k0

and the turbulent energy dissipation ε0 in solid domains, which are set equal to zero for the
purposes of this study.

−αk(γ)(k − k0) (7.5)

−αε(γ)(ε− ε0) (7.6)

Where αk and αε are defined in Eqs. 7.7 and 7.8 respectively.

αk = (αk
max − αk

min)
q[1− γ]

q + γ
(7.7)
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(a) Interpolated properties (b) Darcy vs SIMP penalisation

Figure 7.2. Left: Interpolated thermal material properties using SIMP penalisation and inverse permeability α,
which forms part of the Darcy interpolation scheme. Right: comparison between Darcy and SIMP material

interpolation schemes for different values of penalisation parameters q and p.

αε = (αε
max − αε

min)
q[1− γ]

q + γ
(7.8)

Where αk
max and αε

max are chosen to be large enough to significantly reduce k in solid re-
gions and −αk

min = αε
min = 0.

Heat transfer across the internal surfaces of the pipe is treated with wall functions during op-
timisation and fluid velocity at the interface with the topology optimised structures is reduced
such that a no-slip boundary condition is approximated (as discussed in (S. B. Dilgen et al.
2018)). As discussed in (Yoon 2020), challenges in the implementation of a no-slip boundary
condition regarding this technique for the penalisation of k − ε turbulence, mean that a slip
condition is used between the internal walls and fluid during the optimisation process. Whilst
imposing standard no-slip boundary conditions would result in a more accurate simulation
of the thermal boundary layer and heat transfer to the coolant, there are ongoing problems
facing the accurate description of thermal boundary layers for topology optimisation studies,
as discussed in (Alexandersen and Andreasen 2020). The local mesh refinement and high
aspect ratio elements often used to simulate boundary layer behaviour in CFD can also cause
problems for topology optimisation. Initial testing found that these elements often become
Cu early in the optimisation, with no mechanism for adjusting the refinement of elements
to describe a newly formed boundary layer. The study was also limited by computational
expense. The simulations therefore only constitute an approximation of heat transfer in the
main fluid bulk as a first step in applying the technique to the divertor coolant channel. Fur-
thermore, accounting for the CHF and multi-phase modelling is beyond the scope of this
study and the optimisation involves improving the single-phase performance only.

7.2.6 Material property interpolation

The fluid viscosity and density are not interpolated. This allows the fluid simulation to
remain more realistic and numerically stable during the formation of solid regions. The
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heat capacity and thermal conductivity are interpolated using the design variable γ defined
previously, as shown in Eqs. 7.10 and 7.11 and visualised in Fig. 7.2. This is done using the
SIMP interpolation scheme described in Eq. 7.9.

γp = γmin + (1− γmin)γ
p (7.9)

Cpinterp = (Cp(Cu) − Cp(H2O))γp + Cp(Cu) (7.10)

kinterp = (k(Cu) − k(H2O))γp + k(Cu) (7.11)

γp is the local value of the design penalisation, γmin is the minimum penalised volume frac-
tion, and p is an exponent usually chosen to be between 1 and 3. SIMP interpolation is used
for the thermal properties due to its established status in solid domain topology optimisation,
and initial testing, which found that the ability to alter the penalisation independently resulted
in improved convergence. As previously, γ = 0 represents the solid domain (CuCrZr), with
γ = 1 corresponding to fluid (H2O), however, as shown in Fig. 7.2, when changing from
Darcy to SIMP interpolation, the variables relating to Cu and H2O in Eqs. 7.10 and 7.11 are
switched.

7.2.7 Consideration of objective functions

The choice of objective function can have a significant impact on the geometries obtained
from the optimisation, even if the properties involved share a similar physical basis. Whilst
the goal of the study may be to improve heat transfer, there are many ways of formulating
objectives to achieve this. Furthermore, the domain over which the objective function is
evaluated is also likely to affect the results.

7.2.8 Thermal objectives in conjugate heat transfer topology optimisation

The literature on topology optimisation of conjugate heat transfer systems contains a broad
range of objective functions. The following survey is presented as an equivalent was not
found in the literature and is based on the forced convection section of an in-depth review
of fluid topology optimisation presented in (Alexandersen and Andreasen 2020). Typically
these papers employ multi-objective optimisation with a function composed of a term to
improve thermal performance and another designed to minimise pressure drop. The pressure
drop minimisation is typically approached either through an explicit formulation of pressure
drop or through a power dissipation function (as in (Hao Li et al. 2019)). Not all studies
provide a full description of the objective functions used, however, those which contained
objectives based on standard thermal properties are categorised in Table 7.1. There are some
studies which choose a different combination of thermal properties, such as thermal power
in (V. Subramaniam, T. Dbouk, and J. L. Harion 2019), the integral product of heat transfer
coefficient and temperature in (Kobayashi et al. 2019) and conductance in (Jan H. K. Haertel
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Table 7.1. Objectives used in the literature for topology optimisation of forced convection conjugate heat
transfer systems. The first column divides studies with respect to whether the relevant property was minimised

or maximised.

Min/Max Objective Reference
Min Thermal com-

pliance
(Alexandersen, Aage, et al. 2014; Alexandersen, Ole Sigmund, and Aage 2016;
Alexandersen, Ole Sigmund, K. E. Meyer, et al. 2018; Jahan et al. 2019; Lv
and Sheng Liu 2018; Santhanakrishnan, Tilford, and Bailey 2018; Yoon 2010;
Yu et al. 2019)

Max Recoverable
thermal power

(Marck, Nemer, and J.-L. Harion 2013; Ramalingom, Cocquet, and Bastide
2018; Ramalingom, Cocquet, Maleck, et al. 2018)

Min Thermal resis-
tance

(Dong and X. Liu 2020; Jan H. K. Haertel, Engelbrecht, et al. 2018)

Max Max temp. (Lundgren et al. 2019; Yan et al. 2019)
Max Outlet temp. (Pietropaoli et al. 2017)
Min Mean temp. (Ercan M Dede 2009, 2012; S. B. Dilgen et al. 2018; Hu, Z. Zhang, and Q. Li

2020; K. Lee 2012; Hao Li et al. 2019; Makhija and Beran 2019; Matsumori
et al. 2013; Qian and Ercan M. Dede 2016; S. Sun, Liebersbach, and Qian
2019; Zhao et al. 2018)

Min Temp. differ-
ence

(Kontoleontos et al. 2013; Pizzolato et al. 2017b)

Max Heat genera-
tion

(Sato et al. 2018; Yaji, Ogino, et al. 2018; Yaji, Yamada, Kubo, et al. 2015;
Yaji, Yamada, Yoshino, et al. 2016; B. Zhang and L. Gao 2019)

Min Heat flux (McConnell and Georg Pingen 2012)
Max Heat flux (Laniewski-Wollk and Rokicki 2016; Lundgaard, Engelbrecht, and Ole Sig-

mund 2019)

and Nellis 2017). Multiple case studies are featured in (Yaji, Yamasaki, and Fujita 2020),
with the second maximising the ratio of thermal conductance to pressure drop. Some studies
focus on minimising energy dissipation for a given thermal performance, such as (Ghasemi
and Elham 2019) where drag force is minimised, and (S. Zeng, Kanargi, and P. S. Lee 2018;
S. Zeng and P. S. Lee 2019) where pressure drop is minimised, subject to a temperature
constraint. There does not, however, seem to be a consistent agreed-upon approach for the
determination of objective functions in the literature.

Preparatory work included the investigation of a range of objective functions. Multi-objective
optimisation including a heat transfer objective and a pressure drop minimisation objec-
tive was not found to be effective and resulted in pressure drop minimisation only despite
attempts at weighting the objectives appropriately. It was observed that multi-objective
optimisation works best when the consequences of changing the density of an individual
element contribute to meeting both (or all) objectives. After consideration of the literature
and preparatory testing, three separate objectives were selected. The first is the solid domain
thermal compliance (φ), defined through the product of heat flux and temperature, as shown
in Eq. 7.12. The other objectives are based on domain temperature and defined in Eqs. 7.13
and 7.14. The objectives are defined as averages, with respect to Γ which represents a do-
main composed of the pipe, interlayer and armour, and Ω which is the fluid domain (and
the design domain for the topology optimisation). The average pressure drop constraint is
defined in Eq. 7.15, relative to inlet (and outlet) area A.

Min. φ̄ =
1

VΓ

∫
TqindΓ (7.12)
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Table 7.2. Values of topology optimisation parameters

Scheme Parameter Value
Constraint ∆pav 0.2MPa
Darcy q 0.5
Darcy Da 10−6

Darcy U 10m s−1

Darcy L 12mm
k − ε αk

max 2500
k − ε αε

max 2500
SIMP γmin 1e-3
SIMP γp γ3

Min. T̄S =
1

VΓ

∫
TSdΓ (7.13)

Max. T̄F =
1

VΩ

∫
TFdΩ (7.14)

∆p =
1

A
[

∫
inlet

pdS −
∫
outlet

pdS] (7.15)

7.3 Results

Parameters common to all optimisation studies are listed in Table 7.2, where the level of
penalisation was established based on a continuation method which involved gradually
increasing penalisation strength until solid domains that rejected fluid flow sufficiently were
observed. A similar approach was used to define the average pressure drop constraint, where
the value of δpav = 0.2MPa allows for the formation of solid internal features given the size
and mesh resolution of the fluid domain.

7.3.1 Laminar flow results

An initial investigation was made using laminar flow conditions for thermal compliance (φ),
solid domain temperature (TS), and fluid temperature (TF ) objectives. This was performed
with otherwise the same boundary conditions and loads as the turbulent flow simulations
discussed in Section 7.3.2. The resulting geometries, thresholded at γ ≤ 0.3 are presented
in Fig. 7.3 and show three distinct geometries, despite the coarse mesh used. The greatest
similarity is seen in the φ and TS geometries (Figs. 7.3a and 7.3b), reflecting the similarity
in the composition of the objectives. The decision to threshold the results at γ ≤ 0.3 is
made for consistency with results presented in Section 7.3.2, where it is discussed further.
In this implementation of topology optimisation, with no clear material interpretation of
intermediate density elements, the range where 0 < γ < 1, can be thought of as uncertainty
regarding whether an element is optimally placed in either domain, with 0.5 representing the
highest uncertainty. In this study, intermediate-density elements form a thin band between
the solid and fluid domains and so thresholding the results is necessary to obtain well-defined
geometries.
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(a) φ (b) TS (c) TF

Figure 7.3. Optimised geometries thresholded at γ ≤ 0.3 performed as initial tests of thermal compliance
minimisation (7.3a), solid temperature minimisation (7.3b) and fluid temperature maximisation (7.3c) for

laminar flow conditions and a coarse mesh which enabled faster evaluation.

Table 7.3. Completion times for turbulent flow topology optimisation simulations.

Geom. Completion time
φ 39 h 14 min 34 s
TS 21 h 58 min 55 s
TF 61 h 56 min 2 s

7.3.2 Turbulent flow results

The turbulent flow simulations were completed in the times specified in Table 7.3. These
studies were all performed with identical meshes (consisting of 271497 elements) and prob-
lem setups (using the parameters listed in Table 7.2).

The optimisation was performed with a termination condition based on either a change in
the relative change in control variables of (1e-6) or a maximum number of model iterations
(250). All results terminated after exceeding the maximum number of model evaluations,
however, in all cases, the objectives stabilised after only a few iterations, as indicated in Fig.
7.4. The φ and TS objectives result in reductions of 4% and 2% respectively. The TF case
shows an increase in the objective of 18% relative to the initial value. Furthermore, the plots
of maximum turbulent kinetic energy and turbulent dissipation rate for the φ minimisation
study (Figs. 7.5a and 7.5b) show that these properties increase significantly from their initial
values (0.8145J kg−1 and 15.86J kg−1 s respectively) as a result of the formation of internal
features. The low level of turbulence in the initial conditions combined with the quick conver-
gence of the objectives likely contributes to the similarity between the optimised geometries
for laminar flow designs presented in Fig. 7.3 and those obtained using the k − ε model,
presented in Fig. 7.6.

The geometries resulting from the three objectives are thresholded at γ ≤ 0.1 and γ ≤
0.3 are visualised in Fig. 7.6, where it can be seen that despite the penalisation techniques
employed, there remains a thin layer of intermediate density elements at the solid-fluid
interface. This is not particularly surprising considering the computational limitations of
the optimisation, and a better definition of the fluid-solid boundary might be obtained with a
finer mesh, the use of filtering and projection techniques, and more model evaluations. The
φ minimised design thresholded at γ ≤ 0.1 (Fig. 7.6a) shows two large features near the
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(a) φ (b) TS (c) TF

Figure 7.4. Variation in the mean thermal compliance (φ): 7.4a, solid domain temperature TS : 7.4b and fluid
temperature TF : 7.4c objectives objectives during the optimisation process.

(a) φ (b) φ

Figure 7.5. The evolution of turbulent kinetic energy and turbulent dissipation rate for φ minimisation.

γ ≤ 0.1

(a) φ (b) TS (c) TF

γ ≤ 0.3

(d) φ (e) TS (f) TF

Figure 7.6. Optimised geometries thresholded thresholded at γ ≤ 0.1 (upper row) and γ ≤ 0.3 (lower row).
The difference between the two rows is a thin layer of intermediate-density elements surrounding the optimised
geometries. The decision was made to progress with the γ ≤ 0.3 thresholded designs due to the potential for

interpretation of the φ case as a continuous pipe insert.
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inlet and a smaller separated entity near the outlet. The γ ≤ 0.3 thresholded design (Fig.
7.6d) indicates a manner in which the large features near the inlet might be connected if
the geometry was interpreted for manufacture and use as a pipe insert. The TS minimised
geometry contains a single large feature (see Figs. 7.6b,7.6e), with no indication of how
it might be fixed to the internal pipe surface. The TF maximisation result (Figs. 7.6c,7.6f)
resembles conventional methods for improving heat transfer in pipes where internal fins or
grooves are added in order to increase the surface area at the fluid-solid interface. The fluid
temperature maximisation result (seen in Figs. 7.6c and 7.6f) differs more significantly from
the laminar flow design (Fig. 7.3c) than the other two objective results. It is thought that
this is because the objective function is evaluated in the design domain, allowing for a closer
coupling of the local values of the objective and the iterative optimisation result, enabling
turbulent heat transfer to have a greater impact on the resulting geometry.

Comparing optimisation results

A comparison between outlet velocities and local Reynolds numbers for the optimised ge-
ometries is presented in Fig. 7.7 where higher velocities and Reynolds numbers can be seen
in upper region of the outlet of the φ optimised results (7.7a,7.7d) compared to those for TS

(7.7b,7.7e), and TF (7.7c,7.7f).

The φ and TF designs both have features near the outlets. The impact of these features can
be seen in the low fluid velocities in the lower right corner of Fig. 7.7a and the upper right
corner of Fig. 7.7c. The friction force implementation appears to create a shadowing of
velocity behind features, indicating that the fluid is not realistically deflected by solid regions.
This may be linked both to the computational limitations of the study (including the small
domain size) and the fusion-specific conditions, such as the high inlet velocity. Whilst this
shadowing of fluid velocity undoubtedly impacts heat transfer downstream of features, the
outlet temperature distribution is provided for comparative purposes. Fig. 7.8 shows the
region of the fluid which exceeds the inlet temperature of 120◦C penetrates further into the
domain in the φ minimised design (7.8a), suggesting enhanced heat transfer. However, the
temperature maximisation geometry results in significantly higher temperatures than seen
in the other two results, reaching 150◦C in Fig. 7.8c. Fig. 7.8c includes an additional colour
legend, to resolve the extended range whilst preserving colour levels consistent with Figs.
7.8a and 7.8b for the rest of the domain. The outlet turbulent kinetic energy, however, is
higher in the TS minimised result (Fig. 7.8e) than either the φ or TF results, shown in Figs.
7.8d and 7.8f respectively.

The regions containing the highest convective heat fluxes (where the magnitude of the y-
component is ≥ 5MW m−2) are shown in Fig. 7.9. The TF result clearly has larger volumes
and higher maximum heat fluxes (note the different colour bar limit). These figures show
that in all cases, the regions of greatest convective heat flux surround the internal features,
indicating a direct promotion of convective heat transfer.
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Velocity Reynolds number

(a) φ (b) TS (c) TF (d) φ (e) T (f) TF

Figure 7.7. Left: comparison of velocity contours at the outlets of the φ, TS and TF studies: 7.7a, 7.7b and 7.7c
respectively. Right: comparison of Reynolds number contours at the outlets of the φ, TS and TF studies: 7.7d,
7.7e and 7.7f respectively, showing a maximum of above > 106, indicating the evolution of more turbulent flow

downstream of the internal features.

Temperature Turbulent kinetic energy

(a) φ (b) T (c) TF (d) φ (e) T (f) TF

Figure 7.8. Left: Temperature distribution at the outlet of the φ (7.8a), TS (7.8b) and TF (7.8c) designs. 7.8c
includes an additional colour legend to display the extended temperature range in the upper right corner. Right:

Outlet turbulent kinetic energy for the φ (7.8d), TS (7.8e), and TF (7.8f) results.

(a) φ (b) TS

(c) TF

Figure 7.9. Regions of highest convective heat fluxes (≥ 5MW m−2) in the φ, TS and TF geometries.
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(a) φ (b) TS (c) TF

Figure 7.10. Post-processed and meshed inserts for the φ (7.10a), TS (7.10b) and TF (7.10c) results, which are
then assembled for performance testing in elongated versions of the original geometries. Only the TS and TF

designs make contact with the inside of the pipe, whereas 7.10b remains ‘suspended’ in the fluid.

Post-processing the results

The central locations of the features in the φ and TS results seem to promote the mixing of
hot and cold regions of fluid, whereas the TF result seems to rely on enhancing heat transfer
at the solid-fluid interface. In order to investigate this further, the optimised geometries,
thresholded at γ ≤ 0.3 are then exported as ‘.stl’ files, smoothed, and re-meshed as shown
in Fig. 7.10 for further testing as prototype inserts. The smaller disconnected feature near
the outlet in the φ minimised geometries presented in Fig. 7.6 is discarded to enable easier
post-processing. It should be noted that the process of exporting the results, simplifying the
geometry re-assembling with the reference design and re-meshing (as shown in Fig. 7.10)
was not trivial and required careful manual adjustment. The TF optimisation result is almost
fully continuous with the internal pipe walls. The element-scale roughness might improve
heat transfer in a manufactured component, however, the same smoothing process is applied
for consistency.

Testing the re-assembled optimised geometries

The topology optimisation creates geometries which lead to increased turbulence and adds
additional boundaries in the fluid domain which are likely to lead to more complex heat trans-
fer processes than in the original problem. Therefore, whilst the aim of testing the assembled
designs is to provide a more accurate representation of flow, the full quantitative treatment of
their performance is therefore outside the scope of the paper. Fig. 7.11 presents a comparison
of the flow around features in the re-assembled geometries following simulation under steady
state weakly-compressible conditions with the k − ε turbulence model and no-slip boundary
conditions imposed on the inner pipe surfaces and internal geometries. Whilst only the opti-
mised features are shown, the testing was performed on a fully assembled monoblock, similar
to that shown in Fig. 7.1 but extruded to a length of 80mm to better visualise the impact
on flow downstream and improve convergence. The average pressure drops are presented
in Table 7.4, evaluated over the 80mm test domains. These values are presented as rough
estimates only, however, in order to aid comparison with other PFCs. The study makes no
account for the periodicity of the inserts, however, and it is likely that topology optimisation
studies performed over different lengths of pipe would produce different resulting geometries.
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Table 7.4. Average pressure drops for post-processed geometries. These results were obtained in 80mm long
domains, however pressure drop per metre estimates are presented to facilitate comparison with other PFCs.

Geometry ∆P [MPa] ∆P/L (L = 80mm) [MPa m−1]
φ 0.049 0.61
TS 0.028 0.35
TF 0.014 0.175

Table 7.5. Average temperature differences between the outlet and inlet for the three geometries, evaluated over
the 80mm design domain.

Geometry ∆T ◦C
φ 3.84
TS 5.49
TF 3.99

Whilst the optimisation was attempted using a periodic flow condition, this was found to
cause convergence issues. The average temperature rises associated with each geometry,
calculated as a difference between the outlet and inlet, are presented in Table 7.5. To put
the pressure drops into context, any topology optimised designs would have to out-match
pressure drops on the order of 0.5MPa m−1 for swirl tubes and around 0.1MPa m−1 for hy-
pervapotrons (Schlosser, F. Escourbiac, et al. 2005). The TF minimisation case presents the
lowest pressure drop at 0.175MPa m−1, and as shown in Table 7.5, it has the second highest
average temperature rise (approx. 4◦C) over 80mm.

Figs. 7.11a, 7.11c, and 7.11e show velocity streamlines coloured by pressure, and clarify
the higher average pressure drop observed in the φ design, which is caused by the obstruc-
tion of the fluid by the two large features. Figs. 7.11b, 7.11d, and 7.11f show that whilst
fluid is accelerated around the inserts in all cases, the fluid velocity is highest in the region
between the two large connected features in the φ design. The TS and TF cases appear to
cause lower pressure drops than the φ case but result in higher average temperature rises, as
shown in Table 7.5. The φ geometry does appear to promote significant fluid mixing, which
should promote heat transfer due to the one-sided heat load, however, further work would be
required to investigate this.

7.4 Discussion

In a review of thermal topology optimisation (T. Dbouk 2017, pp. 852), the author concludes
that the process is not yet a ‘robust numerical design technique for finding the optimal de-
signs of thermal systems’. The implication of this statement is not that topology optimisation
cannot be used, but rather that the problems require careful treatment to ensure they function
as desired. That sentiment is supported by this study, where obtaining meaningful designs
required a trial and error balancing of the various optimisation parameters. Further work
extending the capability of the optimisation implementation is required before the application
could be considered mature, however, the topology optimisation implementation was able to
successfully minimise performance-related cost functions, producing features reminiscent of
mechanical inserts in the thermal compliance (φ) and solid domain temperature (TS) cases.
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Pressure

Temperature Velocity

(a) φ (b) φ

(c) TS (d) TS

(e) TF (f) TF

Figure 7.11. Velocity streamlines around optimised geometries coloured by absolute temperature and velocity
magnitude.

The fluid temperature (TF ) maximisation case resulted in a geometry that improves heat
transfer at the solid-fluid interface. These results are intended as first steps towards the ex-
ploration of non-intuitive fluid-domain PFC design concepts which may enable performance
improvements.

7.4.1 Topology optimisation challenges and limitations

There are several factors which contribute to the numerical challenge and computational
cost of the problem. These include the extreme, one-sided heat load, and the required 3D
treatment of the problem. The relative scale of the fluid velocity compared to the scale of
the monoblock model requires the application of large friction forces to ensure the creation
of impermeable features in the topology optimisation design domain. The computational
resource limitations require the use of a coarser mesh than might otherwise be desirable, and
therefore a larger pressure drop per solid element formed in the design domain. It is thought
that this contributed to large pressure drops in the topology-optimised designs compared
to those typically associated with PFCs, as discussed in (Schlosser, F. Escourbiac, et al.
2005). A finer mesh would allow for the creation of smaller features. Furthermore, the
Brinkman penalisation term and the associated regions of porosity were found to create
unrealistic pressure losses due to friction forces present in intermediate-density regions
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and unrealistic reductions in fluid velocity after solid features. This is likely partly due to
the computational limitations in the implementation, however, rather than an unavoidable
consequence of the technique. Traditional PFC heat transfer enhancement techniques rely on
turbulence promotion. Despite the introduction of a RANS turbulence model, density-based
topology optimisation requires further development to capture the effects of heat transfer in
turbulent boundary layers following their creation in the design domain, as discussed briefly
in (Alexandersen and Andreasen 2020). Finally, in-depth testing of the optimised results was
found to be challenging due to the time and complexity associated with post-processing and
re-assembly of the results. The re-simulation of topology optimised results is made more
challenging due to the need to configure boundary conditions and meshes for geometrically
complex and uneven features.

7.5 Conclusion

Forced convection heat transfer topology optimisation was performed for a recently pro-
posed PFC where the flow was described using the k − ε turbulence model for steady-state
incompressible Navier-Stokes flow. The gradient-based optimisation relied on the GCMMA
implementation in COMSOL Multiphysics. Three objective cases are treated: mean solid
domain thermal compliance and temperature were minimised, whereas coolant fluid temper-
ature was maximised. All optimisation cases were performed with a constraint on average
pressure drop and resulted in geometries that promote convective heat transfer. The minimisa-
tion cases produced geometries with internal features that resemble mechanical inserts and
promote downstream turbulence. The fluid temperature maximisation result was found to en-
hance heat transfer near the solid-fluid interface. The resulting geometries were exported and
re-assembled with the original monoblocks in order to perform a verification study to better
visualise the behaviour of fluid flow around the optimised designs. The results are presented
as a first step in the application of a topology optimisation workflow to the design of coolant
pipe internal geometry in a novel PFC. Future work should include, when it is possible given
computing power and software implementation, more realistic no-slip boundary conditions,
the treatment of periodic flow (which suffered from convergence issues when implemented in
COMSOL Multiphysics) and the use of finer meshing. Currently, the workflow for testing
optimised components is challenging due to the requirements associated with re-assembling
and meshing geometries with small irregular features. Improvements to this workflow would
greatly improve the efficiency with which designs can be tested, allowing for quicker design
iteration.
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Chapter 8

Conclusions and commentary

The following section presents overall conclusions to the work based on the outcomes of the
individual chapters, excluding Chapter 1, which contains an introduction to the project.

8.1 Chapter 2 conclusions

Chapter 2 discussed divertor design at a number of different levels, from the performance of
individual components to the impact divertor choice has on the operation of a power plant
and potential influences on the safety case of a reactor.

• It was found that much of the world’s fusion research capability is tied to the devel-
opment of ITER, delaying progress and increasing the risk for the development of
alternate technological pathways.

• Top-down constraints such as the low activation criterion can artificially constrain
material selection, as several recent studies suggest that operating within the required
limits may be unfeasible, acting only to slow the development of commercially viable
fusion reactors.

• Divertor design is further constrained due to systems integration issues, such as the
desire to use a single coolant to simplify design (or safety case) or to use divertor heat
to generate electricity.

• The discussion of reactor systems codes established that some codes, such as PROCESS
are seen as not conducive to significant deviation from baseline design due to the long
associated implementation time.

• Systems code modelling suggests that divertor heat flux handling capability strongly
drives design complexity size and cost.

• The heat flux handling requirements for future divertor targets have significant levels of
uncertainty which challenge efficient design and make progress hard to assess.

• Significant risks to future divertor operation include poorly characterised transient
events which may result in heat loads several times the engineering limit, cyclic loading
and heat concentration on leading edges.
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• As the design of fusion reactor components is device led and there are large gaps be-
tween devices, research tends to be conducted sporadically, resulting in non-linear
progress.

• Advanced divertor configurations with extended legs or additional strike points may
lower the heat flux handling requirements of the target plates, however, their operation is
not fully understood and therefore cannot be relied upon.

• The long time scales associated with tokamaks and the lack of representative test facili-
ties to develop operational confidence hinder the transition to more advanced divertor
technologies including liquid metal.

• This is compounded by the difficulty in modelling complex behaviour such as turbulent
heat transfer in hypervapotrons or MHD effects in liquid metal concepts.

• Fusion-specific design codes such as the MEAP are starting to accelerate progress
towards design by analysis for divertor components, and many advanced monoblock
concepts have been proposed, however many reactor design codes are still based on
fission pressure-vessel codes that are of limited applicability.

8.1.1 Commentary and further work

This work suggested that some of the challenges to divertor design could be mitigated
through a combination of novel optimisation techniques that encourage design space ex-
ploration, in combination with novel manufacturing techniques which may enable the con-
struction of complex geometries.

8.2 Chapter 3 conclusions

In Chapter 3, a set of AM CuCrZr samples produced by 3T Additive Manufacturing were
subjected to thermal testing using dilatometry and laser flash analysis. The samples were
built with a range of laser powers (370-900W) with the aim of establishing the impact on
thermal performance, and the ultimate goal of decreasing manufacture time. Results were
obtained for thermal expansion and diffusivity for a temperature range of 30− 700◦C.

• The samples manufactured with the highest laser power (900W) and greatest layer
thickness (60µm) were found to have the highest thermal diffusivity and the lowest
coefficients of thermal expansion.

• Low coefficients of thermal expansion are desirable for use in multi-material divertor
components designed to operate over a wide temperature range as constrained expan-
sion results in stresses which may lead to part failure.

• The results indicate that a reduction of the associated build time by increasing laser
power is possible without compromising thermal performance.
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• Samples manufactured using the lowest laser power (370W) and layer thickness (30µm)
representing the most conservative build process, performed the worst.

8.2.1 Commentary and further work

Further testing would be required to fully optimise the process parameters, however, the
results in this study indicate that the aforementioned changes to the build parameters pro-
duce observable differences in the thermal properties which could impact the performance
and lifetime of manufactured parts. This is of particular importance when considering the
application of the material to high-temperature environments such as a fusion reactor cooling
system. Experimental challenges encountered during the work included the difficulty in spot
welding thermo-couples to highly conductive material and unexpected phase changes for the
temperature range considered.

Further investigation is required in order to establish the cause of the observed sample phase
change at temperatures well below the given melting point for CuCrZr. This paper demon-
strated the potential viability of additive manufacturing as a route to developing advanced
divertor components. Whilst significantly more work would be required to fully qualify the
material for use in a fusion reactor, this was not the goal of the study. As discussed through-
out this thesis, the other components of this project - fusion and topology optimisation - are
not fully commercially mature. The demonstration of promising thermal properties with
the potential for process optimisation indicates that at the present time, additive manufac-
turing should not be ruled out for future fusion component manufacture, particularly as the
technique will likely evolve in parallel to developments in the other fields.

8.3 Chapter 4 conclusions

Chapter 4 investigated the development of thermal topology optimisation for solids and fluids
including the theory, methods and software implementation.

• The literature shows a progression from 2D proof of concept studies (such as the widely
used fluid methodology presented in (Borrvall and Petersson 2003) and attempts to in-
crease computational efficiency, to more advanced descriptions of physical phenomena
such as turbulence (Deng et al. 2011), convective heat transfer (Yoon 2010) and high
resolution problems in 3D (Pizzolato et al. 2017a).

• As the field matures, it is finding more application to engineering problems, where
manufacturing constraints are being considered (Lei et al. 2018).

• Whilst a review on thermal topology optimisation (T. Dbouk 2017) concluded that the
technique is not a robust approach to finding the optimal designs of thermal systems, it
is clear that in the years since that review was published, advances continue to be made
and thermal topology optimisation is becoming sufficiently mature that it is of interest
to a broad range of industrial applications.
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8.3.1 Commentary and further work

The field appears to be lacking a comprehensive investigation into the impact of material
property variation and the exploration of different multi-term design objectives. The influ-
ence of these parameters on topology-optimised geometries warrants further investigation, as
they have the potential to change the designs in ways not fully accounted for in the present
literature.

There is a large variety of topology optimisation codes being developed in the research
community, based on a range of different algorithms. However, some of these are devel-
oped exclusively for the use of individual research groups and are either not made available
to external researchers or are provided in a rudimentary form with varying levels of docu-
mentation. The prevalence of lots of codes with small user bases can make it difficult for
newcomers to the field and those interested in using topology optimisation in an engineering
context. It is recommended that future development of topology optimisation codes focuses
on improving accessibility, as this would likely allow for more rapid development and imple-
mentation of a broad, consistent feature set which could be better exploited in industrially
relevant applications.

8.4 Chapter 5 conclusions

Chapter 5 presented an initial step towards divertor monoblock optimisation, demonstrating
the addition of high conductivity features in the monoblock armour domain.

• Thermal topology optimisation has the potential to cause a significant reduction in
armour thermal gradients and temperature during high heat flux transient events.

• The application of topology optimisation to an asymmetric design demonstrates the
potential of the technique to generate novel geometries targeted to specific applications.

8.4.1 Commentary and further work

The addition of high conductivity heat transfer elements in the design creates thermally in-
duced stress concentrations not accounted for in this study. The use of a secondary topology
optimisation step was suggested as a potential solution, however, in subsequent work, this
was implemented as simultaneous multi-objective optimisation.

8.5 Chapter 6 conclusions

Multi-objective topology optimisation of an ITER-like divertor monoblock combining both
stress and thermal terms was implemented in Chapter 6. Four different design concepts
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were considered, based on standard and bevelled geometries with two different attachment
scenarios.

• Maximum stress was reduced by up to 65%, with a peak reduction in temperature of
approximately 270◦C.

• The conductive heat flux optimised designs displayed a 20% transfer of heat flux from
the top of the cooling pipe to the sides, countering the issue of heat flux concentration
associated with the monoblock.

• The changes in load due to the addition of a bevel to the top surface of the monoblock
were found to have a significant impact on optimum designs, making the addition of Cu
to the upper half of the armour domain less favourable.

• Monoblocks fixed to the underlying cassette structure were found to exhibit different
optimal geometries due to reduced potential for unrestrained thermal expansion.

8.5.1 Commentary and further work

The results can be interpreted for manufacture via functional grading with conductivities
representing target material properties rather than Cu-W fractions, and are presented in the
context of evolving design and manufacturing technology that may enable PFC performance
improvements in future tokamaks. There exists significant uncertainty in the operating
conditions expected in the divertor in tokamaks beyond ITER. The study demonstrates
that even minor changes to the geometry and loading conditions of the components can
drastically affect optimisation results. Beyond the bounds of topology optimisation, the
differences in behaviour observed in this study may warrant further investigation, particularly
if monoblocks with different fixing mechanisms are found to have different rates of failure.
Further work should focus on the development of more detailed constraints and boundary
conditions that more realistically reflect component requirements and loading conditions.

8.6 Chapter 7 conclusions

The extension of the topology optimisation methodology to a conjugate heat transfer problem
was presented in Chapter 7. Forced convection heat transfer topology optimisation was
performed for a recently proposed plasma-facing component where flow was described using
the k − ε turbulence model for steady-state incompressible Navier-Stokes flow. The gradient-
based optimisation relied on the GCMMA implementation in COMSOL Multiphysics. Three
objective cases are treated: mean solid domain thermal compliance and temperature were
minimised, whereas coolant fluid temperature was maximised.

• All optimisation cases were performed with a constraint on average pressure drop and
result in geometries that promote convective heat transfer.
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• The minimisation cases produced geometries with internal features that resemble me-
chanical inserts and promote downstream turbulence.

• The fluid temperature maximisation result enhances heat transfer near the solid-fluid
interface.

• The resulting geometries were exported and re-assembled into the original components
in order to perform a verification study to better visualise the behaviour of fluid flow in
the novel geometries.

• The pressure drops in the optimised components were found to be larger than for ex-
isting plasma-facing components, suggesting further development of the technique is
required.

8.6.1 Commentary and future work

The results are presented as a first step in the application of a topology optimisation workflow
suitable for the design of coolant pipe internal geometry in a novel plasma-facing component.
Future work should include, when it is possible given computing power and software imple-
mentation, more realistic no-slip boundary conditions, the treatment of periodic flow (which
suffered from convergence issues when implemented in COMSOL Multiphysics) and the use
of finer meshing. Currently, the workflow for testing optimised components is challenging
due to the requirements associated with re-assembling and meshing geometries with small
irregular features. Improvements to this workflow would greatly improve the efficiency with
which designs can be tested, allowing for faster design iteration.

200



Chapter 9

Overall discussion

9.1 Overall project summary

The project has reviewed the design of the divertor and identified challenges concerning the
difficulty of matching top-down design requirements and performance-related constraints.
The combination of novel optimisation and manufacturing techniques was identified as a
route to mitigating some of the challenges identified. The limitations targeted consisted
principally of the difficulties in meeting performance requirements and in exploring the
design space whilst maintaining a level of compatibility with existing concepts.

A collaboration was undertaken in order to assess the performance of contemporary addi-
tively manufactured fusion-relevant materials, finding thermal performance comparable with
literature data for conventionally manufactured alloys. Next, a topology optimisation method-
ology was developed and applied to the ITER divertor monoblock armour domain, enabling
significant reductions in thermal and stress-based objectives and exploration of a variety of
design concepts. The methodology was subsequently applied to a conjugate heat transfer
problem related to the active cooling channel of a novel plasma-facing component geometry.
This resulted in the identification of internal pipe features which promoted convective heat
transfer, however, the application was limited by available software and hardware capability.

9.2 Evolution of the project

As is common to many PhD projects, the premise that prompted this work was initially broad.
Metal AM techniques were highlighted as possibly enabling the creation of specialised
components with complex internal geometries. The divertor was considered early on as a
candidate for investigation, primarily due to the substantial level of progress still thought
to be required in order for mature divertor designs to emerge. At this point some major
decisions needed to be made regarding definition of the design methodology and the specific
operating conditions and geometry to be targeted. The author’s background in Physics led
him to favour design-by-analysis approaches, leading to the identification of generative
design processes and ultimately topology optimisation. The specification of the modelling
setup is complicated by the relative immaturity of the three components of the project so
far: nuclear fusion, additive manufacturing and topology optimisation are all to some extent
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considered emerging techniques about which there is uncertainty regarding the operating
conditions, quality and effectiveness respectively. In order to reduce this uncertainty, ITER
was chosen as the basis for the design work, as components and operating conditions are well
documented in the literature. However, as the designs of ITER components have already been
finalised, the motivation behind the topology optimisation turned towards design exploration,
and investigation of the impact different choices have on the performance of components.
This approach sees topology optimisation as an extension of sensitivity analysis, where
changes to the design are in some sense more important than the final design.

9.3 The body of work

Chapter 2 is a review which aims to illustrate the considerations required in the digital engi-
neering design of plasma-facing components for the divertor. This paper is set in the context
of development difficulties that the fusion community is presently facing. New reactors
are hugely complex and expensive to build, and ever-larger devices are required to improve
performance. This ultimately slows progress towards to goal of commercially viable power
generation as devices become delayed due to scale and complexity, alongside political and
logistical issues (such as the provision of components by ITER members around the world).
This encourages an approach whereby significant leaps in performance and technological
capability are required between subsequent devices, meaning that in the case of components
like the divertor, the next reactor might require a completely different geometry. This creates
problems for an iterative design approach, instead requiring revolutionary design in each
reactor. This problem is compounded by the uncertainty in the operating conditions of fu-
ture reactors, leading to problems of design credibility when proposing new devices. For
the divertor, significant uncertainties exist in the incident heat loads, required tolerance of
plasma disruptions and material properties. Additionally, uncertainties in the performance of
components in reactor-relevant conditions, and systems integration aspects, such as whether
the same coolant as the breeder blanket will have to be used, or whether the heat extracted
will be part of the power plant cycle, make efficient design hard to achieve. Integrated de-
velopment environments for fusion are an attractive prospect, however, the complexity of
modelling involved, alongside a lack of comprehensive experimental data means that these
concepts remain unrealised. A different approach to digital twinning and the use of systems
codes is suggested, whereby digital twins of tokamaks are maintained with different design
choices made in key areas such as the divertor. These could then be updated with experi-
mental data and developments in emerging technologies that may have influenced the choice
if known beforehand, in an attempt to better enable continuous assessment of designs part
way through a reactor’s life cycle. The challenges associated with the development of this
modelling system and a proper assessment of the viability of the concept is however outside
the scope of this thesis.

The industrial collaboration detailed in Chapter 3 fulfilled a mandatory component of the
Fusion CDT programme and was sought in order to establish a grounding for the suggestion
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of AM for fusion-relevant manufacturing. Despite experimental difficulties, the study indi-
cated that AM CuCrZr may be able to achieve thermal properties that do not significantly
disadvantage it when compared to conventionally manufactured material.

The principle behind the topology optimisation performed in Chapters 5, 6 and 7 was to
incrementally build on the implementation to treat more complex processes. This led to a
focus on thermal objectives in the armour domain not considered by other authors, whose
work on topology optimisation of the divertor monoblock was published during the course
of this project. Whilst there is some discrepancy in the literature over the ideal operating
temperature ranges for the materials used in the monoblock, Chapter 6 concludes that using
topology-optimised geometries to reduce the operating temperature on the monoblock plasma
facing surface could lead to desirable increases in yield strength. Furthermore, changes to the
design including a bevelled top surface (and associated heat loads) and different attachment
techniques resulted in drastically different design results. Whilst this is sometimes presented
as a criticism of topology optimisation techniques, it is potentially important to divertor
design where the consequences of component failure are high and the operating conditions
present a severe barrier to producing adequately performant designs. A study was also
performed to investigate the consequences of reducing the Cu content of optimised designs.
The results indicate that lower Cu-content designs maintain significant stress reductions
without the associated lower operating temperatures under load. This may be beneficial
where low Cu-content designs are sought to avoid activation, or where higher W operating
temperatures are sought. The designs are interpreted for manufacture through the use of
functionally graded AM.

The extension of these techniques to application in the monoblock coolant channel chal-
lenged the topology optimisation methodology and the computational resources available.
Chapter 7 is presented as an initial step towards the application of the technique to the design
of internal coolant pipe geometry for plasma-facing components. It is thought that there is
significant potential for the technique to change divertor component design, however, this
will likely require more flexible software suitable for use on high-performance computing
facilities.

9.4 Further work and research impact

In retrospect, there are some aspects of the work presented which could have been done
differently if it were to be repeated, and some areas that would remain outside of the scope of
the project. For future application of topology optimisation to fusion design, the following
steps are recommended.

I Efforts should be made to coordinate the development of design optimisation codes
for fusion in a similar manner to the collaboration and bench-marking associated with
systems code development.

II The basis should be an existing open-source high-performance topology optimisation
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code, such as one of the ones investigated in Chapter 4. This will also allow for more
flexibility in the specification of constraints in topology optimisation, such as those
relevant to manufacturing.

III This could be integrated with parallel finite element and computational fluid dynamics
codes to enable use on high-performance computing facilities, required to perform the
optimisation in sufficient detail to capture complex behaviour.

IV Further effort should be made to integrate the requirements of codes such as the MEAP,
which focuses on monoblock design.

V Further investigation is recommended into the impact of uncertainties in material prop-
erties (implemented through Monte Carlo simulation perhaps) and loading conditions.

VI In general, developments in topology optimisation methodology, such as those rec-
ommended for thermal and fluid problems in (Alexandersen and Andreasen 2020),
are broadly applicable to fusion as a subject area, particularly where they refer to im-
proving the characterisation of physical processes and incorporation of numerical and
experimental verification.

VII Incorporation of deep learning techniques may enable the acceleration of topology
optimisation convergence, as discussed in (Lin, Hong, et al. 2018).

It is the author’s belief that many of the problems that face divertor design will be resolved by
technologies that are beginning to emerge in other industries but are as yet not sufficiently
mature for serious application to reactors. This thesis has explored topology optimisation
and additive manufacturing as ways of changing design methodology, either as a route for
the exploration of a wider design space through rapid prototyping or through the tailoring
of standardised components to specific devices and loading conditions in order to best meet
operational challenges.
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Figure 1 - Rendition of an SMR [Rolls Royce] 

 Advanced Modular Reactors (AMRs) have 
the potential to provide opportunities both 
for The UK nuclear sector and for meeting 
net zero emissions targets. Confronting the 
lack of public enthusiasm for nuclear builds 
is a necessary step toward their eventual 
viability in the UK. Afforestation packages 
present a unique opportunity to persuade 
the public that next generation nuclear can 
be done in a carbon negative and 
sustainable way. Additionally, re-
forestation targets set by the UK 
government mesh well with concepts for 
the re-foresting of exclusion zones 
surrounding fission plants, which would 
otherwise remain empty. 

Background 
Of respondents in a YouGov poll, 62% would not like to 
live within 5 miles of a small modular reactor.[1] 
Demographic concerns were found to be the primary 
issue when siting nuclear power plants in the UK.[2] 
Furthermore, the UK is one of the least forested 
nations in Europe with 13% forest coverage compared 
to an EU average of 38%.[3]  Afforestation can 
contribute to meeting the net zero goal by long term 
carbon sequestration whilst also supporting wildlife, by 
providing crucial habitats for a number of species, 
including those with planned re-introduction schemes 
as part of re-wilding efforts. The current afforestation 
rate (2019-21) is c. 13,000ha per annum, however 
30,000 ha of new trees are needed every year to 2050 
to take woodland cover in the UK from 13-17%.[4] 
Germany has a similar ratio of population to land area 
as the UK but is 33% forested.  
 

 
 
Policy Statement 
This report recommends the creation of a reactor 
forest partnership scheme. Companies wishing to build  
SMRs can benefit from a subsidy and improved chances 
of siting approval if they agree to environmental 
development of the surrounding area as a new 
sustainable forest habitat. This policy has several 
beneficial outcomes, chiefly to positively impact public  
opinion of nuclear power, enabling the creation of 
more future AMR sites.  
The creation of new forest habitats tailored to restore 
and enhance the local environment around SMRs will 
demonstrate that nuclear power can be integrated into 
the environment and that the protected areas around 
the sites can be managed as semi-wild habitats for local 
species. Afforestation of AMR sites will act as nuclei for 
extension of the forests into larger regions. The forests 
must be protected throughout the life of the plant from 
use for timber.  
This policy interacts with points 3, 8, 9 and 10 on the 
UK government 10-point plan for a green industrial 
revolution:[5]  

3) delivering new and advanced nuclear power;   

8) investing in carbon capture usage and storage;  

9) protecting our natural environment and  

10) Green finance and innovation. 

Siting 
The zone required around new SMRs for emergency 
planning (EPZ) however is still under discussion and 
may vary between SMR design but is likely to be on the 
order of several kilometres. The designation of this 
area as forest would be tied to the approval of the site 
for its lifetime (on the order of 60 years)[6] and 
so protecting the forest from removal for industrial or 
residential development, ensuring long term carbon 
sequestration (see box 1).  The Strategic Siting 
Assessment (SSA) from Department for Energy and 
Climate Change in 2011 made a list of considerations 
for nuclear sites stemming from safety and 
environmental concerns. AMRs reduce dependency on 
water due to their reduced cooling requirements, while 
forest production may help alleviate the impact of 
power plants on sites of ecological importance.   
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Another point raised by siting considerations is the 
geographic location. Current nuclear sites in the 
UK are restricted mostly to locations on the coasts, 
where water is plentiful. Rising sea levels threaten 
much of the UK’s coastal regions. In the interest of 
energy security, a future nuclear baseline energy 
production fleet should be positioned far from 
such threats. Reduced AMR dependence on water 
means new sites can be considered inland, 
requiring a new wave of local populations to be 
persuaded to accept fission power in their area. 

 
Figure 2 – UK attitudes toward nuclear plant 

construction in your local area.[8] 

Public Perception  
Overcoming the attitude problem toward fission 

energy has no silver bullet solution. A recent report 

reveals that in the UK only 27% of people would 

support the building of a nuclear power plant in their 

local area, while 41% would oppose.[8] Education must 

be at the heart of changing minds, but other efforts 

can factor into the discussion. Natural beauty has been 

shown be the most widely accepted attraction in a 

local area,[9] and exposure to nature has been shown 

to reduce the risk of mental health problems by up to 

55%.[10] Leveraging these pre-established public 

attitudes will help to shift perception of nuclear 

power. 

 
Figure 3 - Map of UK showing the "low risk" areas 
available for afforestation.[13] 

 

Summary 
With a new era of nuclear power generation 
comes a unique opportunity to tackle multiple net-
zero targets at once. At the same time a rare 
opportunity to positively impact public perception 
on fission energy presents itself. Advanced 
modular forests can accomplish much of this in a 
cheap and sustainable way. 

Box 1: Afforestation carbon sink estimate  

▪ EPZ of 5km yields a forest-ready area of 78.5 

km2, 26% of the UK’s per annum afforestation 

goal. 

▪ New forest captures 300-400 t of CO2 per 

hectare per year at year 50 of existence.[7] 

▪ CO2 sequestered at year 50 by an AMR forest is 

2.75 Mt per year. 

Box 2: Cost breakdown of Advanced Modular Forest 

▪ Cost per hectare of forest is £5095, of which 

government already subsidises around 83%.[11] 

▪ Small modular reactor (SMR) cost estimated to 

be £1.8 billion for first reactors.[12] 

▪ Cost of forest estimated at £40 million, around 

2% of total cost. Private cost is much less at £8 

million, with the rest covered under subsidies. 
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