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Executive Summary

Control of o6ther mal hydraul i csd (endskeypoals si ng al | ¢
current and future nuclear reactor designs, underpinning both reactor performance and safety.

Therefore, a thorough understanding of thermal hydraulic effects, the capability to simulate them

accurately and validate the prediction methodologies experimentally, is essential for efficient

design and safe operation through life. This was recognised in the outputs from the Nuclear

Innovation and Research Advisory Board (NIRAB) in the form of two recommendations:

4 The development of a major new UK Nuclear Thermal Hydraulic Test Facility; and
4 The development of new Nuclear Thermal Hydraulic Modelling techniques and tools.
These recommendations werethend evel oped into tasks under the BEI ¢

programme of work. This specification document (part of the deliverables for Project FORTE) is
focused on the development of the UK thermal hydraulic modelling capability. The primary
objectives are to:

4 Specify future UK thermal hydraulic modelling R&D work that it is focused on addressing
industry requirements and government objectives; and

4 Identify and communicate how this R&D enables the development of UK capability in
digital reactor design.

This document describes the systematic approach thathasbeenused t o progress the ¢
requirement s 6 ererme5tintora eed of 34 meseldrehfand development proposals. In

addition to a workshop enabling UK experts to develop proposed solutions to the modelling

challenges, the approach has included: exploring and defining what is meant by a nuclear

thermal hydraulic modelling capability; considering the UK in an international context; and

identifying the synergies with other industry sectors.

The outputs include activities focused on: developing, supporting and maximising the overarching
aspects of what makes a capability successful; work to enable the use of advanced existing
methods in a UK industrial context; and research to advance the state-of-the-art.

The total volume of research and development included in this specification far exceeds the total
expected budget for Phase 2 of this work. It is therefore recommended that the outputs are used
t o 6 hpraglamdnde of work to meet a particular aim or focus; three examples are included to
illustrate this process. However, two projects were universally considered to be of value
regardless of future technology decisions and are therefore strongly recommended for Phase 2:

4 Maximising UK Collaboration and Collective Learning aims to establish a framework
for collaborative working in nuclear thermal hydraulic modelling, developing and sharing
good practice and lessons learned.

4 Increased Participation in Benchmarking aims to re-engage the UK in international
benchmarking activities thereby promoting international collaboration and enabling
improved confidence in and understanding of nuclear thermal hydraulics modelling tools.

Further recommendations include that the:

4 UK should adopt the use of international tools and help to build on them, rather than
re-inventing our own;

4 Thermal hydraulics model development work-stream should continue to integrate, where
possible, with the Virtual Engineering work-stream; and

4 Availability of high performance computing to UK industry is explored and, if necessary,
expanded.
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1.1 Project Context

The UK Governmentds 2013 déscibedesignificantmrdbitiens forithea | St r a't
UK to grow our nuclear capability; with the key aim of becoming a preferred nation state partner

of the global nuclear technology industry. To h el p f ul f initial objéctvessthier at egy 06 s
Nuclear Innovation and Research Advisory Board (NIRAB) was established in 2014. NIRAB

comprised experts from both industry and academia with the objective of advising Government

on the approach to and coordination of nuclear innovation, research and development in the

UK. NIRAB existed from January 2014 until December 2016, publishing annual reports and

companion documents that analysed and described the civil nuclear Research and

Development (R&D) landscape. In March 2016, a set of recommendations for innovation and

research programmes was published (Reference 1), with the recommendations being prioritised

in a subsequent, November 2016 report (Reference 2).

In October 2015, the Government set aside £250m for civil nuclear R&D activities fi &o re-ignite
the nuclear industry in the UKa Approximately half of that budget was to be used for activities
relating to the development of specific reactors (i.e. Advanced Modular Reactors (AMRS)); the
remainder was to be applied to more general civil nuclear R&D. Control of a large part of that
budget was inherited by the Department for Business, Energy and Industrial Strategy (BEIS)
from its antecedent, The Department of Energy and Climate Change (DECC). This funding is
currently being used specifically to address NIRABGO kigh priority recommendations.

dher mal hydraulicsd (encompassi)isgeylalcuredtanti | ui d f I
future nuclear reactor designs, underpinning both reactor performance and safety. A thorough
understanding of thermal hydraulic phenomena and the capability to simulate them and validate

the prediction methodologies experimentally, are essential for the efficient design of advanced

reactors and their safe operation through life.

Historically the UK has had a strong capability in thermal hydraulic science and engineering,
which was derived from and can be applied across many industries. The majority of the most
successful Computational Fluid Dynamics (CFD) codes have their origins within UK research
institutions, notably Harwell and Imperial College. There remains considerable UK-based
expertise and impetus in the development of thermal hydraulic modelling tools and techniques
to service the needs of other industries. However, the lull in activity in the UK civil nuclear
industry since Sizewell B was commissioned in 1995 is also evident in nuclear thermal hydraulic
research. The UK currently has no major civil nuclear thermal hydraulic test facilities and activity
in modelling R&D has been constrained by the limited funding or other stimulus, from either the
UK industrial base or government.

In order to begin to reverse this trend, and within the overall aim of allowing nuclear energy to
play a significant r ol e two aofthé¢ MIRAB tbeommendatiohsualate ener g
to nuclear thermal hydraulics:

4 The development of a major new UK Nuclear Thermal Hydraulic Test Facility; and
4 The development of new Nuclear Thermal Hydraulic Modelling techniques and tools.
These recommendations have been developed into te

Designdé progr ammd&ORTE is MrarerdN a s RFlésgpatoa for the BEIS
Research and Development Phase 1 project on UK nuclear thermal hydraulic engineering.
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1.2

Programme Goals

The overall aims of the four-year Nuclear Innovation Programme are:

4 By 2020, establish the UK as a partner engaged in collaborative design projects for new
reactors (Generation IV and SMR), building on its existing and growing design expertise;

4 By 2030, maturing R&D results in deployment of new plant with significant UK design
content and manufactured parts;

4 By 2050, R&D has facilitated UK industry to be a significant partner in the global
deployment of Gen llI+, Gen IV and SMR technologies.

The specific benefits of the programme are expected to be:

4 Enhanced designs, increased productivity and a step change in the way that nuclear
design, development and construction programmes are delivered;

4 Increased and widespread uptake of modern digital engineering practices within the UK
nuclear industry;

4 Improved understanding and safety of through life performance of reactor components;

4 A greater predictive modelling capability and understanding of passive safety arguments;

4 A highly-skilled workforce able to drive design improvements and underpin operations

and regulation of future reactors; and
4 Leverage to facilitate extended UK participation in associated international activities.

All of these aims and benefits cannot be met by nuclear thermal hydraulic research alone,
however, all activities and outputs from this project have been considered in the light of whether
they make progress towards achieving these aims as well as whether they achieve the specific
project deliverables.

1.3 Report Structure and Objectives

This specification document (part of the deliverables for Project FORTE) is focused on the

development of the UK thermal hydraulic modelling capability. The primary objectives are to:

4 Specify future UK thermal hydraulic modelling R&D work that it is focused on addressing
industry requirements and government objectives; and

4 Identify and communicate how this R&D enables the development of UK capability in
digital reactor design.

This work builds on previous Project Forte work to perform a critical review of the state-of-the-

art in nuclear thermal hydraulic modelling tools/techniques reported in Reference 6 and the user

requirements gathered from stakeholder engagement activities reported in Reference 5, which

are not duplicated here. The remainder of this document is structured as follows:

4 Section 2 provides a definition of what is understood by a Nuclear Thermal Hydraulic
Modelling Capability and its component parts;

4 Section 3 describes the approach that has been taken to develop the user requirements
captured in Reference 5 into research recommendations;

4 Section 4 considers both relevant international programmes and current UK skills in the
context of world-wide capability and activity;

4 Section 5 presents identified opportunities for tools/methods from other industry sectors
with the potential to add value in Nuclear Thermal Hydraulic Modelling; and

4 Section 6 discusses recommendations for the way forward for nuclear thermal hydraulic
modelling R&D in the UK with reference to potential R&D projects included in Annex A.
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2 A UK Ther mal HydcCaphbcéil

Computational modelling technigues are established as integrated processes throughout
modern engineering, science and technology. They are used in a diverse range of applications
to produce useful datasets, develop real-world understanding, inform design processes and
facilitate organisational decision-making. Nuclear thermal hydraulic engineering is no exception,
with modelling used at all stages of the planning, design and justification of nuclear facilities.

The capability to perform thermal hydraulic modelling is therefore important in enabling cost
efficient and effective reactor design and operation. This section describes the concept of a
nuclear thermal hydraulics modelling capability (Section 2.1), the development of the current UK
capability (Sections 2.2 and 2.3) and considers the possible future requirements (Section 2.4).

2.1 Characterising ACapabilityo

The modelling capability considered by this report consists of the specification, coding and

execution of mathematical models in order to simulate plant performance or investigate fluid

flow and heat transfer in a civil nuclear context. This definition has been developed in-line with

the BEIS ITT for this work, and, drawing on this, the project has been primarily focussed around

the development of methods and tools, and in specifying the research that might support them.

However,a O6nucl ear ther mal h y dmustibé broademthardjesitiei ng capab
methods and tools employed - there are other aspects of capability that are equally important in

delivering a solution that is industrially useful and acceptable to regulators.

There is significant value in taking a 6 w h oyl set edemdof this capability. For example,
including the enabling and supporting elements, both technical and non-technical, gives a more
complete understanding of what it takes to deliver a modelling solution. Figure 1 presents the
structure graphically, illustrating the features required by a UK Thermal Hydraulics Modelling
Capability and how those features interrelate to enable a whole capability. In order to develop
as comprehensive a picture as possible, this structure has been developed with academic and
industry stakeholders and used to classify all of the research and development project
proposals created (Section 6).

Presenting capability as a structured whole means that it is easy to identify where a weakness

in one area may compromise the overall capability. Similarly it serves as a reminder that there is

little point in conducting extensive research and development to improve an area which is

limited by some other factor. Mapping the whole capability allows the demonstration of all of the

ways in which a specific package of research and
(Table 2 in Section 6).

In reference to Figure 1, experimental testing is a vital part of developing a modelling capability.
Experimental data is often associated with validation and uncertainty reduction of a model in the
later stages of its development, but testing is also often needed to identify phenomena, develop
physical understanding and provide input data. Test data is, therefore, used throughout the
development of a modelling solution, and hence, access to the facilities and the funds
necessary to perform experiments is key to a successful capability.
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Providing a modelling capability to facilitate the thermal hydraulic aspects of reactor design,
operation and safety assurance
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Figure 1: UK Thermal Hydraulic Modelling Capability
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2.2 The Evolution of the UK Capability

The current UK civil nuclear power generation capability comprises 14 AGRs (Advanced Gas-
cooled Reactors) and 1 PWR (Pressurised Water Reactor). These reactors were designed and
built from the 1960s to early 1990s, building on continuous reactor research, design and
operation stretching back to the 1940s. Activity in UK civil nuclear reactor design largely
stopped after the completion of Sizewell B and the cancellation of the Dounreay fast reactor
programme?. From that time (until 2013), the UK civil nuclear industry has been focused on
reactor operation, plant life extension, decommissioning and waste management, and research
focus shifted toward nuclear fusion as a promising longer term prospect for power generation.

Without a civil nuclear fission reactor design and development programme, there was little
incentive for innovation in the UK& sapability. The level and type of analysis work that is needed
to support operation is not the same as that required to develop and substantiate a new design.
In such a highly regulated industry, the burden of demonstrating that a specific tool or method is
fit-for-purpose is significant. Therefore, once a method is established as suitable for a task,
there is less incentive to change it, even if a newer method can offer advantages. Therefore, the
development or adoption of new thermal hydraulics modelling tools is driven by the need to
simulate new designs comprising new flow features, components or working fluids. Therefore,
with no development programme, the drive in the UK civil nuclear industry has been low, with a
significant proportion of UK capability still associated with the tool set developed to support the
safety assurance of the existing UK reactor fleet (such as the MACE and PANTHER codes
employed by EDF Energy) . Tch effortd Kadescontineiexl & grogress, but with a
diminishing community of researchers. The application of advanced modelling methods to new
and existing international reactor designs is well within the experience and skills of a number of
UK researchers. However, without a UK based reactor programme or a consistent or
predictable source of funding, UK activities and involvement in international programmes has
become fragmented and sporadic.

Historical experience of some Gen IV reactor technologies has been all but lost, as the
engineers involved in the UK programmes have retired. More recent experience has been
gained by some specific individuals in academia, through involvement in international
programmes. In addition, organisations developing both a Molten Salt Reactor and a High
Temperature Gas Reactor have completed at least some of their early concept design work in
the UK. However, as with all Gen IV reactors, further development will likely be based where
there is a significant body of expertise in that specific technology and, critically, the availability of
substantial further investment and opportunities for deployment. On the basis of these two
factors, the UK lags behind other countries in attractiveness for Gen IV reactor developers.

In modern, international nuclear codes, such as those listed in Section 3.4.2, the UK civil
nuclear industry does not hold widespread expertise. The majority of these codes are
developed and validated for Light Water Reactor (LWR) use and, because the UK only operates
one such plant, the need for UK skills in this area has been low.

In contrast, in modern, more general purpose fluid modelling tools, such as CFD, there remains
considerable UK-based expertise and impetus in their development to service the needs of
other industries. Section 5 of this document discusses the modern modelling practice in
automotive, aerospace, defence and other industries to highlight any that may be applicable.

1 Note that this comment relates to civil reactor design only, capability in reactor design for defence purposes
is not considered by this programme. In some component areas, such as pumps, UK industry has continued
to develop and support international reactor design.
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2.3 The Current UK Capability Picture

Considering the current UK nuclear thermal hydraulics modelling capability in the context of

Figure 1 requires taking a multi-dimensional view. For example, in the modelling of aspects of

the current reactor fleet relevant to continued operation, the UKhasawel-d evel oped and 0f
purposed capability-obtheraegddy applrtolacihgels @gteatneot r e
In the thermal hydraulic modelling of molten salt reactors, the UK capability (and indeed the

world capability) is far less well developed. Even within a single reactor technology the picture is

complicated as some phenomena are better understood than others and some methods are

well understood in an academic context, but less so in an industrial one. It is therefore not

possible to represent the O&Hapdtanpodigurelli tyé easily

The hardware needed to support the use of advanced thermal hydraulic modelling methods and
(to a large extent) the concepts and doctrine are common across all reactor types. These areas
are not the main focus of this project, but development in both would need to run alongside
developments in thermal hydraulic modelling to deliver a complete capability.

The specific knowledge and skills needed by personnel and the modelling methodology and
software applied are dependent on the type of thermal hydraulic problem at hand. It is important
to understand that, in thermal hydraulics (arguably) more than in any other technical discipline,
the specific reactor technology under consideration matters, as one of the defining differences
between technologies is their primary circuit working fluid (coolant). These aspects of the UK
capability are summarised in Sections 2.3.1 to 2.3.3. A fuller description of the state-of-the-art in
thermal hydraulic modelling capability is included in Reference 6.

It is worth noting the important distinction between the level of maturity of a reactor design and
the level of maturity of the thermal hydraulic modelling capability that supports it. For example:

4 HTGRs and VHTGRs are categorised as Gen |V reactors, but the thermal hydraulic
modelling of single phase gases has the highest thermal hydraulic modelling TRL of any
reactor primary circuit fluid.

4 LWRs are an established technology with many operational plants throughout the world,
but the thermal hydraulic modelling of the two-phase flow present under many conditions
is still an area of significant empiricism and uncertainty.

2.3.1 Gas Reactors

I n the context of this section 6gaseprimagycitcatr s 6 ar e
fluid is a gas, which includes GFR and VHTR.

The UK capability in the thermal hydraulic modelling of gas flows and heat transfer is at least as
good as the rest of the world. UK industry has a good physical understanding of the phenomena
and fluid material properties and access to a good range of appropriate state-of-the-art
modelling tools. Due to the extensive need to model gases in other industries, there is also a
reasonable number of skilled personnel who could transfer their skills to the nuclear industry
with only a modest amount of training.

As with all thermal hydraulic modelling, the UK has a good capability in general purpose tools
like CFD and in the physical and empirical models embodied within them. The civil nuclear
industry currently lags behind some other industries in the use of state-of-the-art tools,
especially for licensing purposes, and there is a great deal to be gained by a wider application
of extant CFD modelling capabilities to nuclear thermal hydraulics. The main barrier being the
demonstration of confidence and validation of the methods in a civil nuclear context (this
observation is echoed in Section 6.2).
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UK engineers have significant experience with the current fleet of gas reactor (AGR) system
modelling tools. Although it is unlikely that these specific tools will be used to model new reactor
designs, a good understanding of the phenomena of importance and the underlying methods
used will stand UK engineers in good stead in developing modern equivalents. A pebble bed
core design (rather than a prismatic core) will require the development of new methods or the
use of new international thermal hydraulic system tools, but this is likely within UK capability.

The ability to generate civil nuclear validation data within the UK has been limited by a lack of
facilities, but there is a good capability to design and operate test rigs investigating the flow of
gases in other industries. There is also a better body of international test data available for
gases than for more unusual fluids, although it is not as extensive, in a nuclear context, as that
for LWR.

The areas where UK capability would need to be developed for modelling gas reactors are
consistent with world capability gaps identified in Reference 5.

2.3.2 Light Water Reactors

Light water reactors encompass both large and small reactors using light water as a primary
circuit fluid (BWRs and PWRS).

The thermal hydraulic modelling capability required to operate an existing PWR already exists in
the UK. However, a number of the methods employed would now be considered out-of-date in
countries with a more extensive LWR fleet or significant design activity. UK physical
understanding of phenomena of importance in PWRs is good (although in industry it is vested in
a relatively small number of organisations). As the UK does not currently operate a BWR, this
understanding is lacking in much of industry.

Specific UK organisations have experience of small PWR design for defence purposes which
includes both thermal hydraulic modelling and testing. Although it is not possible for UK civil
nuclear industry to benefit from any specific IP relating to defence applications, relevant thermal
hydraulic knowledge and experience exists within a number of organisations.

UK academic institutions are already performing research to advance (a reasonably good)
capability in CFD modelling of the two-phase water flow relevant to LWR design, funded via
EPSRC and industry contributions. The main challenge (in common with the rest of the world) is
that this capability is still not at a TRL where it can be used to model the complex conditions
seen during the faults of most interest to reactor designers to a sufficient level of confidence to
support nuclear safety.

Much of UK industry does not have a good level of knowledge and experience with international
dwclearc odes 6, i . esub-ceaypneltcades, bayond those used for Sizewell B. In
particular, UK industry knowledge and experience of BWR specific codes is low. As discussed
in Reference 6, there are a large number of international tools available with the most widely
used system and sub-channel codes typically being the product of a single nation or large
corporation. Where there has been significant investment in such tools, there are often political
and commercial barriers to UK industry gaining access to them for the purposes of reactor
design.

2.3.3 Liquid Metal and Molten Salt Reactors

Reactors that employ a liquid metal (including sodium, lead and lead-bismuth eutectic) or a
molten salt as the primary circuit fluid introduce additional challenges from a thermal hydraulic
perspective. These fluids are less commonly used in other industries and therefore less widely
understood.
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The UK (and the world) capability in the thermal hydraulic modelling of these fluids is

significantly less than for gases and water. The majority of the recent expertise with these fluids

in the UK resides within academic institutions. There is one UK organisation currently

developing a molten salt reactor design where industry expertise is being grown. There is also a

body of UK based knowledge dating from the historic fast reactor programme (including thermal

hydraulic aspects), some of which has been captured by this projectandt he o6 Fast Reacto
Knowl edge pjacpvithirrtres dluclear Innovation Programme.

In common with the rest of the world, the UK lacks capability across all areas of thermal
hydraulic modelling of liquid metals and molten salts and there is the need for further R&D to
address pertinent issues. For example, the high thermal conductivity of liquid metals makes a
significant number of the methods employed for water and gases unsuitable. New methods are
under development internationally, but lack the maturity and user base of LWR tools.

2.4 Future UK Capability

The nature of a future UK Nuclear Thermal Hydraulic Modelling Capability will primarily depend
on choices that are made within the UK policy and funding landscape and market forces. The
emphasis, extent and nature of the future capability will be defined by the reactor technologies
that the UK decides to invest in and the role that the UK decides to pursue within the global
nuclear industry. Key questions to enable the definition of this role are currently unanswered;
without this clarity, objective down-selection of research and development proposals is
impossible or counter-productive. This difficulty arises because it is not possible to define
specific propositions that will make both a significant short-term impact and provide benefit
across the range of possible future scenarios.

However, the structure of a UK nuclear thermal hydraulic modelling capability that has been
developed (Figure 1) fits a variety of possible futures and is useful for examining, comparing
and checking the comprehensiveness of research and development proposals. Strengthening
the enabling elements of the structure (Personnel, Hardware and Infrastructure, Concepts and
Doctrine) is likely to provide benefits regardless of the core Modelling Methodology and
Software Solutions needed to support technology choices. For example, access to High
Performance Computing (HPC), i.e. supercomputers, is key for the exploitation of advanced
modelling methods. There is a need for access to HPC now, and this will only increase with
increased uptake of these methods. The development of diverse commercial and organisational
approaches to allow better utilisation oft h e U K 6 s HPE facilsies is augside the remit of
this project, but would be an enhancement of the enabling elements.

It is important to acknowledge that it is not possible or desirable to separate the UK capability
from the world capability. This is particularly apparent in the thermal hydraulic modelling tools
currently available. The most widespread CFD tools are truly global in their use and their wide
range of applicability across a range of industries gives them an extensive user base both within
the UK and internationally. System and sub-channel codes are less universal, with differences
in the preferred toolset between countries. As previously discussed in Section 2.3.2, these
modelling tools are not necessarily comprehensive for new reactor designs and not all are freely
available within the UK. However, due to the significant cost and time implications of duplicating
the existing toolset, it is strongly recommended that the UK develop its capability by adopting
tools and building on world capability rather than attempting to develop a completely
independent set.

This project and the other recommendations made by the NIRAB committee have been
developed on the premise that the UK will be directly involved in future reactor design. Indeed
the title of the programme under which Project FORTEf al | s i s o0Di gi Whdn React o
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considering the capability that the UK may need in the future, therefore, the enabling and
support of reactor design activities (rather than imported reactor operation or the sale of
technical software or services) has been taken as the most important consideration. However,
achieving this vision will take time and on-going investment beyond just nuclear thermal
hydraulics. It is important to set realistic, shorter term goals that fulfil the UKs short term needs
as well as working towards the longer term vision.

Following the timeline laid out by the Nuclear Innovation Programme aims, and considering an
example possiblee vo |l ut i on olinoldghaspirdli¢hé tewarndsthis goal, the following
timeline for capability development is postulated.

2.4.1 Short Term (2020 horizon)

i By 2e8tablsh the UK as a partner engaged in collaborative design projects for new
reactors (Generation IV and SMR), buil di ng on its existing and gr o

The current Nuclear Innovation Programme is scheduled to complete in March 2021. This short
term horizon is consistent with the programme and therefore the capability development
identified can be connected with the project proposals within this document (described in
Section 6 and Annex A).

The currently envisaged new build projects in the UK are all based around LWR technologies.
Therefore, in the short term, it is likely that UK industry will want to focus on the thermal
hydraulic modelling necessary to regulate and operate these imported designs. Furthermore, it
is likely that most of the first SMR reactors to be ready for deployment will be based on light
water technologies. International state-of-the-art codes have been created and customised to
support a wide range of LWR reactor systems. For industry, using such (international) system
and sub-channel codes that are available and beginning to build a sustainable user base is
overwhelmingly the most cost effective initial approach and likely the only pragmatic option in
the short term. This is already starting to happen, but progress is slow. Due to the need to keep
costs down, a lack of UK-based experience and for the protection of IP, the majority of the
thermal hydraulics work on current new build projects is being performed outside of the UK.

Despite the relatively mature nature of LWR technologies, research and development activities
over his timescale are needed to building capability in areas where the current modelling tools
are weak?. The need to reduce costs is perhaps the single most pressing requirement for the
civil nuclear industry. Currently used predictive capabilities for LWR embody considerable
uncertainties, and in a nuclear context the natural and necessary response is to design plants
with large margins, to ensure unsafe conditions are not approached. This imposes considerable
economic penalties on the plants which could be reduced by improvements in predictive
techniques. In addition, events such as Fukushima Daiichi accident, coupled to the desire to
simplify and reduce the costs of plants, have increased reliance upon passive safety.

Prediction of thermal hydraulics performance under passive, natural circulation conditions is

particularly difficult, increasing the importance of further developments in capability in this area.

This is reflected in the number of project proposals in Annex A relating to natural convection

and the improved prediction of heat transfer. In the less mature Gen IV technologies, the tools

are less well developed and there is the potential to grow the UK involvement in the future of

these tools. However, whilst some initial steps down this path would be possible, it is unlikely

thatmuch coul d be achieved by 2020. The focus woul c

2 Whether this process should be a candidate for government investment, or should be paid for by
operators is a matter of active debate (see Section 7).
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one or two projects, likely in a niche area, to develop UK R&D capacityand gain a o6f oot
door & of reactor de {aaumbegy ohsuitable gptioms gre givermreSection 6).

The highly regulated nature of the nuclear industry means that any new or novel methods/tools
would need to be subject to rigorous code verification and application specific experimental
validation of results before they would be appropriate for use. Guidance on such activities has
been documented under initiatives co-ordinated by the OECD NEA Committee on the Safety of
Nuclear Installations (CSNIS). This time consuming and expensive process can be a significant
barrier to the use of more generally applicable methods by the civil nuclear industry. Research
and development activities over the next two years can play an important role in breaking down
the barriers by demonstrating the value of methods, even without achieving any specific
scientific advancement (noted in Section 6.2).

2.4.2 Medium Term (2030 horizon)

By 2030, maturing R&D results in deployment of new plant with significant UK design
content and manufactur ed part so

Expanding the UK®&s role to be more than an operat
modelling capability from that required to support regulation and operation of reactor

technologies to being able to deploy a full lifecycle design and safety substantiation toolset.

Depending on the short term choices made, the predominant need would likely remain a light

water modelling capability. By 2030, it is envisaged that this would include tools incorporating

UK developed, innovative capability and a significantly increased pool of skilled personnel.

By2030,consi derabl e devel opment i W rebddoetechhKldges i nvol ve.
could be achieved via appropriate collaborations and direct involvement in international

programmes. However, it is not sensible for the UK to be a contributor to all of the possible

Gen IV technologies; endeavouring to support too many technologies is almost certain to leave

sources of research funding stretched too thin to make meaningful contributions to any. Nuclear

thermal hydraulic modelling is required for all technologies to progress, but the magnitude and

precise details of the capability required is different. Therefore the congregation of the capability

around one or two Gen IV technologies is both likely and desirable. This down-selection could

be via either direct intervention in policy and government funding (e.g. the Advanced Modular

Reactors (AMR) Competition) or may occur via market forces.

It is worth noting that the embodiment of a nuclear thermal hydraulic modelling tool set will likely
differ in the UK from that currently seen elsewhere in the world. Some of the most successful
nuclear specific international tools are (or have been) owned, maintained, licenced and
distributed by a national body, rather than a private commercial organisation or a specific
academic institution. These tools are used in conjunction with vendor specific tools (and data)
and commercial generic modelling methods to form a complete solution. In the absence of such
a body (and considerable amount of sustained funding)i t i s hard to visuali se
reactor tools. Rather, it seems more likely that each reactor vendor will acquire and/or develop
their own thermal hydraulic modelling solution (with the support of their supply chain, including
commercial software vendors). The key for successful R&D may therefore be in providing the
foundation and focus on which to build a UK capability and foster national collaboration, rather
concentrating on providing the tools themselves.

Whil st adopting and adapting currently availabl e
expected by 2020, by 2030 UK vendors may arrive at conditions where an increasing

3 https://www.oecd-nea.org/nsd/csni/cfd
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percentage of dndigenousétools is preferable. This can arise by the motive to apply the latest
scientific and computational methods, but also for security of provision“.

Public funding in nuclear thermal hydraulic research and development is likely to be required to
achieve the 2030 aims by supporting:

4 Academic research to maintain the UK at the cutting edge of new innovation and to
ensure a pipeline of skilled individuals for a growing industry;

4 Industry and academic engagement in international collaborative activities; and

4 Development required for future reactor design activities where the timescales for return

on the investment is too long (or too uncertain) for solely industry investment.

2.4.3 Long term (2050 horizon)

fBy 2050, R&D has facilitated UK industry to be a significant partner in the global
deployment of Gen lll+, Gen IV and SMR technolog i e s 0

The current BEIS nuclear innovation programme (in all areas) takes only the first steps towards
this future and a sustained programme of reactor development and associated research,
focused on specific technologies and designs, would be needed to achieve it. Therefore looking
this far into the future does not, currently, identify any factors that need urgent action. The
reactor designs to be pursued are not defined, and computing, modelling and regulatory
developments cannot be sensibly anticipated.

Developing a modelling toolset, as identified as a medium term goal, is not a short activity -
approximately ten years from concept to validated maturity is needed for a piece of complex,

high performance simulation software. Therefore, there is currently sufficient time to pursue the
6adopt and adapt 6 st r2d.1te gatisfy onmediate needd, andicreaidools i o n
when appropriate for the medium to long term goals. This will only be successful, however, if

there is a:

4 Sustained period of funded (by independent vendors, or government, or a combination of
both) activity in both UK reactor design and associated research;

4 Consistent pipeline for the generation and retention of suitably qualified and experienced
engineers and scientists to both employ and advance the tools; and,

4 Periodic reassessment of the UK and international position, and re-steering of the R&D
activities by, for example, undertaking an update of this document every five years.

“There is a sense in whicpahiavohgflbea ied gonsoevadta fire-dasds e 0 i s
nuclear nation, and serious partner, able to lead, own, develop and innovate in technology programmes.
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3

3.1

The UK 1 n an I nternat.i

UK nuclear R&D funding compared to international peers, and the U K é&apability landscape
are well described in the February 2017 NIRAB survey (Reference 3). Similarly, publically
available information shows that the research into advanced reactors and the building of new
Gen lll reactors is led by Canada, China, EU (plus Switzerland), France, India, Japan, Russia,
South Korea, USA. Sources include:

4 IAEA Advanced Reactor Information System® (ARIS);

4 IAEA Power Reactor Information System® (PRIS);
4 Gen IV forum’; and
4 World Nuclear Association Small Nuclear Power Reactors Reviews.

Although the UK has previously not been an @ctiveéparticipant in Gen IV forum development
programmes, the UK has recently re-joined as an active member. UK investment budgets in civil
nuclear R&D are small in comparison to the countries above.

In this context, there are a large number of ongoing international thermal hydraulic research
programmes, and sets of modelling tools are in existence world-wide that have been
continuously refined over decades. This, along with the expected international aspects of new
reactor designs, creates a strong incentive to not attempt to initially duplicate or re-invent these
efforts, but instead to collaborate with other tool users and contribute to their development.
While the UK is part of some of these programmes, the contributions are small and limited to a
small range of individuals or institutions. The UK has strong skills that are relevant to these
programmes, which could make a significant contribution given appropriate funding and high-
level engagement.

This section provides an overview of the current international research and toolsets, focussing
on Europe and the USA.

IAEA Coordinated Research Activities

| AEAOG s Co ResenhicmAxctivibed (CRAS) aim to stimulate and coordinate the research
activities of member countries in selected nuclear fields. These are carried out through
Coordinated Research Projects® (CRPs), which bring together scientific institutes from different
member countries to work on problems of common interest. It has a total budgetof 4 7 mi | |
with a UK c ontQ00ib2a014i Aonamber bf aalivee £RPs deal with thermal
hydraulics for Gen IV reactors, SMRs and application of CFD to Nuclear Power Plant Design:

4 High Temperature Gas-cooled Reactor (HTGR) Physics, Thermal Hydraulics and
Depletion Uncertainty Analysis (no UK participation);

4 Modular High Temperature Gas-cooled Reactor Safety Design (the UK is a participant);

4 Understanding and Prediction of Thermal Hydraulics Phenomena Relevant to

Supercritical Water-cooled Reactors (SCWR) (UK patrticipation from the University of
Sheffield, working on computational predictions of supercritical phenomena);

5 https://aris.iaea.org

6 https://www.iaea.org/PRIS

7 https://www.gen-4.org

8 http://www.world-nuclear.org/information-library/nuclear-fuel-cycle/nuclear-power-reactors/small-nuclear-

power-reactors.aspx

9 http://cra.iaea.org/cra/index.html
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4 Sodium Properties and Safe Operation of Experimental Facilities in Support of the
Development and Deployment of Sodium-cooled Fast Reactors (SFR) (NAPRO) (no UK
participation);

4 Design and Performance Assessment of Passive Engineered Safety Features in
Advanced Small Modular Reactors (no UK participation); and

4 Application of Computational Fluid Dynamics (CFD) Codes for Nuclear Power Plant
Design (no UK participation).

The advantage of participating in a CRP is in the sharing of resources and data as the group
work towards a common goal. Although the CRPs are co-ordinated by the IAEA, participants
are expected to self-fund their activities.

3.2 Current and Recent Thermal Hydraulic Research in Europe

The EU 7th Framework Programme funded NURISP (NUclear Reactor Integrated Simulation,

2009 t o 207 PK pariclpation3rbn Imperial College London, which was funded

U 4,881) and NURESAFE!! (NUclear Reactor Safety Simulation Platform, 2013 to 2016,
UK participation from Imperial College London, whichwa s f u n ¢d87) which &ntinued

from the 6th Framework NURESIM project.

NURESAFEO&s subprojects included:
4 Multiphysics applications involving core physics.
4 Multiscale analysis of core thermal hydraulics, from DNS to sub-channel modelling.

4 Multiscale and multiphysics applications of thermal hydraulics (LOCA, PTS and BWR
issues such as dry-out and modelling of the suppression pool).

The objective of NURESAFE is to deliver to European stakeholders a reliable software capacity
usable for safety analysis and to develop a high level of expertise in the proper use of the most
recent simulation tools. Integration of simulation tools was achieved using the NURESIM
simulation platform?2. The NURESAFE programme intends to provide a more accurate
representation of physical phenomena by developing and incorporating the latest advances in
core physics, two-phase thermal hydraulics and fuel modelling into best estimate codes. This
involved developing significant capacities for multiscale and multiphysics calculations, and for
deterministic and statistical sensitivity and uncertainty analysis, and facilitating their use in a
generic environment.

The EU 7th Framework Programme also funded THINS?!3 (Thermal Hydraulics of Innovative

Nuclear Systems, 0 1 0. 5M, 2010 to 2015, UK parlondeanamati on f |
Computational Dynamics (now Siemens PLM) whoweref unded 066, 977 and U064,
respectively to perform research into the computational modelling of pebble bed reactors). The

project topics included:

4 Advanced reactor core thermal hydraulics;
4 Single phase mixed convection;

4 Single phase turbulence;

4 Multiphase flow; and

4 Numerical code coupling and qualification.

10 https://www.cordis.europa.eu, t he budgets stated are the fAtotal cost
11 http://www.nuresafe.eu

12 http://www.nuresafe.eu/docs/NURESIM-flyer v2.pdf

13 http://www.ifrt.kit.edu/thins
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3.3

The project aimed to establish an experimental database and develop new and more accurate
physical models and numerical simulation tools. Twelve experimental facilities were included in
the project, and the project generated substantial new data. New correlations for models were
developed for heat transfer and pressure drops. They were (partially) validated, based on the
established test data and also implemented in numerical codes.

Currently, there are a number of consortia in Gen IV reactor technologies supported through
Horizon 2020, including SESAME, MYRTE and SAMOFAR, all running between 2015 and
2019. The former two are concerned with liquid metal cooled reactors (including both SFR and
LFR), whereas the latter is concerned with Molten Salt Reactors (MSR).

The SESAME (Simulations and Experiments for the Safety Assessment of MEtal cooled

reactors, U6.6M, no UK participation) is solely

fundamental, safety-related, generic challenges. The complementary MYRTE (MYRRHA
Research and Transmutation Endeayvofocusesanihg M, no
further development of the MYRRHA reactor in Belgium, with a large part devoted to thermal
hydraulics. The two projects work closely together and identified the following key areas of
development:

4 Liquid metal heat transfer;
4 Fuel assemblies; and
4 Plenum and system thermal hydraulics.

The projects aim to validate analytical and simulation methods with reference data. The projects
recognise that there are significant limitations and difficulties with physical experiments with
(opaque) liquid metals given the difficulty of the accessibility of instrumentation to the regions of
flow of interest and level of fidelity that experiments can provide. High fidelity simulation data,
typically Direct Numerical Simulations (DNS) or Large Eddy Simulations (LES), are to be used
to generate data to complement or replace experimental data for model validation.

The SAMOFAR (Safety Assessment of the MOlten salt FAst Reactor, (G5. 2M, no UK
participation) project aims to achieve a number of objectives, including:

4 To deliver experimental proof of concept of the safety features of the MSFR;
4 To provide a complete safety assessment of the MSFR and chemical plant; and
4 To update the conceptual design of the MSFR with all input gathered during the project.

In the area of thermal hydraulics, the project aims to develop experimental facilities to produce
data on heat transfer and flow/loop instability, as well as develop leading-edge multiphysics
codes, including uncertainty propagation for transient calculations.

Current and Recent Thermal Hydraulic Research in USA

There are two major ongoing national R&D projects in nuclear modelling and simulations in the
US: CASL and NEAMS funded by the Office of Nuclear Energy and previously CESAR, funded
by the Office of Science of the DoE.

The Consortium for Advanced Simulation of Light Water Reactors?®> (CASL) aims to deliver
solutions to industry-defined challenges for current LWR technologies. It is funded by the US
Department of Energy, receiving $30 million in 2018 and due to receive $27.8 million in 2019. It
is a consortium between US industry, national labs and universities with a vision to provide leading
edge modelling and simulation capabilities to deploy within the US nuclear energy industry to

14 http://samofar.eu

15 https://www.casl.gov
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improve LWR operational performance. One of its key outputs is to develop and validate the
Virtual Environment for Reactor Applications® (VERA). The thermal hydraulic analysis is based
on a coupled approach between the system/sub-channel codes and CFD. The UK has some
involvement in the project: Rolls-Royce sits on one of the advisory bodies; UK personnel from
Siemens PLM contributing in the area of CFD modelling; and NNL contributes in the chemistry of
CRUD formation.

The Nuclear Energy Advanced Modelling and Simulation Program?” (NEAMS) develops and
validates predictive analytic computer methods for the analysis and design of advanced reactor
and fuel cycle systems including Gen IV reactors (SFR and HTGRs) and SMRs. The vision of the
NEAMS Pellet-to-Plant Toolkit (a high performance computing solution for nuclear performance
and safety) is to provide insights that cannot be achieved through experimentation alone.
Consequently, high fidelity simulation is the focus of the methodology that is being developed.

The Centre for Exascale Simulation of Advanced Reactors!® (CESAR) focussed on the two key
components of reactor core modelling physics - computational fluid dynamics and neutron
transport - with particular focus on parameter regimes required for robust, coupled reactor core
modelling. The program received $4 million a year for 5 years from the Office of Science to
enable exascale reactor simulations, which will fundamentally change how nuclear reactors are
built, tested and operated. This was expressed as a two-fold goal:

4 To drive the design of future hardware architecture, system software and applications
based on the algorithmic requirements of nuclear engineering applications; and

4 To develop a new generation of underlying algorithms which successfully exploit
exascale computing to solve significant reactor simulation problems.

Nek5000, the CFD code, central to NEAMS, was a key component of CESAR.

3.4 Modelling Toolsets

Modelling tools for thermal hydraulics are complex, difficult and expensive to develop to a level
of maturity to be reliable for design, and particularly for safety justification. High quality
verification and validation evidence is needed for the wide range of components and physical
phenomena. This is difficult and expensive for nuclear thermal hydraulics on its own, even
without accounting for the (necessary) coupled tools, incorporating neutronics for example.
Therefore, the availability, functionality and application of complete modelling tools is closely
linked to national and international R&D and reactor build programmes.

There are no toolsets available that are able to be openly obtained that are qualified a-priori to
be used and accepted by a regulator for safety analysis of a new reactor design (although a
reactor developer is free to use them for design studies, at their own (commercial) risk). This is
because they require reactor specific Verification and Validation (V&V) evidence to support their
use for a particular purpose.

Thermal hydraulic modelling tools for nuclear applications can be broadly split into two

categories
4 General purpose simulation codes (Section 3.4.1).
4 System and sub-channel 6 n u ¢ todes (Séction 3.4.2).

16 https://www.casl.gov/vera
17 https://neams.inl.gov
18 https://cesar.mcs.anl.gov/content/about-cesar
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3.4.1 General Purpose Physics Simulations

This primarily means CFD codes, which are in many instances available from a commercial
vendor (such as ANSYS FLUENT and CFX, or Siemens PLM STAR-CCM+, all of which were
substantially developed in the UK), or are open-source (Code_Saturne (France), OpenFOAM
(UK) or Nek5000 (US)). Some nuclear domain codes are developed and owned by national
bodies e.g. NEPTUNE_CFD (EDF, France), TRIO_U (CAE, France) or Hydra-TH (Los Alamos,
us).

CFD codes are potentially applicable to any reactor type, can provide a detailed 3D calculation
of flow field and represent much of the physics explicitly (the UK is a world-leader in the use and
development of CFD codes and models). However, the use of CFD models in nuclear thermal
hydraulic prediction is not without its challenges. The general purpose and flexible nature of the
tools mean that the results are often sensitive to the decisions of each user and, despite the
considerable physical basis for the models, CFD codes still embody many empiricisms. This
leads to uncertainty in the predictions and extensive validation, focused on the class of problem
being tackled, is needed, especially for safety and licensing purposes. Suitable validation data
can be expensive or difficult to obtain, either because dedicated experimental facilities with
appropriate measurement capability are needed, or extant data is not made openly available by
reactor developers or national organisations.

In addition, despite recent advances in computing, it is still too numerically intensive to perform
large-scale design and safety CFD analysis on a whole core or a whole primary circuit.

3.4.2 System and Sub-channel Codes

Unlike CFD, these codes do not solve the fundamental 3D continuum mechanics equations, but
use a simplified equation set and coarser geometrical representation of the system. In essence,
"systems codes", model flows in one-dimensional piping networks. For any system that can
reasonably be modelled as such, systems codes (after decades of development) present a
powerful and relatively cheap-to-run modelling tool.

The one-dimensional conservation equationsares uppl ement ed by docl osur esd
example, heat transfer or pressure drop to local flow conditions. Such closures need to be

derived based on extensive experimental measurements and their applicability is often limited to

specific designs and ranges of conditions. The models, therefore, need considerable

experimental data to develop the inputs as well as for validation. Additionally, all reactor designs

have regions which are not well represented by a 1D approach, which introduces uncertainty

into the model predictions.

System codes (such as ATHLET (Germany) CATHARE (France), RELAP or TRACE (both US))
represent the transient response of the entire primary circuit of a reactor, while sub-channel
codes (such as COBRA-TF/CTF (US), FLICA (France) or VIPRE (US)) provide more detail
(typically) on an individual fuel channel. There also exist a large range of nuclear industry
specific codes that typically perform analysis of a specific piece of plant, for example, GOTHIC
(US), which is used to analyse containment conditions during accidents.

These tools were typically developed for LWR technologies, and are most widely validated for
them, but can be applied to any reactor technology. The UK civil nuclear industry lags the
international community in the extensive use and development of these codes, because it
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predominantly owns and uses only the tools needed to analyse and operate AGRs (for example
MACE, PANTHER and FEAT), and not those for the more common BWRs and PWRs?°,

In addition to simulating LWRs, some system codes have been adapted to simulate other
coolants. For example, TRACE has been used to simulate the Phenix SFR end-of-life natural
circulation experiments?. In addition, some system codes have been developed specifically for
other coolant types, such SAS4A/SASSYS-121, developed since the 1960s by Argonne National
Laboratories for liquid metal reactors.

3.5 Outlook

The assessment of the UKOGs positon relative to tt
to an assessment and comparison of tools, because they become the repository for, and
embodiment of, muchofa r eactor technol ogy programmeds knowl

System and sub-channel codes are usually the property of reactor developers or national
organisations, but access can be obtained or negotiated. However, in all cases, an analyst will
require reactor specific closure data to make accurate predictions that are acceptable to a
regulator. That is difficult or expensive to obtain, requiring significant experimental data, or other
high quality inputs, potentially obtained by CFD. The closure data embodied by system and sub-
channel codes represents the output of the huge investments made in the 1980s and 1990s.

Therefore, a modelling capability that is to be employed by the UK in the short term will, in all
likelihood, require access to either these tools, as developed and used by international peers, or
access to validation data that they hold. Making good use of these tools also requires significant
training and experience, and so contact and collaboration with their developers is highly
beneficial. Several of the project proposals that have been developed for this report make
propositions to collaborate with the developers and users of these tools.

A number of the project proposals make specific suggestions regarding international tools and
research, which include:

4 Joining the international efforts to benchmark thermal hydraulic doolséis proposed by
project P2_A.

4 T h dJK BWR predictive modelling validationcentred0 host ed in Bangor prop
project P2_D requires obtaining and gaining competence in international tools for

comparison.

4 Professor Shuisheng He (University of Sheffield) is the UK representative on the current
IAEA CRP related to SCWR, as progressed by project P5_G.

4 Selecting international tools to adopt is the emphasis of project P6_A.

4 The adoption and coupling of modern internationally used tools for BWR fuel modelling is

proposed by project P6_C.

4 Obtaining, applying and improving the US CASL CRUD modelling tools is proposed by
project P6_D.

However, these project proposals were derived O6o0r
of the UK stakeholders who contributed to them. I
many activities, there may be opportunities that were not proposed due to lack of contacts and

19 However, Sizewell B uses legacy versions of US tools such as RELAP, COBRA and LOFT-5 as well as
UK developed PANTHER for PWRs.

20 https://doi.org/10.1016/j.nucengdes.2018.02.038

21 https://www.ne.anl.gov/codes/sas4a-sassys-1
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experience. Itis recommended that all projects carried out under this programme consider the
potential for international collaboration at regular intervals.

It is also noted that there exist other possible (or necessary) motivations for joining specific
international efforts, chosen based on factors much broader than just thermal hydraulics. For
example, if a need was identified for a specific fuel cycle to use or dispose of plutonium, this
would influence a reactor technology choice and thereby the programmes that would be of most
value. Furthermore, major UK participation in some international initiatives would require
strategic and high-level industrial, governmental or regulator coordinated actions.
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4 Devel opmenh Approac

The key purpose of this document is to define areas of focus, where packages of research and
development effort could be used to enhance the UK nuclear thermal hydraulic modelling
@apabilityd(Section 2).

To specify these areas of focus, industry has been engagedt o capture 6éstatements
areas of thermal hydraulic modelling and testing. Our engagement involved nearly 60 UK and

international organisations and covered Gen lll, Gen llI+ and Gen IV reactor technologies as

well as current UK operational experience. Reference 5 formally records the process that has

beenused to capture, manage and refine this inform
requireme nt s 6 .

As a first stage in defining potential capability improvements, a coherent understanding of the

modelling shortfall is needed. This should be developed from an in-depth understanding of both

the important thermal hydraulic phenomena and the capability of current modelling techniques.

l denti fying the shortfalls allows the Ouser requi
progressi nt o o6model |l ing requirementsd and from there
work to deliver them.

This section describes the systematic approach that hasbeenus ed t o progress the
reqguirementsd c a pStintorthe gbsearah pr&pesale diseussedein Section 6 and
presented in detail in Annex A.

4.1 Approach

Reference 5 records 80 modelling user requirements. These vary in scope, from those that are
exclusive to a particular reactor design or technology, to those that are more generally
applicable. They also represent a wide range of topics, encompassing modelling tools,
approaches, philosophy and personnel.

Some of the requirements are the result of modelling challenges that have existed for a long
time. Entire careers have been dedicated to moving the state-of-the-art forward but still the
problems are not completely solved. It is therefore not possible or reasonable to try and
completely address them all. Therefore, in order to make recommendations which are Specific,
Measurable, Attainable, Relevant and Timely (SMART), it is necessary to analyse and
potentially down-select the requirements. In the absence of a technology focus or a well-defined
UK strategy, there is no obvious way of down-selecting the requirements. The approach that
has been adopted is systematic and pragmatic for down-selection within the timescale and
budgetary constraints of this project, but it is acknowledged that this approach is not the only
method that could have been used. Figure 2 illustrates how the user requirements have been
progressed through to proposed research by:

1. Investigating methods of grouping the requirements to identify areas of common ground and
important differences;

2. Assessing each of the requirements in terms of whether addressing them furthers the UK
ambitions in the context of the BEIS medium term aims (Section 1.2);

3. Developing the requirements into a number of &t
6challengesd to promote creative thinking;

4. Facilitating a workshop involving the major stakeholder organisations, either UK based or
with interests in UK new-build, to discuss the challenges, consider the modelling
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deficiencies relating to the challenge, potential improvements that would be needed to
address them and to recommend ways forward;

5. Developing the output from the workshop into a number of specific research and
development project proposals;

6. Linking the project proposals back to the original user requirements to assess the extent to
which the requirements will be addressed by carrying out the proposed work; and

7. Linking the project proposals back to the BEIS medium term aims (Section 1.2) to assess
how carrying out the work addresses the ambitions of the UK.

BEIS Medium Term Link to BEIS
Objectives Objectives
A
Modelling User Link to Modelling
Requirements Requirements
Modelling User Link to User
Challenges Challenges
Workshop
- == - - - - - WOrkshe : /
|
: Identify model I
| improvements needed |
| |
! Consider potential : ‘ R&D Proposal
I solutions and I
| development approach ||
I —— |
Figure 2. Approach to the Development of Research Proposals

The analysis of the requirements and the resulting modelling challenges are presented in

Section 4.2. A description of the development of recommendations via a workshop is included in

Section 4.3. The individual R&D project proposals are included in Annex A along with

clarification of the linking to the user requirements.

4.2 Analysis of requirements

The first step in the requirements analysis was to characterise and group the requirements

according to areas of commonality. A large number of possible groups were investigated; the

most useful groupings were found to be:

1. Consideration of the requirements in terms of the most important types of thermal hydraulic
phenomena that need to be modelled. It was necessary to use quite a high level approach
at this stage; many cases involve the interaction of multiple phenomena, in some cases the
precise phenomena of greatest importance are not yet known.

2. Characterising the area of the reactor that the requirement relates to e.g. is the requirement
most relevant to the fuel, heat exchangers, or plenums?

3. Characterising the reactor technology or technologies to which the requirement is relevant.
Some requirements are only relevant to one technology, some are common across a range
of technologies.

4. Considerationofthe6t yped6 of <capabil ity 21)eaeededtogddiess t
the requirement i.e. is the most likely way forward a tool improvement, a development of
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underlying understanding, improved use of the models or improved training in particular
techniques?

The second step built on the grouped results and considered the BEIS medium term objectives
to develop a set of criteria against which to judge the potential benefit addressing each
requirement. The benefit criteria applied were:

1. How important are improvements in this area to reactor design, operation and safety?

2. How widely applicable is this requirement to the design and operation of different types of
reactor?

How likely is R&D in this area to result in a successful improvement?
Can a measureable benefit be achieved in the 3-year timescale of Phase 2?
How strong is the UK capability in delivery of R&D in this area?

o 0 A~ w

How extensively is this requirement being addressed internationally?
7. How well does addressing this requirement meet the overall aims of the BEIS programme?

I't should be noted that because the 6éscoringé of
subjective, a quantitative approach to scoring was not considered suitable. In addition, meeting

each criterion is not a simple positive or negative attribute. For example, for Criterion 6,

significant international activity presents both opportunities for collaboration and also introduces

the risk of the UK repeating work that has already been done elsewhere and failing to make an

impact. Despite these limitations, applying a consistent set of criteria to every requirement

helped to understand how the resulting research might be delivered and exploited for the benefit

of the UK.

Through processing the requirements in this way, the potential development landscape was
partitioned i mablel).d¢ougofithe tapit tdlgs refersdivectly to relevant types of

thermal hydraulic phenomena; Boiling and Condensation, Large-Scale Multiphase Flow,

Turbulent Flow, Turbulent He#&i tTopminsfies . fIMIdhwes &dda
reactor technologies using an unusual primary cir
the potential for combining thermal hydraulic modelling with the modelling of other physics. Two

of the topics capture the higher level requirements around the use of modelling tools;

Multi-fidelity and Best Practice and Uncertainty Evaluation.

The topics are described in more detail in the workshop briefing pack in Annex B and the

requirements which can be linked to them, are summarised in Table 1. Although in some cases

the requirements are assigned to a single topic only; this has generally not been possible in

such a complex information enviomammentmapgpd ntgh ered
topics and requirements. In addition, some requirements can be evaluated from a number of

perspectives, so have been deliberately assigned to several topics. The numbered

requirements are defined in Reference 5 and are therefore not reproduced in this document.

2The term 6advanced fl ui dso6 iestoligudentetals, moltensatdhandit t hi s r e
supercritical fluids used in many advanced modular reactor designs.
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Processing of the requirements resulte d
LMFR_M_14, PWR_M_13 and PWR_M_18). Despite not being clearly linked to a topic,

PWR_M_13 and PWR_M_18 are each indirectly progressed by at least one of the projects
proposed in Annex A.

1: Multi-fidelity: The combined use of
modelling methods across the full range of
fidelities and scales (from DNS to system
codes).

2: Best practice and uncertainty evaluation:
Improving the confidence in and quality of
model predictions.

3: Boiling and condensation: The use of
mechanistic modelling to improve
predictions.

4: Large-scale multi-phase flows: The
prediction of the effects of complex,
transient multi-phase flows.

5: Advanced fluids: The additional
challenges of molten metals, molten salts
and supercritical water.

6: Multiphysics: The coupling of thermal
hydraulics modelling with neutronics and
chemistry.

7: Turbulent flow: The prediction of
pressure drops, mixing and buoyancy
driven circulation.

8: Turbulent heat transfer: The prediction of
surface heat transfer and buoyancy
influenced convection.

AGR_M_02, AGR_M_03, AGR_M_08,
AGR_M_09, HTGR_M_04, LMFR_M_01,
LMFR_M_03, LMFR_M_06, LMFR_M 07,
LMFR_M_08, LMFR_M_10, PWR_M_086,
SCWR_M_01

AGR_M_05, LMFR_M_06, PWR_M_20,
PWR_M_21, SCWR_M 01, SCWR_M_06

BWR_M_01, BWR_M_02, BWR_M_03,
BWR_M_06, BWR_M_07, LMFR_M_05,
PWR_M_01, PWR_M_03, PWR_M_09,
PWR_M_10, PWR_M_11

BWR_M_04, BWR_M_05, BWR_M_08,
BWR_M_09, PWR_M_01, PWR_M_02,
PWR_M_04, PWR_M_08, PWR_M_16,
PWR_M_17, PWR_M 22

LMFR_M_01, LMFR_M_02, LMFR_M_04,
LMFR_M_05, LMFR_M_07, LMFR_M_08,
LMFR_M_09, LMFR_M_13, LMFR_M_16,
LMFR_M_17, MSR_M_03, MSR_M_04,

MSR_M_05, MSR_M_06, MSR_M_07,

Linked User Requirements (Reference 5)

6
SCWR_M_02, SCWR_M_03, SCWR_M_05,

SCWR_M_06

BWR_M_04, BWR_M_09, HTGR_M_05,
HTGR_M_06, HTGR_M_07, HTGR_M_08,
HTGR_M_09, HTGR_M_10, MSR_M_01,
MSR_M_02, PWR_M_11, PWR_M 12,
PWR_M_14, PWR_M_19, PWR_M_22

AGR_M_01, AGR_M_04, AGR_M_086,
HTGR_M_01, HTGR_M_02, LMFR_M_04,
LMFR_M_07, LMFR_M_08, LMFR_M_09,
LMFR_M_10, LMFR_M_11, LMFR_M_12,
MSR_M_03, MSR_M_07, PWR_M_05,

PWR_M_07, PWR_M_08, PWR_M_12,

PWR_M_15, SCWR_M_02, SCWR_M_04

AGR_M_01, AGR_M_06, HTGR_M_03,
LMFR_M_01, LMFR_M_07, LMFR_M_08,
LMFR_M_09, LMFR_M_12, LMFR_M_15,
PWR_M_05, SCWR_M_02

Table 1: Linking of Topics to Requirements

i n

4 6unlinked6 requi

AGR_M_07 relates to access to HPC facilities and was omitted from the development of
challenges because research into the further development of high speed computing capability is
in the remit of computer scientists and beyond the scope of this project. The availability of HPC
facilities in the UK is a matter of capital expenditure and infrastructure rather than innovation.

rements
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However, increased use of advanced thermal hydraulic modelling tools will result in an
increased need for HPC facilities as discussed in Section 2.4.

LMFR_M_14 relates to reactor coolant pumps and tt
development of pumps (for a variety of applications) is a specialist area in itself. It is worth

noting that the UK already has an established industry in the design and manufacture of nuclear

and turbine island pumps which has endured despite the lack of UK based nuclear new build.

Pumps have therefore been excluded from the current work on the basis that:

4 Aprogrammeghbt é 6 e adusthyis qmta different from a programme to
expand and support an already very successful industry; and

4 Considering pumps in appropriate detail would require another programme of not
dissimilar scale as this one.

4.3 Development of Research Proposals

From the definition of the eight topics and their supporting information and requirements, a
structured 2-day workshop was the primary method used to mature and develop the research
and development recommendations. This approach maximised the involvement of the UK
thermal hydraulic modelling community beyond the core team; engaging the wider community in
this way had a number of key advantages:

4 The nuclear thermal hydraulic modelling expertise in the UK is sparse with little
duplication of experience between organisations. Therefore, to capture all of the available
expertise, it was important to involve organisations outside the core team.

4 The resulting R&D work is to be carried out by the UK community, for the UK community.
To maximise the potential for exploitation and to ensure that all projects are practical and
sensibly specified it was important to involve both those who will potentially be performing
the research and those who will be using it.

4 The workshop enabled a natural process of down-selection, as the community would be
more inclined to focus on the areas of greatest need, and where the UK is well placed to
deliver valuable work.

4 The workshop gave an opportunity for the UK nuclear thermal hydraulics modelling
community to come together for a common purpose. Opportunities to do this have been
scarce over recent years.

4 The workshop enabled dissemination of the work to date and both consolidated
involvement in the project for those who chose to contribute to the requirements, and
gave an additional opportunity for involvement for those who did not contribute at an
earlier stage.

The workshop participants were selected and invited based on our previous stakeholder
engagement activity. The intention was to maximise participation of the different types of users
and Table 2 of Reference 5 demonstrates that all user groups were represented.

Annex B of this document provides further details on the workshop; it presents the briefing pack
provided to stakeholders prior to the workshop along with the agenda for the days and a list of
workshop participants. Stakeholders were engaged in advance of the workshop and given an
opportunity to indicate which of the topic areas were of most interest to them.
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Figure 3: Workshop Information Flow
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Figure 3 shows the information flow for the workshop along with the eight topics, the input to the

wor kshop

was around

50 o6user

d fnoan lthe lnked weser 6 .

requirements and endeavoured to present the issues in a simpler, more succinct form. The
challenges were carefully phrased to avoid specification of a solution approach or steering the
workshop participants and to maximise the potential for innovative ideas. The challenges
enabled the value of the previous work to be presented to the participants, although the
participants were also given the opportunity to present additional challenges and the original
user requirements were available to provide further information where required.

The workshop comprised four work sessions, which are summarised in Figure 4.

EXPLORE INVESTIGATE SYNTHESISE m

exploration of topics and detailed investigation of
identification of challenges topics and challenges

Work Session 1

Looking to validate the
challenges that have been
identified by the
preliminary work and fill in

any gaps

Willuse blue post-its to list
challenges and 8 Topics to
segregate ideas;

60ish common challenges
between the four groups

Work Session 2

Splitinto four subgroups,
use validated challenges
from Session 1 to build
technical questions.

Use two colours of post-it,

primarily yellow to identify
‘technical questions’ and
some pink for partial
‘solutions’.

Many to many mapping
between challenges and
technical questions

synthesis of potential
research and development
activities and outcomes

Work Session 3

Introduce output proforma
as organising method for
R&D proposals.

Generate and mature
solutions and
implementation

Group information
generated in Session 1
and 2 into outline research
plans.

Figure 4: Workshop Approach

development of
recommended research
activities and outlines

Work Session 4

Mature the outline
research plans into more
fully formed proposals.
Use the output form as a
checklistto ensure

sufficientdetail on each
proposal.

Identify the sequence of
R&D proposals required
for a coherent programme.

The first two sessions examined the initial challenges to ascertain the specific modelling
deficiencies that related to that challenge. The second two sessions then considered and
developed ways forward to address those deficiencies and therefore propose solutions to the
challenges. Output from the workshop was used to develop the majority of the R&D proposals
presented in Annex A.

Although the workshop was the primary source of the project proposals, in some cases a key
individual was unable to attend the workshop and contributed a proposal separately.
Additionally, a number of proposals were developed by the Project FORTE core team based on
the initial Phase 1 research work or the previous experience and knowledge of the team. Each
R&D proposal specification records its source for traceability.

The project proposals were then developed and reviewed by the core team and are presented
in a consistent format in Annex A and discussed further in Section 6.

Not all of the challenges presented yielded a project proposal to address them. There were a
variety of reasons for this, including:

These

4 Stakeholder agreement that the area was already being well progressed internationally
and that the UK would struggle to make a valuable contribution;
4 The workshop participants did not know enough about the challenge to suggest a suitable
way forward,;
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4 The challenge was extremely complex and it would be infeasible or too extensive to
scope a project that resulted in an exploitable outcome in reasonable timescales; and
4 Stakeholders considered the challenge to be of lower priority compared to the other

challenges and therefore less workshop time was given to its development.

Following the workshop, the project team reviewed all of the project proposals against the initial

set of challenges to check that nothing obvious had been missed. However, in the absence of

any objective down-selection criteria, and based on the breadth of qualifications and experience

that the stakeholders had, the édnaturalwassel ecti or
considered a pragmatic method of down-selecting research and development ideas.

The resulting project proposals represent enough potential solutions and development
approaches to occupy the available budgets several times over and will ensure a substantial
feedstock of ideas for the planning and specification of Phase 2.
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5 Cross I ndustry Transfer

Nuclear thermal hydraulics involves consideration of a diverse range of phenomena relating to
numerous components, but few aspects are entirely unique to it as a discipline. A wide range of
industries exist that design and operate complex systems in a high value, high integrity and
often regulated environment, and they encounter and are required to solve a related set of
thermal and flow problems. Despite these similarities, and the potential for mutual benefit, it is
not uncommon for particular tools or techniques to be predominantly used or even completely
limited to a specific industry, often for historical reasons.

This section considers approaches to thermal hydraulic (and related) modelling used across a
range of industries and identifies those with a possible overlap with, or a potential application to,
the civil nuclear industry. Section 5.3 explains how these commonalities might be exploited and
indicates where the investigation of specific opportunities for cross-over have been incorporated
into the project proposals in Annex A.

5.1 Identification Approach

A working group of senior Frazer-Nash technical staff was assembled (including engineers and
physicists), with an average experience of more than 15 years in industry and research, across
a wide range of sectors. The group assessed what opportunities exist to transfer methods and
approaches from other industries, by considering:

4 What is done well in a given industry - what is novel, highly effective or highly regarded?
4 Where is there common-ground or shared challenges to allow bi-directional transfer?

The industries considered were:

Transport (Aerospace, Automotive and Marine);
Oil and Gas, Chemical and Process;

Gas Turbines;

Defence and Security;

Conventional Power and Renewables;

Nuclear Decommissioning; and

R R e i

Software and Modelling.

The working group identified a range of candidate technologies under each topic, which are
briefly described below. While there are many items identified that are already activities
performed in nuclear thermal hydraulics research and reactor development and analysis, it was
the view of the group that many technologies identified are rapidly evolving, particularly given
advances in computing power, and so may be able to supplement or supersede normal nuclear
industry approaches. Similarly, the identification of commonality provides an indication of a
diverse source of possible skilled engineers (of whom there is currently a shortage and will be
necessary in the development of advanced nuclear technologies) and indicates where a
disruptive or innovative perspective can be sought.

In order to exploit the identified technologies, a suitable engineering partnership would need to
be found for the source technology and the nuclear application, and a technology transfer or
collaboration project defined, in a similar manner to the project proposals defined in this
specification.

In some cases what was identified were approaches and ideas that are not, of themselves,
6harddé transferrable methods, but are concepts nc
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5.2

5.2.1

The candidate technologies state what is now considered possible or routine, and so can induce
innovation, alter a mind-set or preconception, or they can reinforce a view that modelling and
simulation is becoming ever more widely applicable. For example, methods and activities that
were considered restricted to an academic or early stage R&D setting, say 10 years ago, are
now, in some instances, part of routine design and analysis processes.

Candidate Technologies

Transport

From a thermodynamics and fluid mechanics perspective, the transport sector typically
concerns itself with aerodynamic performance (drag and stability) and thermal management
(e.g. within engine spaces).

1. Inthe roadcar and racecar industries, the use of HPC CFD analysis in the inner design loop
for aerodynamics and thermal management is now routine. This includes the resolved
turbulence simulations of the transient flow behaviour that strongly influences the lift and
stability of the roadcar.

2. The design of civil aircraft makes significant use of optimisation and adjoint methods to
improve performance and quantify trade-offs.

3. The use of uncertainty quantification during design evaluation processes is strongly
embedded in civil aerospace.

4. The aerospace industry led the way in terms of standards and processes for V&V of
numerical models.

5. The concept of ¢ o npwitinesel advansed ith the alitongotive iadustry
particularly to facilitate efficient manufacturing, assembly and maintenance scheduling, but
also incorporating engineering analysis.

6. Aerospace performs industry-wide benchmarking of simulation tools for, say, lift and drag
and the performance or turbulence models. As part of this there are open access and
standard representative, non-proprietary geometry and configurations available for use by
the R&D community.

7. High fidelity, unsteady resolved turbulence (LES) CFD is now common for aircraft
components such as flaps and landing gear to predict, for example, stall behaviour or noise
generation.

8. Assessment of aerospace standards and recommended practices to adopt mature best
practice. Specifically:

4  NASA-STD-7009A 2016 STANDARD FOR MODELS AND SIMULATIONS, whose
purpose is fAé to reduce tihfleenced decisisnsbys s o
ensuring the complete communication of
achieves this by establishing a minimum set of requirements for the key elements
related to M&S, including development, maintenance, operation, results analysis,
training, credibility assessment, and
based on nuclear thermal hydraulics modelling and simulation is clear.

4 SAE ARP 4754A Guidelines for Development of Civil Aircraft and Systems. This
standard deals with the role of whole system architecture in the allocation and
distribution of safety critical functionality amongst diverse system elements and the
consideration of the safe system design throughout the whole range of operating
states. Components whose behaviour is dominated by thermal hydraulic

© FNC 2019

Page 33 of 197

ciat e
t he

report



FNC 53798/47483R

Issue No. 1 FRAZER-NASH
CONSULTANCY

phenomena contribute strongly to overall nuclear reactor safety in an analogous
way.

522 Oil and Gas, Chemical and Process

The oil and gas, chemical and process industries share with the nuclear industry the potential
for low probability accidents that can produce substantial environmental contamination, damage
assets, and cause reputation damage for operators and the industry as a whole.

Quantitative Risk Assessment (QRA), specifically for fire, blast and pollutant dispersion.

2. Extensive and sophisticated multiphase flow simulation tools.
3. Huge validation datasets for multiphase flows at a range of flow regimes and components.
4. A culture of decision making that values "pedigree" in analysis code choice, and does not

always choose the latest or more advanced tools. This is a feature common to nuclear
thermal hydraulics and could be addressed with a common approach.

5. Issues regarding scaling of test and laboratory to operational conditions. This is an oil and
gas requirement that may benefit from the rigour applied in nuclear thermal hydraulic
scaling analysis.

Recent interest and developments in data driven analysis and machine learning.
Experience in analysing the behaviour of systems and components with unusual and highly
varying fluid properties.

8. Methods for performing simulations that involve long transients, including heat transfer to
and within solid components.

9. There is a need for passive cooling and natural convection prediction tools, which is
currently not that well done. This could be an opportunity for common development or
transfer from nuclear thermal hydraulics.

10. The processes of fouling, particle transport, sedimentation, separation occur frequently and
are well studied.

523 Gas Turbines

Gas turbines are used both for aerospace and marine propulsion and also for stationary power
generation. They have been categorised separately to their application area because they
represent a highly complex engineering discipline of their own. Of particular relevance to
nuclear thermal hydraulics is the importance of heat transfer in gas turbines.

1. The adoption of dAdigital twindo and mponemts,ce base
which accounts for the operational history of components and transients that it has
experienced. This includes the handling and interpretation of large datasets of
measurements from a large installed base of common assets.

2. Gas turbine blade cooling passages include heat transfer processes and enhancement
techniques with strong similarities to those seen in NPP.

3. Systematic and quantifiable decision making to allow the reduction of conservatism and
lowering of margins to improve performance and the economy of devices.

4. Coupled modelling methods, relating materials, structural, thermal and aerodynamic
performance.

High fidelity CFD models that are used to capture the details of blade or combustor flows.
6. Benchmarking activities for simulation tools, for example for combustors.
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524 Defence and Security

While the defence industry has a different culture and goal to civil nuclear power generation, it
considers the integrity of whole systems with multi-decade lifecycles, multi-layered protection
and redundancy and the performance of equipment under extreme conditions or in a degraded
state.

1. Enterprise architecture meta-modelling or Model Based Systems Engineering (MBSE) -
where the interaction of the requirements of the system are elucidated across its whole life
cycle from concept to decommissioning and the costs modelled, dependencies captured
and trade-offs identified.

Noise and vibration, particularly flow and acoustic induced vibration in pipework systems.
Machine learning techniques (e.g. intelligence algorithms).

Shock, blast, fire, dispersion and evacuation modelling.

Simulation of free surface flows and cavitation for naval applications.

I

High integrity and high fidelity simulators and training tools (e.g. for submarines or
helicopters), including mathematical models capable of predicting the response of the
dlatform®bto operator actions in real-time.

525 Conventional Power and Renewables

Coal generation and Combined Cycle Gas Turbine (CCGT) thermal plants share many of the
same performance issues as nuclear generation. However, they have a dissimilar culture for the
consequences of failure of components, where failure causes economic damage, but does not
have the nuclear safety consequences.

1. Modern coal power plants use supercritical steam power cycles. This experience of design
and analysis is directly transferrable to SCWR design.

2. Conventional thermal power plants as well as molten salt thermal storage for solar power
plants are considering supercritical CO2 power cycles. These are an attractive option for
high temperature advanced reactors too.

3. Analysis of high temperature heat exchangers (i.e. boilers or steam generators), including
depositions, fouling, corrosion and erosion of tubes.

4. Flow and acoustic induced vibrations and the associated fatigue damage of components. In
some cases this will relate to very similar components to those found in reactor circuits.

5. Multiphase flows including boiling, sprays and droplet flows.

5.2.6 Nuclear Decommissioning

While still part of the nuclear industry, decommissioning often involves organisations that are
not necessarily well connected to the developers of advanced reactor technologies, and
focusses on other aspects of thermal hydraulics that are not primarily to do with reactor core or
primary circuit operation.

1. Fouling, particle transport and sedimentation.

2. Nuclear ventilation and containment including natural ventilation and passive cooling.

3. Cask and flask modelling for fuel transport and storage, particularly passive cooling of these
items and their fire-worthiness.
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5.2.7 Software and Modelling

Software and modelling is not an industry of itself, but there are advanced methods and tools
that practitioners are able to apply to any industry with complex systems, nuclear thermal
hydraulics being no exception.

1. Probabilistic approaches to uncertainty quantification analysis, including the incorporation of
sparse measurements into predictive models to increase their accuracy by a known
amount.

2. The application of data reduction, machine learning and model fitting to synthesise the
results of large numbers of highly detailed simulations to an emulator (e.g. a response
surface) able to be used in rapid design assessments or as a sub-component of larger
simulations.

3. Development and use of HPC facilities enabling the industrial use of advanced modelling,
data processing, digital twins, machine learning and Al (Artificial Intelligence).

4. Using cloud computing to dynamically scale the resources available to run intensive
modelling campaigns, such as large scale Multi-disciplinary Design Optimisation (MDO).

Handling, processing and visualisation of very large datasets.

The use of high level systems engineering definitions of complex systems to drive and
define the requirements for, and conclusions needed from, nuclear thermal hydraulics
models.

5.3 Exploitation of Technologies

The difficulty of, and route to, incorporating and exploiting the identified technologies in nuclear
thermal hydraulics R&D varies from the straight-forward (where a service or skill can be
bought/contracted openly and is prevalent in the UK) to the difficult (where a change in culture,
regulatory approach or to standards is required). In general, the transferable skills are vested in
the engineers and organisations delivering capabilities into each sector, and so any transfer is
likely to be most effectively achieved by partnering agreements.

Despite potential difficulties, it is recommended that the potential of cross-industry transfer to
deliver shorter timescales and reduced costs is specifically promoted for all aspects of the
Nuclear Innovation Programme. To this end, several of the identified technologies relating to
thermal hydraulics already constitute part of the project proposals defined in Annex A:

4 Several of the projects aim to increase the use of resolved turbulence CFD in the nuclear
thermal hydraulics design and analysis process. The automotive and aerospace sectors
have already incorporated this.

4 Developments in supercritical CO2 are proposed in project P5_D, which is directly
applicable to a wider range of power generation technologies.

4 Noise and vibration, including the fatigue that it drives, are large issues in oil and gas and
aerospace, and the methods and capabilities can be readily transferred to project P7_C.

4 Machine learning and model reduction methodologies are parts of projects P1_B and
P6_C.

4 Benchmarking of tools that are used in the aerospace and gas turbine industries could

complement the engagement that is planned in project P2_A.
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There are also several technologies that could be considered as a high-priority and proactive
efforts should be made to explore transfer and collaboration. Specifically:

4 Oil and gas, chemical and process industries make extensive use of multiphase models
and have large validation datasets. There is the potential to improve two-phase models
relevant to nuclear thermal hydraulics by exploiting this; and

4 The adoption of fidigital twind approaches to c
damage mechanisms (many of which arise from thermal hydraulic effects), allowing a
reduction in conservatism in life assessments.
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The primary output from this stage of the work has been the specification of proposals for

research and development that will develop the UK (and the world) capability in nuclear thermal

hydraulic modelling. They comprise 34 distinct projects, which is a testament to the knowledge

and innovation of the UK nuclear thermal hydraulic community. All of the project proposals are

included in Annex A. Each project has areferenceof t he f or mat PN_A, PN_B¢é¢
to the topic number (1 to 8) defined in Table 1 that denotes where it arose.

To complete all of the projects proposed is expected to be beyond the budget of short-term
funding opportunities. However, the surplus of projects allows for extension of the programme
beyond the original timeline and adaptation of the technical focus depending on the outcomes of
other UK government initiatives. This is discussed further in Section 7.

4 Section 6.1 analyses the proposals in the context of achieving the programme objectives.
4 Section 6.2 discusses the overall contribution of the proposed research to UK capability.
4 Section 6.3 summarises the potential for interaction with the new UK Test Facility.

4 Section 6.4 discusses how these projects align with other parts of the broader Digital

Reactor Design programme.

6.1 Analysis of Project Proposals

The purpose of the BEIS programme is not to perform research purely for the advancement of
science, but to enhance UK capability and thereby enable the expansion of the UK civil nuclear
industry. As discussed in Section 2, this needs to consider aspects of capability beyond the
modelling tools themselves.

To appreciate if and how the proposed projects fit this objective it is important to understand
how they deliver capability enhancements, and how they might be exploited. In order to achieve
this, each of the proposed projects has been:

4 Linked to the capability vision (Figure 1);
4 Assessed in the context of achieving the BEIS programme objectives (Section 1.2); and
4 Linked to the user requirements (Reference 5).

The links to the capability vision and the BEIS programme objectives are presented in Table 2
and Table 3. The links to the user requirements are included in Annex A, Section A.1.2. Table 2
highlights (in green) the types of capability development expected as an outcome from each
proposal. It is noted that undertaking any of the proposed research in nuclear thermal hydraulics
almost inevitably results in UK skills development, both for those undertaking the work and
those attending the forums where it is presented - this is reflected in Table 2 by the lighter green
highlighted regions.

Table 3 highlights (in green) where the project makes the strongest contribution to furthering the
BEIS programme objectives. As discussed above it is noted that, if carried out in the UK, all of
the projects will result in improvements to the skills of the UK workforce. Similarly all of the
projects have the potential to result in an opportunity to get involved in an international
programme (depending on future international activity in this area). This is indicated in the table
by the lighter green highlighted regions.

The analysis concluded that all of the project proposals describe work which, if undertaken,
would make a positive contribution to enhancing the UK capability and progressing the BEIS
long term aims in addition to contributing to addressing the user requirements.
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Project Project Title Type of Capability Development
Ref.
Hardware/ Concepts
Personnel | infrastructure | and Doctrine | Modelling Methodology and Software Solution
S = 2 <
23 (202 = = 28
= = — = =
2% 8323 | 28 ° 23
8o 1o 39 | o= = o 8
a2 (P52 3 go
=] Q oS
« - =)
Development of innovative coarse grid
P1L A ;
— models for reactor design
High fidelity modelling to improve the
P1 B -
— accuracy of low fidelity methods
Reducing the cost of CFD - Efficient and
P1L C : .
— effective meshing
P2 A Increased participation in benchmarking
Maximising UK collaboration and
P2 B . .
— collective learning
Sensitivity and Uncertainty Analysis of a
P2 C Reduced-Order Model for Simulating
BWR Dynamics
P2 D UK LWR predictive modelling validation
- centre
Improving the prediction of heat transfer
P3_A | by fundamental multi-scale modelling of
bubble growth process
Improved two-phase flow regime
P3 B " .
— transition modelling
P3 C Film dry-out modelling in CFD
P3 D Improved component scale boiling model
P3 E Prediction of DNB using CFD
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Project Project Title Type of Capability Development
Ref.
Hardware/ Concepts
Personnel | infrastructure | and Doctrine | Modelling Methodology and Software Solution
S = 2 <
3 |=z503 = = 28
= = — = =
2% |232% | 88 | 2 2 3
25 |2 o g 3 T = = g_ i)
a2 [P30g 3 25
=] Q oS
«Q - =
P4 A Modelling of fuel clad ballooning following
- LOCA
P4 B CFD modelling of macroscopic convective
— boiling flows in NPP
P5 A Dissolved gas transport in molten metals

and molten salts
Molecular dynamics capabilities for
P5 B | thermophysical, thermogravimetric phase
equilibrium prediction over lifecycle
P5 C Heat trgnsfer correlat_i(_)ns for mixe_:d
— convection and transitional flows in MSRs
P5 D | Supercritical CO2 power cycles
P5 E Liquid metal heat transfer modelling
P5 F Modelling of cover gas dynamics
P5 G Predicting heat transfer to supercritical
- fluids
P6_A | Coupled tool selection ﬁl
Tritium generation and migration in
P6_B
— advanced reactor coolants
Coupled 3D neutronics and CFD thermal
hydraulics applied to BWR fuel channels

P6_C
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Project Project Title Type of Capability Development
Ref.
Hardware/ Concepts
Personnel | infrastructure | and Doctrine | Modelling Methodology and Software Solution
S = 2 <
3 |=z503 = = 28
= 3 = =) =
2% 8323 | 28 ° 23
59 |22828 |25 | & g2
a2 [Tl a 2o
=] Q oS
« - =)
State of the art CRUD deposition models
P6_D | and the effects on heat transfer
mechanisms
P6 E Modelling of air ingress accidents in
— HTGRs
P7 A Improved prediction of flow and thermal
— development in fuel pin cooling passages
Improved accuracy of RANS models for
P7_B i
— turbulent heat convection
Improving the ability to predict structural
P7 C . LY .
— vibration in reactor design
P7 D Predicting and assessing thermal fatigue
Improved prediction of the stalling of
P7 E - .
— natural circulation flows
improved prediction of passive cooling in
P7_F .
— NPP containment volumes
P8 A Il nvestigate the i mp¢
— NTH heat transfer modelling predictions
Improved wall models for accurate heat
P8 B
— transfer

Table 2: Project Links to Capability Development
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PL A Development of innovative coarse grid models for
— reactor design
High fidelity modelling to improve the accuracy of
P1_B o
- low fidelity methods
PL C Reducing the cost of CFD - Efficient and effective
- meshing
P2_A | Increased participation in benchmarking
P2 _B | Maximising UK collaboration and collective learning
P2 C Sensitivity and Uncertainty Analysis of a Reduced-
- Order Model for Simulating BWR Dynamics
P2 D | UK LWR predictive modelling validation centre
Improving the prediction of heat transfer by
P3_A | fundamental multi-scale modelling of bubble growth
process
Improved two-phase flow regime transition
P3_B .
- modelling
P3 C | Film dry-out modelling in CFD
P3 D | Improved component scale boiling model
P3 E | Prediction of DNB using CFD
P4 A | Modelling of fuel clad ballooning following LOCA
CFD modelling of macroscopic convective boiling
P4 B .
- flows in NPP
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P5 A Dissolved gas transport in molten metals and
- molten salts
Molecular dynamics capabilities for thermophysical,
P5 B | thermogravimetric phase equilibrium prediction over
lifecycle

P5 C Heat transfer correlations for mixed convection and
- transitional flows in MSRs

P5 D | Supercritical CO2 power cycles

P5 E | Liquid metal heat transfer modelling

P5 F Modelling of cover gas dynamics

P5 G | Predicting heat transfer to supercritical fluids

P6 A | Coupled tool selection

Tritium generation and migration in advanced

P6 B
- reactor coolants

P6 C Coupled 3D neutronics and CFD thermal hydraulics
- applied to BWR fuel channels

P6 D State of the art CRUD deposition models and the

effects on heat transfer mechanisms
P6 E | Modelling of air ingress accidents in HTGRs
P7 A Improved prediction of flow and thermal

- development in fuel pin cooling passages
Improved accuracy of RANS models for turbulent
heat convection

P7_B
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P7 C Improving the ability to predict structural vibration in
- reactor design
P7 D | Predicting and assessing thermal fatigue
P7 E Improved prediction of the stalling of natural
- circulation flows
P7 E Improved prediction of passive cooling in NPP
- containment volumes
I nvestigate the i mpact o
P8_A . L
- heat transfer modelling predictions
P8 B | Improved wall models for accurate heat transfer
Table 3: Project Links to BEIS Objectives
© FNC 2019 Page 44 of 197



FNC 53798/47483R
Issue No. 1

FRAZER-NASH
CONSULTANCY

6.2 Contribution to UK Capability

Considering the content of the project proposals in the context of the type of capability
development they describe (Table 2), a number of observations can be made about the
proposals as follows:

4 There is an emphasis on projects that develop modelling methods and tools. This is
as expected, because it is the tools and the mathematical models which under-pin them
that most people think of when they consider a modelling capability. This is consistent
with the BEIS ITT for this task, which also refers to the capability in this way.

4 Many of the projects provide an element of guidance and/or training, even if that is
not main purpose of the work. This is an area that is in the forefront of the minds of
many UK nuclear engineers who have experienced the decline in UK skills over several
decades. It is a pertinent and timely concern, given that the UK will need to grow the
magnitude of our capability, potentially quite quickly, to be able to be extensively involved
in reactor design again.

4 Many of the projects focus on the demonstration and validation of modelling
techniques in a nuclear context. It is important to understand that a functionality to do
something in a modelling tool does not in itself constitute an industry-ready capability.
The demonstration and validation of methods in a nuclear context is key to their
successful exploitation.

4 There is an emphasis on further developing CFD modelling techniques over and
above other modelling methods. Thi s is il lustrative of the
demonstrates where researchers believe they have most value to add. However, reactor
designers also need lower fidelity methods (often as a higher priority), so this emphasis
could be of concern, particularly if available international tools do not provide what is
needed.

4 Many of the projects focus on a particular technology or aspect of reactor design
to demonstrate the intended innovation in an exploitable way. However, in many
cases, this specific focus is not essential for a successful outcome. The detailed scope of
these projects could be modified to be more generally applicable or to use an alternative
demonstration vehicle depending on the overall content of the Phase 2 programme and
reactor design activities in the UK.

By considering the type of capability development which would result from fulfilling the main
objectives of the project proposals, the projects fall into three groups that are discussed in
Section 6.2.1 to Section 6.2.3.

6.2.1 Enabling Projects

Two of the workshop discussion topic areas and a humber of the developed projects consider
the UK thermal hydraulic modelling capability at a high level. These projects are not primarily
concerned with developing any specific aspects of the modelling of thermal hydraulics
phenomena or any specific reactor technology, but are focused on developing, supporting and
maximising the overarching aspects of what makes a capability successful.

Projects P2_A, P2_B and P2_D are examples of proposed projects that consider the
development of the UK nuclear thermal hydraulics community and infrastructure with a high
emphasis on collective learning, skills development and exploitation. It is recommended that
Project P2_B should form an integral part of the management of Phase 2 of this programme,
thereby reducing the cost and maximising the value of the Phase 2 programme.
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6.2.2 The Exploitation of Modelling Methods and Tools

A number of proposals (for example P1_A, P6_A or P7_C) look at either: reducing the cost to
industry of using state-of-the-art tools; investigating techniques from other countries/industries in
a UK nuclear thermal hydraulics context; combining existing methods in an innovative way; or
applying advancements in modern computing to enable tools to be refined and used more
effectively.

These projects do not therefore advance the science of nuclear thermal hydraulics; they enable

the use of the most advanced methods in a UK industrial context. From a capability

development perspective these projects are focused on producing exploitable outputs and short

term benefits, and represent 6édevel opment d rather than 6researc

6.2.3 The Advancement of Engineering Science

The majority of the project proposals are aimed at improving the state-of-the-art in thermal
hydraulic modelling in a wide variety of NPP relevant areas. Many of these would form a
valuable contribution and a step forward in world capability, as well as supporting UK based
activity. Technical areas of interest include:

4 Passive cooling;

4 Boiling and two-phase heat transfer;
4 Gen IV reactor fluids;

4 Multiphysics modelling; and

4 Single phase turbulent heat transfer.

6.2.4 Project Personnel

To achieve the aims of the programme, the project personnel should be chosen to maximise the
development of industry capability. It is important to recognise that this does not mean that
academic organisations do not have a role to play. Much of the most up to date knowledge in
advanced reactor technologies, international nuclear contacts and significant expertise in the
use of state-of-the-art methods and tools are within UK universities. To maximise the
exploitation of these assets and knowledge transfer to UK industry it is recommended that
industry and academic engineers work together on the majority of the Phase 2 tasks.

6.3 The UK Test Facility

The need to use experimental data to validate modelling advances is a key stage in providing
confidence in the predictions of any model. In a highly regulated industry, such as civil nuclear,
this confidence is of particular importance where the predictions relate to matters of nuclear
safety. Referring back to the modelling capability depicted in Figure 1 and described in Section
2, testing directly contributes to:

4 Improving physical understanding through observation;

4 Providing data for the development of empirical mathematical models;
4 Proving input data in the form of fluid material properties; and

4 Validation of modelling results.

The provision of a UK test facility has always been seen as an integrated part of this programme

of model development. Although, it is recognised that any new UK test rigs would not be

available for use in the timeframe of Phase 2 of this project, much of the proposed research is

one 6stepd in a journey towards a compl etie sol uti
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6.4

the future is key to validation and ultimate exploitation. Each of the proposed research projects
considers validation and assessment of applicability of the developed tools for NPP (taking into
account test facility scalabilities and test and modelling uncertainties) and highlights where there
is a significant risk that the required data is not currently available and further testing would be
needed. The specific validation data needs associated with each of the proposed projects are
documented in more detail Reference 7.

Project P2_C goes a step beyond identifying the need for additional validation data and actually
proposes initiation of the concept design of a test rig to generate the required data as one of the
tasks under the scope. It would be expected that a number of the other projects would also wish
to do this as a O6next stepb6 i f appropriate
example, the availability of high quality experimental data for buoyancy driven flow has already
been identified as an area of high risk.

Virtual Engineering Platform and Multiphysics Modelling (WP1)

The Virtual Engineering and Modelling and Simulation work streams form Work Package 1 of
BEI S6s Digital R emane {withrThebraalHydgaulicspasks com@ising Work
Package 2). As both work streams progress it is increasingly important that they collaborate to
enable a cohesive outcome. To-date this has been progressed via input of the organisations

involved intoeachot her 6s projects, a number of dedicated

NIP CG (Nuclear Innovation Programme Contractors Group).

The extent and specific scope of the collaboration at any point in time is heavily dependent on
the capabilatyeafji hhkerodowmgrpluatformd at t hat

virtual engineering platform. However, as both projects are progressing in parallel, it is likely that
much of the thermal hydraulics projects will require functionality that is not yet available,
especially at the Phase 2 stage.

The two projects are currently actively engaged in planning collaborative activities for Phase 2
and the number and range of these activities is likely to develop throughout the remainder of the
Phase 1 stages. The following opportunities have been identified to date:

4 The use of thermal hydraulic modelling tools as part of an integrated reactor design
process is a key part of achieving the aims of the overall programme. Enabling the virtual
engineering platform to interface with state-of-the-art commercial/international nuclear
thermal hydraulic modelling tools would create collaboration opportunities with the
thermal hydraulics project. Providing sufficient functionality is available near to the start of
Phase 2 of this project, the opportunity for collaboration is specifically identified in projects
P2_A and P2_B.

v al

ti
research and development work proposed in Annex

d

-

C

me .

4 The 6modelling and si mul at i olikdgineerng frojeptasc k a g e,

aimed at the integration of nuclear radiation modelling with CAD to improve the prediction
of component through-life structural performance. This work is planned for Phase 2 of the
Virtual Engineering, Modelling and Simulation project. A number of the projects proposed
in Annex A consider multiphysics modelling, including the combination of thermal
hydraulics and neutronics modelling (for example P6_A, P6_C). It is extremely likely that
a collaborative approach to these projects would be of mutual benefit.

By the end of Phase 2 of both projects, the virtual engineering platform is anticipated to be
considerably advanced. For Phase 3 of both projects it is recommended that the thermal
hydraulics project make more extensive use of the platform. For example, projects P2_C, P2_D,
P4 A, P7_C, P7_D, should be considered for extension under Phase 3 to include
demonstration of coupling using the platform.
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7.1

R&DPri ori ti sati on

As discussed previously, the entire portfolio of project proposals will likely exceed the short term
funding opportunities. The projects vary in the size of their scope but, as an initial estimate, one
could consider the budget for each would need to be between £300k and £1m. Choosing a
mean value of £500k would result in all 34 projects requiring a total of around £17m to
complete, which is considerably greater than the budget suggested for Phase 2 of this project.
However, as discussed earlier in this document, the current UK strategy does not present any
objective criteria on which to further down-select or prioritise the research. The process of
prioritisation of UK nuclear thermal hydraulic research therefore becomes one that is both
subjective and possibly contentious.

The contentious nature of any prioritisation stems from the current lack of clarity and range of

possible futures for the UK civil nuclear industry. Many stakeholders have strongly held views

and opinions on what they believe that future will or should be, and at the current time there is

little empiricalbasi s to narrow the field. The impact of t
further, with examples, in Section 7.1. A number of risks and enablers to the current programme

are discussed in Section 7.2

The subjectivity arises primarily because which projects are the most important, depends
entirely on your point of view, goals and ambitions. For example, much of the two-phase flow
model development work is of interest to light water reactor designers and operators, but of
limited interest to those working in gas-cooled designs. Some of the projects have a wider
technology remit, but may not be as easily exploited by any particular technology. In short, any
assessment of the impact of the project is dependent on the stakeholder group you consider.
Potential programmes of work depending on the future research focus are explored in Sections
7.3 and 7.4.

Plurality of Views

This project has sought throughout to engage with the UK and international community in

addition to exploiting the expertise within the core team. Those consulted were requested to

bothpri oritise and 6 e x firttheéirme§uirementsyaad secondlytheirt age s,
proposed ideas. This engagement revealed a plurality of views, some of which could be
considered as dir e oftlhyo uogphptods.i nBge céasucsheo otlhsi s pr oj ec
enough to enjoy contributions from many with long and illustrious careers in this area, it would

be unwise to dismiss this lack of consensus. Strongly held differences in opinion on particular

topics is often indicative of there beimgareno Si ng
likely to have merit.

To illustrate the challenge of the situation in the context of prioritising the proposed research in
this project, two illustrabdftheughamplaese gf veppbei

Example 1: Should UK R&D prioritise LWR or Gen IV technologies?

4 Viewpoint A: With the current Gen Il new-build and UK based small PWR activity, the
UKbs most wurgent requirement is for skills, me
operation of LWR reactor technologies. The timescales for Gen IV reactor deployment
are much longer and it is currently very uncertain that any will actually be designed or
deployed in the UK. Therefore, R&D related to LWR technologies should clearly be the
priority for the UK.

4 Viewpoint B: LWR technologies and their associated methods and tools have been
extensively developed internationally over several decades and are widely and
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successfully deployed. The UK has already 6mis
and PWR technologies are mature and further development in this area should not

require government funding. In Gen IV technologies however, the door is still open for the

UK to play a major role and investment in R&D at this stage could make a significant

difference. It is clear that investment in R&D to support Gen IV technologies should be

the priority for UK government.

Example 2: What is the future role of CFD in nuclear thermal hydraulics?

4 Viewpoint A: We are on the verge of a revolution in nuclear thermal hydraulic modelling.
Whilst previously a lack of computing power limited the extent to which detailed 3D
modelling methods could be used, recent advances in HPC have removed those barriers
and the next generation of nuclear reactors can be designed without the extensive (and
expensive) empirical databases of the past. With these methods at our disposal the
traditional tools will be superseded, so from an R&D perspective it is clear that CFD is
where the UK should be investing our efforts.

4 Viewpoint B: CFD is a flexible and powerful tool, but its ability to make a significant
contribution to NPP thermal hydraulic modelling is far in the future. The complexity of
NPP design and the importance of thermal hydraulics are such that it is not feasible to
make predictions entirely from first principles. Furthermore, the regulatory framework
requires, and will continue to require, experimental investigation and validation to
underpin modelling predictions. The internationally used nuclear tools (system and
sub-channel codes) provide a robust and accepted toolset that should be built on and
expanded to encompass new designs.

These are only 2 examples, but it can be easily seen that which viewpoint is supported
completely changes which projects should be undertaken as part of Phase 2. Indeed, such are
the differences in opinion, it is likely that none of the contributing stakeholders or readers of this
document will agree with all of what is proposed as R&D projects in Annex A.

7.2 Programme Risks and Enablers

Taking into account the fact that it will not be possible to satisfy everyone, and that there is
more than one route to success, the key to the success of Phase 2 is that it aligns with UK
policy and other UK R&D activities.

There is a significant risk that the breadth of the current programme will result in the Phase 2
budget being spread thinly over a variety of areas and therefore failing to make an impact in
any. There is also a risk that the efforts of this project will not align well with the other areas of
government funded research and the programme as a whole will fail to deliver a cohesive
outcome. With no shortage of innovative ideas, what this project needs most urgently is a
rationale for focussing its efforts. For the reasons discussed in Section 7.1, and that nuclear
thermal hydraulics is only one aspect of the science and engineering of a nuclear reactor, it can
be concluded that it is not sensible for the Project FORTE team (or indeed any of the UK
nuclear thermal hydraulics community) to make this decision alone.

Since the start of this project other government ¢
example, the ONucl ear 4) Saspublshed iDRurel2@8 gniktbefedhaise n ¢ e

been a clear demarcation between LWR technolo gi es and O6advancedd reacto
the SBRI Advanced Modular Reactor (AMR) Competition. It is hoped that the thinking behind

such developments will enable some clearer guidance to be provided as to the short term (next

3 years) and longer term (next 15 years) goals for this programme.
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Areas where policy input would provide a key enabler for this project are:

4 Most importantly: Direction regarding the relative emphasis to place on research that is
predominantly targeted at LWRs and that which targets other, advanced reactor types.

4 Direction regarding the relative importance of the benefits of this particular programme of
research. For example, if the priority is developing a skilled workforce in the longer term,
the use of university PhDs can be a good, if somewhat indirect, way of achieving this end.
However, if the priority is on the achievement of exploitable outcomes, the use of more
experienced researchers and organisations to complete the work will give a greater
chance of success.

4 Direction regarding which (if any) international programmes and partner countries are the
highest priority. There are likely be political or technical reasons why some programmes
should be targeted in preference to others. For example, a programme that offers good
collaboration opportunities for a number of UK initiatives may be selected as a priority
even if the nuclear thermal hydraulics aspects are no better than others. Additionally, it
may be appropriate for the UK Government to seek or promote collaboration with some
countries for political reasons.

7.3 Potential Programmes of Work

Given the expected budget available for Phase 2 and costs per-project, and the expectation that
not all reactor technologies will ultimately be supported, it will be necessary to choose only a
subset of the proposals that have been created. The resources required for the projects are
primarily expressed in terms of engineer time. Although in some cases other costs are also
anticipated, engineer time is considered to be the dominant factor in determining cost. A full
time post-doctoral researcher, under full economic costing, costs approximately £100k to 125k
per annum. An FTE (full-time equivalent) industrial consultant would cost £100k to £200k per
annum depending on experience.

On this basis, the proposals have been grouped into programmes, centred on either a reactor
technology or a modelling technology. These are described below with discussion on choosing
a subset of projects to achieve a specific aim given in Section 7.3.4.

7.3.1 Reactor Technology Programmes

Based on the current new build projects in the UK, and the reactor developers selected in
Phase 1 of the AMR competition (Reference 4), five project programmes (Table 4) have been
identified that group the project proposals that are specific to supporting the following reactor
technologies:

RP_1. Gen Il and SMR PWR New Build (PWR).

RP_2. Gen Il BWR New Build (BWR).

RP_3. High Temperature Gas-cooled Reactors (HTGR).
RP_4. Liquid Metal Fast Reactors (LMFR).

RP_5. Molten Salt Reactors (MSR).

7.3.2 Modelling Technology Programmes

The majority of the projects are either generic or applicable to more than one reactor
technology, therefore programmes of project proposals have been grouped by modelling
application ( Table 5)
in the following areas:

MP_1. Improved value from UK modelling capabilities.
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MP_2. Two-phase water modelling.

MP_3. Support to structural integrity assessment.
MP_4. Single phase heat transfer and passive cooling.
MP_5. Support across all Gen IV technologies.

MP_6. Support to supercritical CO2 power cycles.

Supercritical CO2 power cycles are a promising prospect for improving the efficiency of high
temperature (Gen IV) reactors. The inclusion of a programme on its own (MP_6), as opposed to
combining it with the broader Gen IV technologies (MP_5) reflects that it could be pursued as an
international technology programme in its own right, not just as part of a Gen IV reactor
development.

7.3.3 Phase 1 Projects

Research and development work currently underway under Phase 1 of this programme has
already achieved significant progress. The work, led by the University of Manchester and the
University of Sheffield (with direct contribution from the industry participants within the core
team) comprises:

4 6Smart fmorderlesactor component s 6-gide€kle bridgmgthei nno v a
gap between high fidelity meshed methods and lower fidelity sub-channel methods. This
project contributes to the development of tools by building on extant CFD and
sub-channel modelling tools to provide an innovative, combined tool relevant across a
range of reactor technologies.

4 60 Silerpgaseacti ve and passive flows and regi mesd d
advanced models for a number of test cases covering both forced and naturally driven
convection. This project considers both modelling tools and the underpinning
mathematical models, addressing key thermal hydraulics phenomena affecting heat
transfer and nuclear safety within a reactor.

4 6l nnovati ve mdawoiplmses | toav mmdielheat transferd deve
conventional finite volume CFD and a novel Smoothed Particle Hydrodynamics (SPH)
method. The projects demonstrate the use of these modelling tools relevant to both small
and large PWR and BWR.

4 different cooling fluid me d ireea¥ers unpublished historical UK test data on sodium
aerosols in a cover-gas and uses them to develop and validate a multiphysics model for
an SFR cover gas region. It also develops a preliminary model for the upper plenum of
the E-SCAPE test facility - a 1/16th model of MYRRHA under commissioning at
SCKICEN. Further work continues to address the challenges of modelling fluids with a
low Prandtl number. This project develops and demonstrates modelling tools and
methods directly relevant to the development and licencing of LMFRs.

4 Participation in an international benchmarking exercise comprising the modelling of a
four-rod bundle under mixed convection. This work provided both useful validation
evidence and enabled direct participation by the project in an international programme.

The output of these tasks is relevant to, or naturally leads to, a number of the proposed projects.
Specifically, projects P1_A, P2_A, P4 B, P5_E, P5 F and P7_A summarise work that has
already been progressed under the Phase 1 programme, and propose extensions to be carried
forward in Phase 2. These are included on an equal footing with the new project proposals
created but are highlighted in green in Table 4 and Table 5.
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RP_1 - Support to Gen Il and SMR PWR New Build
P4 A Clad ballooning following LOCA
P6 D State of the art CRUD deposition models and the effects on heat transfer
- mechanisms
P7_F Improved prediction of passive cooling in NPP containment volumes
RP_2 - Support to Gen Ill BWR New Build
Sensitivity and Uncertainty Analysis of a Reduced-Order Model for Simulating
P2 _C )
- BWR Dynamics
P6 C Coupled 3D neutronics and CFD thermal hydraulics applied to BWR fuel channels
RP_3 - Support to High Temperature Gas Cooled Reactors
P6_E Modelling of air ingress accidents in HTGRs
RP_4 - Support to Liquid Metal Fast Reactors
P5 A Dissolved gas transport in molten metals and molten salts
P5 E Liquid metal heat transfer modelling
P5 F Modelling of cover gas dynamics
RP_5 - Support to Molten Salt Reactors
P5 A Dissolved gas transport in molten metals and molten salts
P5 B Molecular dynamics capabilities for thermophysical, thermogravimetric phase
- equilibrium prediction over lifecycle
P5 C Heat transfer correlations for mixed convection and transitional flows in MSRs
Table 4: Programmes of project proposals to support specific reactor technologies
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MP_1 - Improved value from UK modelling capabilities
P1 A Development of innovative coarse grid models for reactor design

P1 B High fidelity modelling to improve the accuracy of low fidelity methods

PL C Reducing the cost of CFD - Efficient and effective meshing

P2_A Increased patrticipation in benchmarking?®

P2_B Maximising UK collaboration and collective learning

MP_2 - Two-phase water modelling
P2 D UK LWR predictive modelling validation centre

Improving the prediction of heat transfer by fundamental multi-scale modelling of

P3_A bubble growth process

P3_B Improved two-phase flow regime transition modelling
P3 C Film dry-out modelling in CFD

P3_ D Improved component scale boiling model

P3_E Prediction of DNB using CFD
P4 B CFD modelling of macroscopic convective boiling flows in NPP

MP_3 - Support to structural integrity assessment
P7_C Improving the ability to predict structural vibration in reactor design

P7_D Predicting and assessing thermal fatigue

MP_4 - Heat transfer and passive cooling modelling
Improved prediction of flow and thermal development in fuel pin cooling

P7_A

— passages
P7_ B Improved accuracy of RANS models for turbulent heat convection
P7_E Improved prediction of the stalling of natural circulation flows

I nvestigate the i mpact of 6éreal 6 surf

P8_A .

— predictions
P8 B Improved wall models for accurate heat transfer

MP_5 - Support across all Gen IV technologies

P6_A Coupled tool selection

P6 B Tritium generation and migration in advanced reactor coolants

MP_6 - Support to supercritical CO2 power cycles
P5 D Supercritical CO2 power cycles

P5 G Predicting heat transfer to supercritical fluids

Table 5: Programmes of project proposals of related modelling technologies

23 Depending on the chosen benchmark problems, this project could support any of the MP programmes.
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7.3.4 Applicability and Choosing a Project Set

The applicability of the modelling technology programmes to underpin the reactor technology
programmes is shown in Table 6.

The intention is that, for a given reactor technology decision, projects from the relevant reactor
programme, along with a selection from applicable supporting modelling programme areas can
be pursued as a coherent set (see Section 7.4 for a number of examples).

In the absence of a chosen or prioritised reactor technology, it can be seen from Table 6 that
undertaking work in many of the modelling programmes can be widely applicable, or could be
directed towards collaboration with international partners. However, even within the modelling
programme areas, the projects themselves cannot be fully generic and require to be targeted at
a specific problem of some kind, especially to derive the most exploitable result.

I n most cases, the projects in each proeogr amme c at
nothingd basis, i.e. the projects that betha ful fi
investment should be selected. For example, to support liquid metal fast reactors with a core

heat transfer emphasis, P5_E would be key, and the other projects from RP_4 could be given a

lower priority and balanced against the benefits obtained from selecting from MP_1 and MP_4.

However, when selecting a project proposal set, it should be noted that there are sequential
dependencies and parallel links recommended in some projects. Specifically:

4 It is recommended that Projects P3_A and P3_B are carried out before P3_D and, to a
lesser extent, P3_E;

4 P3_C and P3_B have potential to be of mutual benefit to each other;
P4_B would benefit from the work carried out in P3_A and by collaboration with P3_B.

b

P5_A has the potential to benefit from P3_A, and can make use of knowledge or data
gained from P5_F;

Methods developed and used in P5_G are also applicable to P5_D;

P5_B is potentially able to supply data to P5_A and P5_C;

Progress can be made more effectively in P5_D by using data/results from P5_G;
P7_Ais a key enabler for P7_B;

P7_E and P7_F can benefit from working closely with P7_A, P7_B and P7_D; and
P7_D, P8 A and P8_B could be of mutual benefit to each other.

e L L

Reactor Technologies

Supporting Modelling Technology Programmes PWR BWR HTGR LMFR MSR

Improved value from UK modelling capabilities

Two-phase water modelling

Support to structural integrity assessment

Heat transfer and passive cooling modelling

Support across all Gen IV technologies

Support to supercritical CO2 power cycles

Table 6: Applicability of modelling technology programmes to supporting reactor technologies
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7.4

7.4.1

Programme Scenarios

Three examples have been created to help illustrate and explore how the project proposals can
be assembled into programmes to address a particular aim or focus:

4 A programme to enhance UK capability and involvement in current and future Gen IV
reactor programmes.
4 A programme to enhance UK modelling capability in heat transfer and passive cooling

across all reactor technologies, to reduce costs and improve safety.

4 A programme to support rapid developments of UK LWR modelling capability to maximise
benefits to UK industry from current new build and to support a UK SMR programme.

It should be stressed that none of these is considered a definitive recommendation and there
will be the need to align any future programme to other UK Government initiatives, to the
specific objectives and desired outcomes at that time and, critically, to the budget available.

The three example programmes are shown in Figure 5 to Figure 7 (page 59 to 61) and are
discussed in Sections 7.4.1 to 7.4.3 below.

Gen IV Technologies

Gen IV reactors are currently being developed across the world funded by private enterprise
and government supported international programmes. These reactors are designed to offer a
variety of benefits over current LWR technologies in sustainability, economics, safety and
reliability, proliferation resistance and physical protection?4. Interest in these designs forming
part of the portfolio of UK electricity generation has increased over the last 5 years and the UK
has recently re-joined the Gen IV International Forum as an active member.

In terms of thermal hydraulic modelling, many of the Gen IV technologies have significant R&D
needs, due to the more unusual fluids used. In addition, they have a strong case for requiring
government support, as many designs are at a lower level of maturity and have no operational
commercial plants to generate a source of income.

Figure 5 presents a programme of work designed to develop the UK capability in nuclear
thermal hydraulics relating to Gen IV reactor technologies. This example programme does not
attempt to down-select or prioritise one technology. Instead it recommends work of interest to a
range of technologies with a view to growing international connections and UK reputation, whilst
producing outputs of value to provide leverage for future participation in international reactor
programmes.

Advantages of this programme:

4 The focus on Gen IV technologies co-ordinates well with the AMR development work-
stream under the BEIS NIP.
4 The focus on Gen IV technologies presents a strong case for requiring government

funding, due the high level of investment needed and the long timescales and high risk
associated with a return on this investment.
4 The lower TRL of Gen IV reactor designs compared with LWRs and lower level of

maturity of much of the associated thermal hydraulics modelling, makes it easier for the
UK to make an impact, with a relatively small amount of work.

24 hitps://www.gen-4.org/qif/icms/c_9502/generation-iv-goals
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4 The work packages have been chosen to address specific areas of need for current
international reactor development programmes, thereby maximising the potential for
international engagement across a wide range of countries and organisations.

Disadvantages of this programme:

4 The low maturity of the majority of the Gen IV reactor designs and the timescales
associated with their deployment, mean that the timescales for UK industry to gain an
economic benefit from the research are uncertain and potentially quite long.

4 The UK does not require all of the different Gen IV reactor technologies and it is currently
unclear which, if any, will be most successful. This implies that some of the research will
be of lower long-term value to UK industry, if that technology is not successful here.

4 As the work is sub-divided into work packages that are tailored to the needs of different
technologies and designs, the progress that can be made within in each technology is
lower than if the whole programme was focused on a single technology.

4 Excluding LWRs from this programme fails to address the majority of the LWR
requirements for thermal hydraulic model development highlighted in Reference 5. Since
LWR SMR designs are likely to be the first that are commercially deployed, this may limit
the utility of the outputs in the short term.

7.4.2 Heat Transfer and Passive Cooling

The normal operation of traditional reactor designs involves the primary working fluids being
pumped around the circuit. Increasingly, however, new designs are making more extensive use
of buoyancy driven f 1l ow t o uralcifciulagon. dhisofiess significar
benefits in terms of enhanced safety and reduced plant complexity and cost. Some recent designs
use natural circulation under normal operations, but even those that do not (pumping the coolant
in the primary circuit) are now designed such that natural circulation can be used to dissipate
decay heat in the event of a fault.

Figure 6 presents a programme of work to improve UK capability in the thermal hydraulic

modelling of heat transfer and passive cooling. The programme considers the challenges across

all technologies and looks to progress strong capabilities into world-leading ones as well as
expanding the capability into &en IVéfluids.

Advantages of this programme:

4 The focus on passive cooling co-ordinates well with the envisaged future direction of
international nuclear reactor design.

4 The theme of passive cooling and heat transfer is of relevance to all reactor technologies,
(many high temperature AMR designs have converged on similar passive cooling
arrangements) thereby mitigating the risk of a proportion of the work being of lower value
depending on the future technology choices made.

4 The work programme aligns well with the initial theme recommended for the UK test
facility in Reference 7.

4 Much of this work is of immediate industrial value to both new and existing plants, thereby
maximising the potential for rapid industry exploitation.

4 This work offers the potential for the UK to develop a world-leading capability, rather than
simply O6making up grounddé between the UK
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Disadvantages of this programme:

4 Although the theme of passive cooling and heat transfer is of relevance to all reactor
technologies, the details of the thermal hydraulics modelling required to address the
challenges of each reactor design are different. It may therefore be difficult for all aspects
of the work to be universally appealing and exploitable.

4 By focusing around a single theme that is of importance across all technologies, the
programme may exclude areas that are of the highest importance to a particular
technology.

4 Similarly, while important for safety justification, passive cooling and heat transfer in

themselves do not comprise all aspects of the droad-spectrumdbcapability necessary to
design a new reactor.

7.4.3 Light Water Reactors

The current new build programmes under way i
reactors. The most mature SMR designs are primarily based around LWR technologies. It can
therefore be argued that the most urgent requirement for UK industry is to improve capability in
LWRs such that UK industry can gain the maximum benefit from these projects.

As mentioned in Section 2.3, despite the maturity of large LWR plants there are still significant
gains to be made by improving the ability to more accurately predict the thermal hydraulic
performance. The economic and safety justification benefit of being able to predict the heat
transfer under particular two-phase flow conditions is such that there has been decades of
significant international R&D activity in this area (funded by governments and industry) which
still continues. Figure 7 depicts a programme of work focussed around LWR technologies,
which focusses on the highest priority challenges raised for both large and small LWRs.

Advantages of this programme:

4 LWR thermal hydraulic modelling challenges are mature and well understood enabling
focused R&D to be performed with clear objectives.

4 There is significant international activity and expertise in LWR thermal hydraulics,
providing a range of attractive options for collaborative projects.
4 Much of this work is of immediate industrial value to both new SMRs and existing plant

designs, thereby maximising the potential for rapid industry exploitation.

4 The work addresses a (potentially urgent) need for the UK to upskill in this area, so that
the UK has the understanding and tools needed to operate the new LWRSs in the UK
nuclear fleet.

Disadvantages of this programme:

4 Due to the maturity and commercial success of many LWR designs, the case for
government funding for R&D is less clear (although the development of UK SMR designs
strengthen this case).

4 The exclusion of R&D to specifically support AMR technologies makes it hard for this
project to integrate successfully with the current NIP AMR development work-stream.

4 The level of international knowledge and expertise in LWR technologies, and the fact that
the remaining challenges in LWRs are difficult to solve, may make it hard for the UK to
make a significant impact within the likely budget and timeframes of this programme.
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7.5 Recommendations

As discussed in Section 7.2 and also in Section 2.4, it is highly recommended that the content of
future phases of this programme are both co-ordinated with other UK civil nuclear initiatives and
remains flexible to respond to the changes in the landscape that are likely over the next 5 years.

To align the precise content of Phase 2 with the most up-to-date government policy and

budgetary constraints (and to avoid falling into the trap of being unduly influenced by one

particul atrhosghbo) obf is strongly recommended t hae
reviewed and discussed with BEIS before a Phase 2 scope is defined.

However, there are a number of areas where clear recommendations can be made, applicable
to many possible future directions of the project:

4 The vision for P2_B is that it forms an integral part of the future management of this
programme, including linking with other current UK initiatives (e.g. the UK-FN Nuclear
Thermal Hydraulics Special Interest Group) and the other nuclear innovation programmes
(e.g. Virtual Engineering). This project is recommended for inclusion in Phase 2
regardless of any other decisions.

4 Project P2_A describes initial work to both increase and co-ordinate UK involvement in
international nuclear thermal hydraulic benchmarking. This was (uniquely) considered to
be of high importance by all of our stakeholder groups and, by its nature, can develop
and adapt to changing priorities. Additionally
of increasing the visibility of the UK in international programmes. This project is
recommended for inclusion in Phase 2 with its precise scope to be defined in the context
of the rest of the programme.

4 It is recommended that the technical content of the Phase 2 scope is built around a
theme or a subset of technologies as illustrated by the examples in Figure 5 to Figure 7.
This theme could be mandated by BEIS or suggested by the supplier and agreed with
BEIS. This acknowledges that it will not be practical or sensible to attempt to address all
the requirements raised in Reference 5 or all of the projects proposed in this specification
within a single programme.

4 It is suggested that the reach of the budget could be extended by co-funding
arrangements with industry, such as in-kind contributions. Additionally, the possibility to
link some of the more academically slanted research to Engineering and Physical
Sciences Research Council (EPSRC) funding (Reference 4) may also allow greater
exploitation of the proposals. It is recommended that both of these avenues are explored
in the early stages of Phase 2 and again 12 months into the two year Phase 2 timescales
(it will likely be appropriate or indeed necessary for BEIS to be involved in/party to a
subset of these discussions).

4 It is recommended that this project continues to collaborate with the Virtual Engineering,
Modelling and Simulation work stream to ensure a cohesive programme.

4 The use of High Performance Computing (HPC) is key to many modelling advances.
Although not within the scope of a thermal hydraulics project, it is strongly recommended
that the availability of HPC to UK industry is explored and, if necessary, expanded.

4 It is strongly recommended that the UK take a collaborative approach to nuclear thermal
hydraulic modelling, adopting such international tools as are available and building on
them rather than re-inventing our own. The cost of developing and maintaining UK
specific tools, which duplicate much of the capability already available internationally,
would be extensive and is not justified in the medium term.
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. .. ah / Advanced Reactor R&D with a Focus on Internationally Exploitable \
The programme of R&D projects presented here is an - - -
example of how Government investment in nuclear Outcomes, Keeping a Wide Range of Technology Options Open
thermal hydraulics research and development under . o o
Phase 2 of 'Digital Reactor Design - Thermal Hydraulics' Estimated Budget: £8 million to £10 million over 3 years
can be used to expand the UK’s international position This research forms the necessary immediate steps and lays
and capability in Generation IV advanced reactors, the foundations to play an enduring role in exploiting the
whilst not committing, in the short term, to one i i . . . i _ advantages of advanced reactors in the 2030 to 2050 timeframe.
technology. Overarching Projects Reinvigorating and Sustaining the UK Nuclear Thermal Hydraulics Community
) ) f \ They develop and sustain the skills and knowledge as well as
The programme has been designed on the premise Maximising UK collaboration and collective learning build the international links that will be essential on an ongoing
that funds available under Phase 2 are to be targeted . L . basis, in-line with the government, academic and industry actions
towards the developments most relevant for enhancing To create a co-ordinated aqd ‘e'xp.lomatlon focused nuclear thermal hyFIraullc on the OECD/IEA/NEA Nuclear Energy Technology Roadmap, 2015:
UK involvement in current and future Gen IV reactor research and development initiative and to develop the ways of working needed https://www.oecd-nea.org/pub/techroadmap
programmes, as opposed to other possible objectives. to ensure an enduring capability Y, The work supports achieving the 'Reactor Technology', 'Licensing
This is not the only programme that could have been and Regulation, Nuclear Safety', 'Training and Capability
designed from the outputs of Phase 1 and should not s ~ Development’ and 'Codes and Standards’ milestones.
be considered as a definitive recommendation from A . q .
. Increased participation in benchmarking
the project.
o To promote UK-wide and international collaboration. To initiate a UK model
The programme is intended to enhance the current validation programme, setting us up to maximise the value from a UK test facility.
UK capability as follows:
\ j Research and development Technical Projects are all targeted at the near-term
Current UK Position Outcome issues in the development of Gen IV_ reactors th_ereby enabling rapid UK
Thermal hydraulic | Strong capability and active Expanding capability in CFD involvement and a clear demonstration of exploitable value.
modelling research in advancing the for Gen IV reactor fluids,
state of the art in general keeping the UK in a leading - :
purpose GFD modelling in position. / Technology Projects Addressing Key Gen IV Reactor Technology Challenges \ Source:
water and gases. Increased knowledge of Gen IV f f \ \ Technology Roadmap quatg for Generation IV Nuclear Energy Systems
Capability in TH nuclear codes | potential for further UK based Liquid metal heat Tritium generation and Modelling of air ingress https://www.gen-4.org/gif/jcms/c_9352/technology-roadmap
fe"gz'r"f’lgg“ed o current UK | code development. transfer modelling migration in advanced accidents in HTGRs GIF roadmap 2014
) reactor coolants P
Gas cooled Strong general capability in Further demonstration and
reactors nuclear thermal hydraulics consolidation of UK skills in VHTR
(NTH) gas modelling. NTH gas modelling. \ / \ / \ /
Limited knowledge and Increased and growing pool of SFR
experience of HTGR specific HTGR skilled resource. [ q R \ [ \
needs. Heat transfer correlations Molecular dynamics capabilities Dissolved 5 fi
) ‘ Demonstrated UK contribution o e EenvEEiion for thermophysical, Issolved gas transport in SCWR
UK involvement in HTGR in an area of importance to all - th o it molten metals and molten salts
design limited to small number | LTGR designs, leveraging an and transitional flows (S ERMIEETE
of organisations and primarily | gxpanded UK presence in in MSRs phase equilibrium MSR
one new design. international programmes. \ j prediction over lifecycle \ j
Liquid metal fast | Dwindling historic capability Increased and growing pool of LFR
reactors W“Ih %'P"‘I)_'d_a“e;ki”sgfes?nt osouree Sk”'ﬁi%mof_’em « Directly addressing high priority challenges in current reactor programmes
only In a limited number O iermal hyaraulic ) N FR
institutions. design and analysis best Modelling of cover to enabl_e_ reactor design am_j deplqyment. G
_ _ practice. gas dynamics e Capability development with UK industry by knowledge transfer from T T T T T T 1
CFD modelling solutions more ‘ academia and/or international sources. 2000 2005 2010 2015 2020 2025 \2030
difficult due to high liquid metal | Enhanced UK CFD modelling . .
thermal conductivity. capability in liquid metals. * Developing UK reputation for Gen 1V and enables the UK to play a role @ Viabilit QPerformance
o i in international reactor programmes. y
No current significant UK presence in at least one \ / " ' : .
involvement in reactor design. | reactor programme and ¢ Could be used as 'ice-breaker' projects to engage with Gen IV
leverage for UK participation in K international forum. / \ \
;:g;g:nqzsffjture LMFR Example: Molten Salt Reactor
o | o TS T o T o From Gen IV Roadmap Chapter 2:
olten salt ow level of capability ‘kick-started’ and growing ; : ; ; i
reactors limited to only a few capability in NTH analysis for Innovation Projects Enabling a Step-Change in UK Modelling Capbability or International Presence o THESTETT (A2 G eertlsy ‘h“llef’g’”g te"hf’OIogy vl e CraE,
organisations. molten salt with presence in at long-term international R&D efforts, namely:
Low level of or desi ’ least one design programme. f * studying the salt chemical and thermodynamic properties, including with
Ow level of reactor aesign an . . . . . . . . )
analysis knowledge vested in | Initiation of a growing pool of Cou_pled tool seIeCtl(_)n Hl,gh fidelity modelling Deve|°pment_0f innovative transuranic elements,. . }
onlya few organisations. skilled resource with an (adopting the best available to improve Fhe accuracy coarse grid models * development of efficient techniques for gas extraction from the coolant;
One UK organisation pursuing | understanding of molten salt cutting-edge international of low fidelity methods for reactor design * system design. development of advanced neutronic and thermal-hydraulic
reactor design, but_increasingly reactors and specific NTH technology) (delivered via machine learning) coupling models;
?;V;:g tzrl‘c)Z: S:SK:? of UK expertise. \ \ / The projects defined address all three of these directly,
PP 9 delivering immediate benefits.
progresses. \ /
2030 horizon UK academia sporadically | UK industry and academia * Additional capabilities that would allow more advanced and higher
nuclear engaged in highly working together with Supercritical CO, fidelity modelling methods to be deployed that are not currently practical
innovation innovative projects at a low | international collaborators to power cycles for reactor design. ,
TRL. realise ‘game changing’ ¢ Step-changes in technology that are not essential for reactor development Example: Very High Temperature Gas Reactor
development in NTH and and deployment, but may substantially reduce costs or timescales. The P daines @ene & meclin ehaiiy @ aehcss
Industry focus in life- reactor design. [2lrey] ngjcab Yy
extension and realising \ j the main safety concerns for VHTRs, including those connected
marginal gains related to to hydrogen production facilities.
currently deployed
technologies.
. Coupled tool selection
Supe!'crltlca/ CO_2.power cycles Building on the 'Digital Reactor Design — Virtual
RUGEITG E12 RIS prepese wo_uld sk e Ul . Engineering’ framework to realise exploitable
at the forefront of a step-change in power conversion benefits in the coupling of thermal hydraulics
technology, of particular relevance to mitigiating cost Rkl WD METER S
and safety concerns for sodium cooled reactors. \ .
Figure 5: Programme Focussing on Gen IV Technology
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The programme of R&D projects presented here is an example of how
Government investment in nuclear thermal hydraulics research and
development under Phase 2 of 'Digital Reactor Design — Thermal Hydraulics'
can be used

/Heat Transfer R&D with a Focus on Natural Circulation and Passive Cooling \
Estimated Budget: £8 million to £10 million over 3 years

This programme has been designed on the premise that the funds available
under Phase 2 are to be targeted at enhancing nuclear safety and reducing
costs by enabling a better level of understanding in both heat transfer and
passive cooling for AMR and SMR technologies. This is not the only
programme that could have been designed from the outputs of Phase 1 and
should not be considered as a definitive recommendation from the project.

Passive cooling for fault recovery has been a desirable

ﬁ/erarching Projects Reinvigorating and Sustaining the UK Nuclear Thermal Hydraulics Communih
part of the assurance of nuclear safety for a long time.

~

The programme is intended to enhance the current UK capability as follows:

/Maximising UK collaboration and collective learning

To create a co-ordinated and exploitation focused nuclear thermal hydraulic
research and development initiative and to develop the ways of working needed

The potential benefits are clear: passive systems require
no operator actions or power supply to work and have
the potential to both enhance safety and reduce plant

to ensure an enduring capability complexity and cost. However, it is has previously been
Current UK Position Outcome / difficult to claim passive thermal hydraulic phenomena as
Thermal Strong capability and active | Expanding capability in the use of CFD for / \ anything other than a last line of defence, primarily due
hydraulllc research in advgncmg the |the pre(?lctlonlof passive coollng in both Increased participation in benchmarking to challenges in showing with confidence that it is
modelling state of the art in general reactor *loops’ and plena/containment possible to predict that the heat transfer performance will
ing i i redi g r r Wi
ag;zcr’s:ngzzs:gde”'"g in | volumes. To promote UK-wide and international collaboration. To initiate a UK model be sufficient under all conditi
' Extended capability and better validation programme, setting us up to maximise the value from a UK test facility. € sutticlent under all conditions.
Capability in TH nuclear understanding of best practice in the use of
codes primarily limited to | CFD to model heat transfer in water, gases \ / With the development of both SMR and AMR designs that
current UK reactor fleet and | and advanced reactor fluids. make claims of passive safety, or in some cases use
codes relevant to defence i
applications. Improving the capabilities of lower fidelity natural circulation under normal operating conditions, a
TH methods and the coordinated use of low i i i i
. . . . step change in the level of confidence with which the
and high fidelity methods to construct Technology Projects Addressing Key Heat Transfer and Passive Cooling Challenges \ pb 9 dicted i ded. Thi h looks t 4
reactor models. can be predicted is needed. This research looks to
LWRs and Capability in design and Increased and growing pool of resource T EFovEs] EEalmEEy 6 \ / \ [ o ) \ specifically address this challenge with both short term
SMRs operation of PWRs vested in | with knowledge and experience of PWR, p W Improved wall models Predicting and a_55€55|n9 and long term benefits across all reactor technologies.
a small number of SMR and BWR thermal hydraulics. RANS models for for accurate thermal fatigue
organisations. Focused R&D outputs exploited within a turbulent heat heat transfer
reactor development programme. convection Validation is key to increasing prediction confidence and
Single UK organisation the main development aspects of this programme can be
pursuing a PWR SMR Demonstration of understanding of the \ / \ / \ / . p' P prog -
design. most pertinent LWR heat transfer and strongly linked with the planned UK Test Facility. The
| ol el DaSSIiVe Coolin? iasues |ever|aginr:3 f \ / \ / work provides the analysis necessary to focus the design
Minimal specifically relevant | involvement of the UK supply chain in icti Liquid metal heat i i i
capability in BWRs in UK | international LWR development. Imprfo;/:d 'ir?l‘_j"‘:t'on transfer modelling Improved prediction of and operation of rigs to the areas where there are the
P— - O uns Sy passive cooling in greatest knowledge gaps, and to areas that provide
Gas cooled Strong capability in nuclear | Development of strong core skills into a of natural circulation .
NPP containment volumes i i i i
reactors thermal hydraulics gas flow | world leading capability in the modelling of flows immediate benefits to UK industry.
and heat transfer modelling.| heat transfer and natural and mixed
convective flow in single phase gases. \ / \ / \ / .
Limited knowledge and The work supports the government, academic and
?;‘rp:;ig?{cig’sf;f:?g;irr‘zeds Efeir:q‘;’ésrtt;a:ss tliKaﬁ":%%U;ig;‘igizskey areas e "\ - Directly addressing high priority challenges in current reactor programmes industry actions on the OECD/IEA/NEA Nuclear Energy
leveraging an expanded UK presence in Investigate the impact to enabl.e. reactor design anq deplqyment. Technology Roadmap, 2015:
UK involvement in HTGR | international programmes. of ‘real’ surfaces ¢ Capability development with UK industry by knowledge transfer from https://www.oecd-nea.org/pub/techroadmap
design limited to small on NTH heat transfer academia and/or international sources. o Reactor technology - accelerating the development of
number of organisations. . s . " . s
— ——— — - modelling predictions SMR and AMR designs and promoting partnerships within
Liquid metal Dwindling historic capability | Increased and growing pool of resource : X
fast reactors with up-to-date skills skilled in modern LMFR thermal hydraulic \ / UK industry and academia.
present only in a limited design and heat transfer analysis best e Nuclear Safety and licensing - Unlocking the use of
number of institutions. practice. passive safety as an integral part of future NPP design
TH modelling solutions UK development of a potentially world * Training and Capability — Enhancing UK capability by
more difficult due to high leading capability in state-of-the-art liquid innovation, co-ordination and knowledge dissemination in
liquid metal thermal metal modelling. Innovation Projects Enabling a Step-Change in UK Modelling Capbability or International Presence ! o i
conductivity. the state-of-the-art modelling in convection and heat
UK presence in at least one reactor / transfer.
No current significant programme and leverage for UK : ; 1 f f . . .
involvement in reactor participation in current and future LMFR Heat Tra_nSfer Correlgtlons Hl_gh fidelity modelling Development.Of innovative
design. programmes. for Mixed Convection to improve the accuracy coarse grid models
— " . — and Transitional Flows of low fidelity methods for reactor design
Molten salt Low level of molten salt A ‘kick-started’ and growing capability in in MSR: (delivered via machine learning)
reactors specific capability, limited NTH analysis for molten salt with presence i 5 9
to only a few organisations. | in at least one design programme. \ / Development of innovative coarse grid models
Difficulties in the modelling for reactor design
of molten salts due to Initiation of a growing pool of skilled . S .
uncertainty and variability | resource with an understanding of molten o * Additional capabilities that would allow more advanced and higher The development of a disruptive tool with the
in the material properties | salt reactors and the development of a Predicting h_e_at tran_sfer fidelity modelllpg methods to be deployed that are not currently practical potential to achieve a significant step forward in
of the fluid. specific capability in the molten salt heat to supercritical fluids for reactor design. practical nuclear thermal hydraulic analysis and be
| transfer most relevant for reactor design ¢ Step-changes in technology that are not essential for reactor development applied across all reactor technologies.
Low level of reactor design |and safety substantiation. and deployment, but may substantially reduce costs or timescales.
and analysis knowledge
2030 horizon UK academia sporadically UK industry and academia working together \
nuclear engaged in highly with international collaborators to realise
innovation innovative projects at a low |*game changing’ development in NTH and
TRL. reactor design.
Industry focus in life- Predicting heat transfer to supercritical fluids
extension and realising Funding the activities proposed would place the UK
marginal gains related to at the forefront of a step-change in power conversion
C'-'rr:e”tl'y deployed technology, of particular relevance to mitigating cost
technologies. and safety concerns for sodium-cooled reactors.
Figure 6: Programme Focussing on Heat Transfer and Passive Cooling
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The programme of R&D projects presented here is an example of
how Government investment in nuclear thermal hydraulics
research and development under Phase 2 of 'Digital Reactor / Light Water Reactor R&D with a Focus on Internationally Exploitable \
Design - Thermal Hydraulics' can be used Outcomes, Relating to PWRs, BWRs and SMRs
This programme has been designed on the premise that the Estimated Budget: £8 million to £10 million over 3 years With LWR new-build projects underway in the UK and the
funds available under Phase 2 are to be targeted at enhancing likelihood that the first SMRs to market will be based around
nuclear saft_ety and reducing costs by enabling a better level of LWR technology, it could be argued that the most urgent
Iu”de"ls,ti';d'”gt n thertmal PIYV?IEH)IIC'I?hreI'ated tt('zthth Ismall and requirement for the UK is to upskill in all areas relating to LWR
arge li water reactors s). This is not the on :
proggrar?wme that could have been designed from the):)utputs of ﬂ/erarching Projects Reinvigorating and Sustaining the UK Nuclear Thermal Hydraulics Communih operation.
Phase 1 and S.hOUId not be con_mdered a definitive / L llab . d I . | . \ Nuclfaar thermal hydraulif:s is no exception a_qd, fjespite the
recommendation from the project. Maximising UK collaboration and collective learning continued operation of Sizewell B, UK capability in thermal
The proaramme is intended to enhance the current UK capabilit To create a co-ordinated and exploitation focused nuclear thermal hydraulic hydraulic modelling related to civil PWRs is neither extensive
p FI)I gre P Y research and development initiative and to develop the ways of working needed nor representative of the current state-of-the-art. For BWRs,
as follows: to ensure an enduring capability / UchapabiICijty is |0(\1N and well developeddthermlal hydraltflics )
understanding and experience is vested in only a small humber
of individuals.
Current UK Position Outeome /Increased participation in benchmarking N This research is focussed at achieving rapid and significant
Thermal Strong capability and active | Expanding capability in the use growth in UK capability in the thermal hydraulic modelling of
fr:/:dr:ﬁiI;CQ ;e:te::)t:fht;]r;aadr\t/?:cgzg;g? gi;ZDO;irh:;ZIriiigtiaour}igsf all Tolp:jromote UK-wide and international collaborationh. To i:’\itiafte a U}<Ur£10delf | light water reactors. This is undertaken with a view to:
validation programme, setting us up to maximise the value from a test facility. i i
purpose CFD modelling in | relevant to LWR design and prog 9 p Y. . Develgpmg a skilled UK workforce for the current wave of
water and gases. operation. \ / neW'bl»;lld reaCtgrs} il he d | "
* Developing industry skills to support the development of a
Capability in TH nuclear Improving the capabilities of K / UK based SMR design;
codes primarily limited to | lower fidelity TH methods and « Leveraging opportunities for international collaboration in the
current UK reactor fleet and | the coordinated use of low and huge, global LWR market
codes relevant to defence high fidelity methods to Technol Proi Add . Kev LWR R Technol Chall ge g :
applications. construct reactor models. echnology Projects ressing Key eactor Technology allenges Valid K fid d b .
alidation is key to increasing confidence and a number o
Initiation of a centre of / o . \ \ projects within this programme can be strongly linked with the
excellence for LWR predictive Improved prediction of CFD modelling of Improved two-phase planned UK Test Facility. The work provides the analysis
modelling in North Wales. e SElE @ macroscopic convective flow regime necessary to focus the design and operation of rigs to the
PWRs Good capability in PWRs | Increased and growing pool of natural circulation flows boiling flows in NPP transition modelling areas where there are the greatest knowledge gaps and how
vested in a srnfall tr:un:‘ber of | resource witr; l;\r;\;:)Rwlidge alnd the uncertainty in modelling predictions could be reduced by
organisations for botl experience o therma :
defence and civil nuclear hydraulics relevant to both \ / \ / \ / testing.
plant operation and design |SMRs and large reactor
in a defence context. operation. / e / Predictin d . \ / \ . .
UK LWR Predictive g and assessing Im d dicti £ Opportunities exist to enhance UK LWR
i isati i i idati thermal fatigue (PO [prEeliade @ new build programmes by collaboration p—
Single UK organisation Focused R&D outputs exploited Modelling Validation Centre g q q q prog Y i
pursuing a PWR SMR within a new reactor & passive cooling in with international research. / \ S I
design. development programme. NPP containment
volumes For example, the US Consortium for
Demonstration of UK \ / \ / \ / Advanced Simulation of Light Water
development and Reactors (CASL) DoE Energy
understanding in single and . . . i . Innovation Hub, which is creating the
two-phase PWR heat transfer, / e Directly addressing _hlgh priority challenges in current reactor programmes Virtual Environment for Reactor
leveraging involvement of the Improving the ability to to enable reactor design and deployment. Applications (VERA). This comprises
UK in international PWR predict structural vibration o Capability development with UK industry by knowledge transfer from software tools and infrastructure able
research and development. in reactor design academia and/or international sources. itr(\)clsl?(lll\ilr?gcﬁ:Eﬁgn'?:syséﬁser’?n:oa?—lems
BWRs Low level of experience in | Considerable step forward in hydraulics and fuel ;;erformance,
BWR thermal hydraulics in | UK understanding of BWR \ / including uncertainty quantification.
UK industry. thermal hydraulics. \ https://www.casl.gov/vera
Capability in BWR thermal | Development of skills to K /
hydraulics present in a smalll support UK BWR licensing and
number of UK academic operation.
institutions.
Initial development and Innovation Projects Enabling a Step-Change in UK Modelling Capbability or International Presence PWR coolant temperature distribution prediction from CASL report:
demonstration of UK capability Watts Bar Unit 2 Startup Resuits with VERA
Ezscio,:]tribute to future BWR / . - - - https://www.casl.g.;ov/sites./defauIt/fiIes/docs/CASL—U—2017—1306—000.pdf
an- Coupled tool selection High fidelity modelling Development of innovative Courtesy of Oak Ridge National Laboratory, U.S. Dept. of Energy
2030 horizon UK academia sporadically | UK industry and academia (adopting the best available to improve the accuracy coarse grid models
nuclear engaged in highly working together with cutting-edge international of low fidelity methods for reactor design
innovation innovative projects at a low | international collaborators to technology) (delivered via machine learning)
TRL. realise *‘game changing”
development in NTH and \ /
é’;‘::sggnﬁ’;:; ;Zal:if;;\ reactor design. N o ] The work supports the government, academic and industry
marginal guins relatedgto ) o -_Ad_c||t|onal ca_pab|||t|es that would allow more advanced and higher ) actions on the OECD/IEA/NEA Nuclear Energy Technology
currently deployed Developing sensitivity fidelity modelling methods to be deployed that are not currently practical Roadmap, 2015:
technologies. and uncertainty methods for reactor design. ) https://www.oecd-nea.org/pub/techroadmap
for BWR dynamics e Step-changes in technology that are not essential for r_eactor development « Reactor technology - accelerating the development of
and deployment, but may substantially reduce costs or timescales. SMR designs and reducing their cost.
Developing sensitivity and uncertainty methods I~ / ¢ Nuclear Safety and licencing - Development of the skills
for BWR dynamics / necessary to enable the licencing of new LWR designs in the
UK.
Using BWR as an gxample, this wgrk Yvill deliver specific « Training and Capability - Enhancing UK capability by
enhancement and improved UK skills in an area key for the innovation, co-ordination and knowledge, dissemination in
licencing of all reactors, unlocking the potential for more the state-of-the-art modelling relating to LWR thermal
expansive use of digital methods in a nuclear context. K / hydraulics. Promoting partnerships within UK industry and
Qcademia. j
Figure 7: Programme Focussing on Light Water Reactors
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Abbrevi at i

ons

ABWR Advanced Boiling Water Reactor
AGR Advanced Gas-cooled Reactor
AMR Advanced Modular Reactor
BARC Bhabha Atomic Research Centre (India)
BEIS Department for Business, Energy and Industrial Strategy
BWR Boiling Water Reactor
CAD Computer Aided Design
CASL Consortium for Advanced Simulation of Light Water Reactors (USA)
CCs Carbon Capture and Storage
CEA Commissariat a I'énergie atomique et aux énergies alternatives (France)
CESAR Centre for Exascale Simulation of Advanced Reactors (USA)
CFD Computational Fluid Dynamics
CHF Critical Heat Flux
CRP Coordinated Research Projects (IAEA)
CRUD Chalk River Unidentified Deposits (apocryphal backronym)
CSNI OECD NEA Committee on the Safety of Nuclear Installations
DECC Department of Energy and Climate Change
DNB Departure from Nucleate Boiling
DNS Direct Numerical Simulation
DOE-NEUP  Department of Energy Nuclear Energy University Program (USA)
EDF Electricité de France
EPRI Electric Power Research Institute (USA)
FSI Fluid-Structure Interaction
FTE Full Time Equivalent
HPC High Performance Computing
HTGR High Temperature Gas-cooled Reactor
HVAC Heating, Ventilation, and Air Conditioning
IAEA International Atomic Energy Agency
INL Idaho National Laboratory (USA)
IRSN Institut de radioprotection et de sireté nucléaire (France)
JAEA Japan Atomic Energy Agency
JRC European Commission Joint Research Centre
LES Large Eddy Simulation
LFR Lead-cooled Fast Reactor
LMFR Liquid Metal-cooled Fast Reactor
LOCA Loss of Coolant Accident
LWR Light Water Reactor
MD Molecular Dynamics
MSFR Molten Salt Fast Reactor
MSR Molten Salt Reactor
MYRTE MYRRHA Research and Transmutation Endeavour
NEAMS Nuclear Energy Advanced Modelling and Simulation Program
NIP Nuclear Innovation Programme
NIP CG Nuclear Innovation Programme Contractors Group
NIRAB Nuclear Innovation and Research Advisory Board
NNL National Nuclear Laboratory (UK)
NPP Nuclear Power Plant
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NRC Nuclear Regulatory Commission (USA)
NTH Nuclear Thermal Hydraulics
ONR Office for Nuclear Regulation (UK)
ORNL Oak Ridge National Laboratory (USA)
PIV Particle Image Velocimetry
POD Proper Orthogonal Decomposition
PTS Pressurised Thermal Shock
PWR Pressurised Water Reactor
RANS Reynolds-Averaged Navier-Stokes
SAMOFAR Safety Assessment of the Molten Salt Fast Reactor
SCKACEN Studiecentrum voor Kernenergie ACentre d'Etude de I'énergie Nucléaire (Belgium)
SCWR SuperCritical Water Reactor
SESAME Simulations and Experiments for the Safety Assessment of Metal cooled reactors
SFR Sodium-cooled Fast Reactor
SIG Special Interest Group
SMR Small Modular Reactor
SPH Smoothed Particle Hydrodynamics
STFC Science and Technology Facilities Council
THINS Thermal Hydraulics of Innovative Nuclear Systems
URANS Unsteady Reynolds-Averaged Navier-Stokes
VERA Virtual Environment for Reactor Applications (USA)
VHTR Very High Temperature Reactor
WGAMA CSNI Working Group on Analysis and Management of Accidents
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Al | ntroducti on

This annex contains outline proposals for 34 potential research and development projects
intended to enhance the UK capability in nuclear thermal hydraulics. Table A2 in Section A.1.2
shows the page number where each project is defined.

It is important for the programme to recognise that the technical thermal hydraulic modelling

chall enges

a

ddressed by these projects are

in the UK! These challenges are known and recognised by the organisations to which they are
relevant and international industry and academic researchers alike are currently working on
solving them. It is possible that work may be published which removes the need for or changes
the emphasis of any of the projects before Phase 2 of this programme begins. Additionally, all of
the project proposals are presented at quite a high level to enable inclusion in this document
without it becoming unwieldy (i.e. all proposals were limited to 3-4 pages in length).

Therefore, it is important that all projects start with a brief review of the latest research in that
specific area and that the scope is refined and potentially updated based on the findings of that
review. Where a slightly more extensive review is needed as an enabler to the project itself, this
is included in the scope of work.

As discussed in Section 6.3, the availability of suitable test data to enable validation is a
challenge for many of the projects. In all cases, it is recommended that consideration be given
to whether the UK test facility could offer the opportunity to acquire additional data in specific

areas.

All For mat

of

Proposal s

The proposals have all been developed and presented in a consistent format. Table A1 below
defines the content of the template.

Project Title

Topic Workshop topic most closely related to project content

Reference Uni que project reference number
where N refers to the topic number (1 to 8) defined in Table 1.

Source Where the project idea came from (e.g. the workshop, the core

team or another other stakeholder)

Location on Capability Map

What type of capability development does this project represent?
Link to capability structure (Figure 1).

R&D Spectrum

The level of maturity of the project in terms of the R&D lifecycle.

Basic Research - The enhancement or acquisition of fundamental
knowledge and understanding without a well-defined application.

Applied Research - The enhancement of knowledge to fill a
recognised gap or need.

Early Development - The initial development of tangible tool,
system, method or process e.g. development of approach.

Late Development - The demonstration that a tangible tool,
system, method or process is ready/appropriate for implementation.
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Technical Objectives

What the project is hoping to achieve?

To include relevant background information, a description of where
the project is going long term and the objectives for this specific
task, as relevant.

Benefits

What are the specific technical benefits of doing this work?
What are the benefits to the UK nuclear industry?

Scope & Approach

Defines the key tasks and activities to be performed to achieve the
project objectives i.e. what is actually going to be done?

Validation Requirements

Need to consider what would be needed to enable validation.

Does suitable data already exist? If not where and how it could be
obtained? How could the UK facility contribute?

Output

The specific outputs/deliverables of the task.

Existing Research & Body of
Knowledge

International Programmes

This should include an initial overview of existing or ongoing
research and opportunities for international collaboration.

(This information will almost certainly be preliminary and incomplete
at this stage)

Risks

Highlight any significant project or technical risks (e.g. very small
pool of people with the right skills or very challenging research with
only a moderate chance of success).

Timeline and Prerequisites

An estimate of how long the work might take and if there are any
prerequisites to completing it.

Does this project have links with others in the programme?

Resource/Costs Need to consider both type and quantity of resource needed.
e.g. 1 FTE researcher + 0.25 FTE industrial specialist for 1 year.
Are there any other costs?

Exploitation It is important that the project is capable of producing or at least

Recommendations

progressing exploitable outputs.
Recommendation of the route to maximise the benefits of the work.

Table Al: Project Proposal Structure

A.1.2

Li nkoifng°Proposakguémebsser R

The analysis of the proposed projects in the context of the user requirements (Reference 5)
identified that, in many cases, the solution to multiple requirements would be progressed by
completing the proposed work. Table A2 presents the linking of the projects to the user
requirements in two ways. Where the proposed work specifically addresses or progresses a
solution to a requirement, it is defined ad
to provide output that adds to the relevant body knowledge in a way that is helpful to addressing
a specific requirement, this has been defi
applicability of the potential work beyond nuclear thermal hydraulics is also included.
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Project Page Project Title Linked Requirements Linked Requirements Wider Applicability
Indirect

P1_A 74 Development of innovative | AGR_M_02, AGR_M_03, AGR_M_01, LMFR_M_15, | Developments could assist in the TH
coarse grid models for AGR_M 09, LMFR_M 03, | PWR_M_18 modelling of a range of complicated
reactor design PWR_M_06 engineering systems, especially those

encompassing a wide range of scales.

P1 B 78 High fidelity modelling to AGR_M_03, AGR_M 08, HTGR_M_04, PWR_M_06 | Potentially wide applicability across all
improve the accuracy of LMFR_M_03, LMFR_M_06 industries employing complex TH analysis
low fidelity methods across a range of scales.

P1 C 81 Reducing the cost of CFD - | AGR_M_03 LMFR_M_07, LMFR_M_08 | Developments could assist in all industries
Efficient and effective where CFD is used to model complex internal
meshing flow passages.

P2_A 85 Increased participation in PWR_M_20, PWR_M_21, | Many possible - depending | Findings likely to be of interest to all industries
benchmarking AGR_M_05, LMFR_M 06, | on precise benchmarks where thermal hydraulic modelling is used to

SCWR_M_01 chosen model complex internal flow passages.

P2 B 88 Maximising UK PWR_M_ 20, PWR_M 21, | AlUKNTH R&D Potential for valuable links with other industry
collaboration and collective | AGR_M_05 R&D collaborations.
learning

P2_C 92 Sensitivity and Uncertainty | PWR_M_21, BWR_M_04, | PWR_M_14 The demonstration of methods for quantifying
Analysis of a Reduced- BWR_M_08, BWR_M_09 uncertainty in an NTH context could be used
Order Model for Simulating in the future for modelling tools associated
BWR Dynamics with other reactor technologies and indeed

other industries.

P2 D 98 UK LWR predictive BWR_M_04, BWR_M_05, | All light water system and This project is focused on providing a means
modelling validation centre | BWR_M_08, sub-channel codes. of model validation and model improvement in

association with the new UK test facility. In
time this could be expanded to encompass
other reactor technologies.

P3_A 101 Improving the prediction of | BWR_M_02, PWR_M_01, | LMFR_M_05, PWR_M_03 | Relevantto any industry where convective
heat transfer by boiling is important.
fundamental multi-scale

© FNC 2019 Page 68 of 197




FNC 53798/47483R
Issue No. 1

FRAZER-NASH
CONSULTANCY

Project

Page Project Title

Linked Requirements

Linked Requirements
Indirect

Wider Applicability

modelling of bubble growth
process

P3_B 105 Improved two-phase flow BWR_M_02, PWR_M_01, BWR_M_01, BWR_M_06, | The implementation of boiling phase transition
regime transition modelling | PWR_M_18 BWR_M_07, PWR_M_09, | models into a CFD framework, could be of

PWR_M_17 value to any industry where boiling is
important.

P3 C 108 Film dry-out modelling in BWR_M 01, BWR_M_02, BWR_M_03, PWR_M_10, | This work would further add to the capability to
CFD PWR_M_01 PWR_M_17 model boiling and film flows with CFD and has

potential applicability to any industry where
these are important.

P3 D 112 Improved component scale | BWR_M_07, PWR_M_09 BWR_M_04, BWR_M_08, | This work would further add to the capability to
boiling model PWR_M_01 model boiling and film flows with CFD and has

potential applicability to any industry where
these are important.

P3_E 117 Prediction of DNB using BWR_M_06, BWR_M_07, | BWR_M_03, PWR_M_03, | The prediction of this most important boiling
CFD PWR_M_09 PWR_M_17 phase transition would be of value to any

industry where boiling heat transfer is
important.

P4 A 120 Modelling of fuel clad PWR_M_22 MSR_M_02 Although this particular problem is very
ballooning following LOCA industry specific, the methods for coupling of

the flow, thermal and structural response
could be of value to other industries.

P4 B 123 CFD modelling of PWR_M_01 BWR_M_07, PWR_M_09 This work is necessarily quite application
macroscopic convective specific. The outcome will however add to the
boiling flows in NPP body of knowledge relating to the use of CFD

for two-phase flow modelling.

P5_A 127 Dissolved gas transport in LMFR_M_16 This work would be applicable to any industry
molten metals and molten where entrainment into liquid or molten
salts material is important, for example casting.

P5 B 130 Molecular dynamics MSR_M_01 Any industry or scientific process where
capabilities for complex chemical species and their evolution
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Project

Page Project Title Linked Requirements Linked Requirements

Indirect

Wider Applicability

thermophysical, produces changes in material properties that
thermogravimetric phase are unknown in advance could benefit from
equilibrium prediction over the methods developed.
lifecycle
P5 C 132 Heat transfer correlations MSR_M_05 MSR_M 03, MSR_M_06, Mixed convection is a difficult heat transfer
for mixed convection and MSR_M_07 regime to make accurate predictions for.
transitional flows in MSRs Maintaining and extending expertise for
creating such correlations will create skills and
methods that can be applied in many other
industrial contexts.
P5 D 134 Supercritical CO2 power LMFR_M_17 Supercritical CO2 technology has wide
cycles applicability in many forms of high
temperature power generation: e.g. nuclear,
solar, conventional, energy storage, carbon
capture and storage.
P5_E 136 Liquid metal heat transfer LMFR_M_01, This work would be applicable to any industry
modelling LMFR_M_04, LMFR_M_13 where molten metals are used, casting for
example.
P5_F 139 Modelling of cover gas LMFR_M_16 Any industry where heat transfer through
dynamics aerosol particle laden gas is present would
benefit from this work.
P5 G 142 Predicting heat transfer to SCWR_M_03, SCWR_M_06 Supercritical fluids are used in many
supercritical fluids SCWR_M_05 industries, and are applied in conventional
power cycles, and so this work would be of
widespread value.
P6_A 145 Coupled tool selection BWR_M 04, MSR_M_ 01, This project focusses on building international
PWR_M_14 links through the use of common tools; this
should provide wider benefits naturally
through increased collaboration and
cooperation.
© FNC 2019 Page 70 of 197




FNC 53798/47483R
Issue No. 1

FRAZER-NASH
CONSULTANCY

Project Page Project Title Linked Requirements Linked Requirements Wider Applicability

Indirect

P6 B 148 Tritium generation and HTGR_M_06 While this project was raised in the context of
migration in advanced an HTGR UR, MSRs and LMFRs will
reactor coolants encounter this issue to some extent, and can

benefit from this work. Control of tritium
transport is a relevant problem in nuclear
fusion and other activities where it is
generated or stored, and they could also
benefit.

P6 C 150 Coupled 3D neutronics and | BWR_M_03, BWR_M_04, BWR_M_09 Coupled general purpose 3D CFD and 3D
CFD thermal hydraulics BWR_M_05, BWR_M_06, neutronics can be readily applied to all nuclear
applied to BWR fuel BWR_M 07, PWR_M_14 reactor types.
channels

P6 D 152 State of the art CRUD PWR_M_11 This is a potential route into a more
deposition models and the widespread application of the most modern
effects on heat transfer US high fidelity modelling tools (e.g. MOOSE,
mechanisms VERA).

P6 E 154 Modelling of air ingress HTGR_M_08, HTGR_M_07 This project has been proposed in the context
accidents in HTGRs HTGR_M_09 of one HTGR reactor design, but would be

able to be applied to any design in the same
category.

P7_A 156 Improved prediction of flow | AGR_M_01, AGR_M_04, LMFR_M_04, PWR_M_15 | This work could be of benefit to any
and thermal development PWR_M_05 application requiring the modelling of unsteady
in fuel pin cooling flow phenomena in narrow internal passages.
passages

P7 B 160 Improved accuracy of AGR_M 04, PWR_M_05, AGR_M 06, HTGR_M_01, | The modelling of turbulent flow using CFD
RANS models for turbulent | PWR_M_15 LMFR_M_07, represents the state-of-the-art in fluid
heat convection LMFR_M_08, dynamics modelling in many industries. The

LMFR_M_09, specific work proposed here would enhance
LMFR_M_12, PWR_M_07, | capability in the modelling of buoyancy driven
SCWR_M_02, PWR_M_20 | flow in all industry applications.
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pP7 C 164 Improving the ability to HTGR_M 02, PWR_M_12 | SCWR_M_ 04, Structural vibration induced by fluid flow is
predict structural vibration LMFR_M_12, PWR_M_20 | seen across a range of industries, most
in reactor design notably aerospace and automotive. Although

this project initially examines adopting
methods from other sectors for civil nuclear
application, any learning gained in the
strengths and limitations of the methods will
likely benefit all who use them.

P7 D 168 Predicting and assessing LMFR_M_10, LMFR_M_12, PWR_M 13, | The development of improved transient
thermal fatigue LMFR_M_11, PWR_M_08 | PWR_M_15 thermal modelling capability and improved

conjugate heat transfer modelling would likely
be of benefit to industries such as oil and gas.

P7_E 172 Improved prediction of the LMFR_M_11, PWR_M_05, | HTGR_M_01, This work adds to the general body of
stalling of natural AGR_M_04 LMFR_M_09, PWR_M_15, | knowledge regarding the reliable modelling of
circulation flows single phase flow and heat transfer with CFD.

P7_F 177 Improved prediction of HTGR_M_ 01, PWR_M 05, | MSR_M_07, PWR_M_16 The modelling of single phase buoyancy
passive cooling in NPP PWR_M_15 driven flow in a volume with CFD has wider
containment volumes industrial application: for example in the

design of passive cooling for buildings.

P8 A 181 Investigate the impact of AGR_M 06, HTGR_M 03 | PWR_M_11 Although this work focusses specifically on
6real 6 surfac typical NPP surfaces, it will add to the body of
transfer modelling knowledge regarding the effect of surface
predictions details on heat transfer.

P8 B 185 Improved wall models for AGR_M_ 06, HTGR_M_03, | AGR_M_01, PWR_M_05, This work would be of benefit to all industries
accurate heat transfer PWR_M_05 LMFR_M_15, PWR_M_20 | where CFD is used to predict surface heat

transfer.

The following User Requirements are not satisfied by any of the project proposals: AGR_M_07, HTGR_M_05, HTGR_M_10, LMFR_M_02, LMFR_M_14,
MSR_M_04, PWR_M_02, PWR_M_04, PWR_M_19.

Table A2: Project Links to User Requirements
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Project Title

Development of Innovative Coarse-Grid Models for Reactor
Design

Topic Multi-fidelity
Reference P1L A
Source Workshop Group 1 and current Phase 1 development work.
Location on Capability Map Modelling Tools
Physical/Empirical Mathematical Models
R&D Spectrum Basic Applied Early Late
Research Research Development | Development
i H H f

The internal structure of NPPs is characterised by areas of complex
detailed geometry and multiscale/multiphysics. Methods exist (and
new improved models are being developed) that can reasonably
capture the flow within these complex areas at a small scale, but it
is currently prohibitively expensive to use them on the scale of an
entire plant, or even an entire fuel channel (and will remain so for
the medium term). Low fidelity tools (system and sub-channel
codes) are available that are used to perform NTH predictions on a
larger scale, but these are necessarily highly dependent on plant
specific empirical data which limits the range of their applicability.

Technical Objectives

A key objective of current NTH modelling engineers is to capture
the benefits of detailed modern thermal hydraulic modelling
methods in a framework which can be used in industrially useful
timescales. Much international effort has been directed to coupling
methods/codes of different fidelities to address the multi-scale and
multiphysics challenge. This project develops an innovative
approach directly combining some sub-channel models into a new
coarse-grid CFD model so the multi-scale challenge is addressed
within a single framework. The key objectives for this project are:

4 To develop innovative coarse-grid CFD methodology for models
of fuel-channels and whole-cores that are suitable for routine
design/engineering calculations;

4 To develop methods to enable better combination of coarse and
fine grid methods/models;

4 To develop validated-smart-fuel-channel models based on
coarse-grid CFD;

4 To build, test and validate multi-channel/whole-core models for
very large systems, possibly for both light-water and other
media (LMFR) designs.

Benefits The overall benefit sought is to modernise the reactor design/
engineering calculation methodologies (e.g. system and sub-
channel codes) by making use of the recent developments in
computers and modelling methods (e.g. CFD). More specifically:
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4 Enabling CFD models to be used to simulate more complex
systems within realistic computing resources such that they can
be applied within industry as design tools;

4 Developing tools that can be calibrated and validated for
specific systems and produce results in short turnover times,
serving a similar purpose to the system/sub-channel codes but
with enhanced capability (i.e. including 3D effects, plant aging
etc.);

4  Enabling a natural coupling with conventional CFD, and hence
enabling models to resolve local flow physics to be included in
the solution as required, resulting in reduced uncertainty in
methods;

4 Enabling an overall modelling strategy to be developed that
uses both empirical and resolved methods with a reduced
number of software tools, thereby reducing both training
requirements and the risk of user error.

Scope & Approach The approach chosen for this work is to develop innovative
methodologies for coarse-grid methods aimed at significantly
improving the performance of the widely used porous medium
approach, which suffers from various deficiencies when applied to
reactors. Various innovative ideas are worth developing/testing,
including, as proposed here, making use of the sub-channel
strategies and correlations. The scope of this project will include:

4  Develop, evaluate and integrate empirical models for coarse-
grid CFD (replacing wall functions) by comparison with
experimental data or with the aid of high-fidelity CFD for reactor
relevant flow and heat transfer physics, including for example,
cross flows, rough surfaces and buoyancy (for single phase
flow in the first instance).

4 Develop interfacing methods to enable smooth transition
between coarse/fine mesh models, improving representations
of flow physics/turbulence and numerical stability.

4 Develop a number of OsmbBtotd m
demonstrate the techniques; validate against sub-channel
codes for simple cases and against detailed CFD or
experiments for O6complexd cas

4  Build, test and validate models for multiple channels/the whole
core for very large systems to demonstrate the full capability
and advantages of the new methodology and to gain
acceptance from the community.

Validation Requirements 4  Verification: the developed methodology should be carefully
tested under various scenarios for physical consistency and
numerical stability.

4 Validation of full representation (smart fuel channel model, for
example): validate the model against sub-channel codes for
simple cases (e.g. normal operation conditions where sub-
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channel models are well validated) and against detailed CFD or
experi ments for O6complexd case

Output 4 Innovative coarse-grid CFD methodology with potential for
simulating large reactor systems (fuel channels, core) in short
turnover time.

4 Validated smart fuel channel model in open source CFD code
to demonstrate the full capability.

4 Initial model(s) for larger system (e.g. multiple-channels, whole-
core).

4 Documentation of the developments in 2-3 academic papers.

Existing Research & Body of 4  Existing porous representations in current CFD codes.

Knowledge 4 Few examples of research into coarse-grid CFD models. These
International Programmes adopt different approaches from those proposed in this project,
but some aspects are likely to be of relevance.

4  Existing sub-channel models.

4 Various current/previous US/EU consortia in reactor systems
modelling (NEAMS, SESAME, THINS), all include some
elements of CFD/system coupling and component modelling.

4 Feasibility study of innovative ideas of coarse-grid CFD carried
out in the current Phase 1 project has shown excellent
potential.

Risks It may take time to gain acceptance from industry/regulators even
though the methodology/models may be technically sound.

Existing sub-channel and system code methods are already
considered 6adequated6 for curre
take-up of new innovations in light water technologies. However,

the benefits to new reactor design could be realised without this
barrier.

Timeline and Prerequisites First phase i 2 years to create initial models and test feasibility of
approach (as part of the current BEIS program).

Second phase i 3 years to develop the models to an exploitable

state.

Resource/Costs 2 researchers (CFD code development experience and a good
understanding of exist4igmngdie tama
models.)

Access to open source code (with source and version control)
Industrial partner for support with demonstration cases and data.
Access to HPC resources and expertise (e.g. STFC).

Exploitation 4  Publish methodology in reports and papers to seek
Recommendations dissemination, acceptance and further development; make
recommendations for future developments.

4 Demonstration models implemented in open source code to
remove financial barriers to exploiting the advancements.
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4  Likely future exploitation will be development of validated,
reactor-specific, smart models for reactor components/whole-
core for relevant designs of both advanced light water and
other, Gen |V technologies (this is likely to be carried out by
industry and will result in proprietary models based on the
method developed by this project).
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Project Title

High Fidelity Modelling to Improve the Accuracy of Low
Fidelity Methods

Topic Multi-fidelity
Reference P1L B
Source Workshop Group 1
Location on Capability Map Modelling Tools and Concepts and Doctrine
R&D Spectrum Basic Applied Early Late
Research Research Development | Development
f H H f

Technical Objectives Low fidelity tools (e.g. system codes) are an important part of the
suite of methods available to the nuclear thermal hydraulic
engineer. They are essential in early design and safety
substantiation and, once developed, they represent a fast,
inexpensive way of analysing a complex reactor system. However
their low fidelity nature leads to regions of a reactor where their
accuracy is low, and confidence in their results cannot be high in
the absence of empirical closure relations (correlations) derived

from test data characterisations of components and flows.

Higher fidelity modelling techniques exist that can accurately
capture the flows in complex regions of a reactor, but it is not
currently practical to use them to model an entire system and the
use of simpler models where possible will always offer cost and
timescale benefits.

The technical objective of this work is to improve the accuracy of
low fidelity tools by incorporating more detailed descriptions/sub-
models in areas where the former are known to be of low accuracy.

Benefits The benefits of this work package are:

1 To improve the accuracy and range of applicability of system
codes;

I To realise the benefits of high fidelity modelling techniques in
whole reactor analyses;

1 To potentially reduce the reliance on test data thereby reducing
the costs and timescales to produce suitable predictions;

1 To reduce the timescales and costs in developing the inputs
needed for reactor specific modelling by making use of modern
computational techniques.

1 Toinvolve the UK in research at the forefront of an emerging
technology with wide applicability (i.e. beyond NPP analysis).

Scope & Approach There are a number of different approaches that could be taken for
this work. The explicit embedding of high fidelity modelling (e.qg.
CFD) in a lower fidelity model is a method that has been and is

being actively explored. Challenges include issues of
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interoperability of tools, their relative computational demands and
differences in the timescales associated with the physics captured
by different modelling approaches, which makes handling the
interface between models hard.

This project is intended to develop an alternative approach; building
on state-of-the-art machine learning techniques to capture the
benefits of high fidelity modelling within a lower fidelity framework.
This project will be a proof-of-concept for the generation of higher
fi del imtoyd edsudehinfower fidelity NPP analysis codes
using this approach. The expected activities are:

4 Investigate the suitability of driving reduced order models
using Proper Orthogonal Decomposition (POD) based on
high fidelity training data and simulations.

4 Investigate the feasibility of and, if possible, identify a
suitable machine learning approach to provide, for example,
flow regime classified lower order models or emulated
response predictions based on high fidelity training data
(could be a mix of simulation and test).

4 Based on the findings of the feasibility of the approach,
agree a realistic set of required submodels, focussed on
priority areas.

4 Create a hierarchy of reduced models for specific flows to be
embedded in higher level models (e.g. system codes)
models.

4 Demonstrate the approach by incorporating specific,
improved low order models in a system code.

Validation Requirements An improved system code could be validated against the available
large scale data against which the empirical closures have already
been validated.

A more complex embodiment could be based on suitable
benchmark problem, with validation data available.

Output The developed demonstrator and associated documentation made
available for industry exploitation and further research.

Existing Research & Body of Research is starting to gain traction using POD and machine
Knowledge learning to exploit LES and DNS. The methods are transferrable to
International Programmes thermal hydraulics. For example, a very recent, highly relevant
example from rocket propulsion provides a template to follow:

Common Proper Orthogonal Decomposition-Based Spatiotemporal
Emulator for Design Exploration, Shiang-Ting Yeh, Xingjian Wang,
Chih-Li Sung, Simon Mak, Yu-Hung Chang, Liwei Zhang, C. F. Jeff
Wu, and Vigor Yang, AIAA Journal (to appear)
https://doi.org/10.2514/1.J056640 Preprint available:
https://arxiv.org/abs/1709.07841

Risks Ideally a demonstrator would be similar to a real operational
reactor, but this may create problems with proprietary inputs.
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The novelty, and difficulty of the technical challenge may mean that
it is hard to demonstrate a significant improvement over current
industry working practices in the first instance.

Machine learning is an emerging technology; people with skills in
this area are scarce and in-demand in other industries.

Timeline and Prerequisites A demonstrator could likely be achieved in 3 years.

Resource/Costs 2 FTE researchers plus 0.5 FTE industrial contributors for three
years.

Resources with an understanding of reactor thermal hydraulics and
relevant experience with POD and machine learning are needed.

Industry and academic collaboration would be beneficial to ensure
that the demonstration is as credible as possible.

Exploitation The demonstration system code and submodels could be used as a
Recommendations starting point to develop improved system codes for industrial use.
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Project Title

Reducing the Cost of CFD i Efficient and Effective Meshing

Topic Multi-fidelity
Reference P1L C
Source Workshop Groups 1 and 4 and subsequent core team development
Location on Capability Map Personnel
Concepts and Doctrine
Modelling Tools
R&D Spectrum Basic Applied Early Late
Research Research Development | Development
n H H H

Technical Objectives To investigate methods for reducing the time taken to develop high
quality, optimally sized CFD meshes for thermal hydraulic

modelling.

To document guidance relevant to NTH engineers wishing to use
CFD in industrial timescales.

Benefits The engineering time taken to develop a mesh can represent a
significant proportion of the cost to industry of using CFD.
Furthermore, the size and quality of the mesh can have a significant
impact on computational expense and final accuracy of the
analysis.

4 Reducing the engineer time taken to develop meshes for
nuclear thermal hydraulic CFD will directly reduce the cost to
industry of using advanced methods.

4 Improving the quality of CFD meshes used in the UK will
maximise the benefits of using these methods and help prevent
rework and thereby reduce the time taken (and the cost) overall
to achieve the required solution.

Scope & Approach There are a variety of methods and tools available for creating

meshes suitable for NTH CFD application. These can vary from:

4  The highly automated e.g. a mesh generated by automatic
surface wrapping and automatic tetrahedral, hierarchical
hexahedra or unstructured polyhedral volume mesh generation,
to,

4 The highly manual e.g. laboriously hand-crafted mesh using
block structured, hexahedral volumes.

Both methods have a range of applications where they are the best
solution, and choosing when to employ each technique (or the large
range of options between and aside from them) is not always clear.
When a technique is chosen, there are significant elements of skill
and judgement that are needed to produce a high-quality mesh with
appropriate refinement in the regions of most importance.
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Furthermore, learning a new technique or tool is a substantial
training investment.

Comprehensive knowledge of meshing strategies and how to
implement the optimally sized, high quality mesh is not widespread
in the academic or industrial CFD user-base. Knowledge of the
effect that the mesh quality metrics reported by meshing tools on
the accuracy and stability of solutions is also not widespread, or
well documented, and is to some extent CFD solver specific.

The detailed development of automatic meshing algorithms is a
challenging and specialist area, which is owned by the vendors of
such tools, and the details of any guidance that can be offered by
them is inevitably tool and algorithm dependent. It is often the case,
however, that the tool developers are not best placed to make flow
and component specific judgements on the best meshing approach
to use because they cannot be expected to have comprehensive
knowledge of all of the real-world applications to which their tool
may be applied. This knowledge is typically held by experienced
users, depends strongly on the toolchain involved and is rarely
rigorously subject to uncertainty analysis, formally recorded or
communicated. There is a shortage of such users within the UK, so
it is the case that this knowledge is not disseminated where it is
needed the most.

This project will consider and define the requirements of a mesh for
nuclear thermal hydraulic modelling using CFD using a number of
prototypical examples. The emphasis of the project is create a
suitable quality mesh in the minimum time. The scope of the project
will be:

4 ldentify non-proprietary but prototypical test cases. These need
to be sufficiently geometrically complex to be useful, i.e. not
basic O6benchmarkd styl e geome

4 ldentify the flow conditions to be used for the comparison and
the high-level CFD solution being targeted: heat transfer or
pressure drop, using modelled (RANS) or resolved (e.g. LES)
turbulence.

4  Create a high quality reference solution for each test case.

4 Apply a variety of meshing strategies and tools to each case,
recording: the time taken, any areas of difficulty, and any
shortcuts. To include meshes with a relatively low cell count as
well as highly resolved cases (the emphasis of this project is to
produce meshes that are of a size for practical industry use).

4 Use the meshes to calculate a CFD solution in each case and
compare the convergence behaviour and results.

4  Comprehensively report the method, tools and steps used to
construct the mesh including: description of mesh in terms of
relevant parameters (e.g. cell types, skewness, y+ etc.);
guidance on any difficult areas; an estimate of the time taken to
reconstruct a similar mesh using the guidance; the resulting
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