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Abstract

In the thesis, the study is carried out, focusing on the objectives related to design of
DEMOnstration Balance of Plant (DEMO BoP), as well as on plant performance and operation
challenges. The scope of the work is the study of transient behaviour of DEMO BoP energy
transfer chain through the simulations using MATLAB®/Simulink. For this purpose, a vast
analysis of design and operational parameters of DEMO BoP is carried out, including Primary
Heat Transfer System (PHTS), Intermediate Heat Transfer and Storage System (IHTS) and
Power Conversion System (PCS), which are used as input simulation data. In DEMO IHTS
system, HITEC molten salt (MS) is applied as both heat transfer fluid and sensible thermal
energy storage medium. In the thesis, an extended literature survey of HITEC properties is
performed. A set of functional relations, which describe temperature dependence of HITEC
thermo-physical parameters, is defined for novel customized MATLAB® module. A model,
which describes mass and heat transfer phenomena in thermal storage tank, is reviewed. The
results are applied for development of novel customized MATLAB® module for simulation of
heat losses to environment from thermal storage tanks. The results of simulations of temporal
evolution of MS temperature inside thermal storage tanks, as well as heat losses to environment,
are evaluated through comparison with numerical data, known from literature survey. The
simulation models for DEMO PHTS-IHTS and DEMO PCS systems are developed. For these
models, MATLAB® Library standard, as well as customized modules are applied. The
modules” governing equations and corresponding assumptions are discussed. The results of
simulations are used for optimization of design of thermal storage tanks, as well as for study of
interplay between storage tank geometrical parameters and MS properties. The simulations of
temporal evolution of mass and heat flows in DEMO PHTS-IHTS and DEMO PCS systems
during fusion reactor cycling operation are carried out. The study is extended with simulation
of temporal evolution of mechanical power output downstream DEMO PCS steam turbines.
The results of simulations using MATLAB®/Simulink are evaluated and verified through the
comparison with the data from quasi-stationary simulations. The verification shows good
correlation between simulated parameters™ values. Finally, MATLAB®/Simulink simulation
model for DEMO BoP energy transfer chain is developed. The novelty consists in coupling of
DEMO PHTS-IHTS and DEMO PCS models through thermal ports. The obtained results of
numerical simulations confirm the ability of the developed MATLAB®/Simulink model to be
applied for the study of transient behaviour of DEMO BoP energy transfer chain on behalf of

operation stability.



Vi



Kurzfassung

In der Doktorarbeit liegen die Schwerpunkte auf dem Design, sowie auf der Anlagenleistung
und den betrieblichen Herausforderungen von DEMOnstration Balance of Plant (DEMO BoP)
flr die Fusionstechnologie. Das Ziel der Arbeit ist die Untersuchung des transienten Verhaltens
der Energieubertragungskette von DEMO BoP mittels MATLAB®/Simulink. Fir das
Simulationsmodell des Primarwérmeulbertragungssystems (PHTS), des Zwischenwérme-
ubertragungs- und Speichersystems (IHTS), sowie des Energieumwandlungssystems (PCS),
wurde eine umfassende Studie der Design- und Betriebsparameter, die als
Simulationsdateninput gelten, durchgefuhrt. HITEC-Salzschmelze wurde als Warme-
ubertragungsflissigkeit sowie als ein sensibles Warmeenergiespeichermedium  fir
DEMO ITHS ausgewahlt. Dafiir wurde eine erweiterte Literaturrecherche zu den Eigenschaften
der Salzschmelze erbracht. Eine Reihe wvon analytischen Gleichungen, die die
Temperaturabhangigkeit von thermophysikalischen Parametern des HITEC beschreiben, wurde
definiert und in einem neuen angepasstetn MATLAB®-Modul eingefihrt. Ein
geeignetes Modell wurde entwickelt, welches die Massen- und Wérmeubertragungsphédnomene
im thermischen Energiespeicherbehélter beschreibt. Ein neuartiger MATLAB®-Modul wurde
zur Simulation von Warmeverlusten aus dem Speicherbehélter an die Umgebung entwickelt.
Die Simulationsergebnisse zur Wéarmeubertragung aus dem Speicherbehélter an die Umgebung
wurden mit bekannten Literaturdaten verglichen und evaluiert. Die Simulationsmodelle von
DEMO PHTS-IHTS- und DEMO PCS-Systemen wurden mit MATLAB®/Simulink entwickelt.
Zur Modellentwicklung wurden sowohl Standardmodule der MATLAB®-Bibliothek, als auch
die selbst neuangepassten MATLAB®-Module eingesetzt. Dabei liegt der Schwerpunkt auf der
Beschreibung der entsprechenden Randbedingungen fiir die physikalischen Modelle, sowie der
mafRgeblichen Gleichungen. Die Simulationen wurden zur Optimierung des Designs der
thermischen Energiespeicherbehalter verwendet. Der Zusammenhang zwischen geometrischen
Parametern der Speicherbehalter und den Eigenschaften der Salzschmelze wurde untersucht. In
DEMO PHTS-IHTS und DEMO PCS-Systemen wurden Simulationen zur zeitlichen
Entwicklung von Massen- und Wéarmestrémen wahrend des zyklischen Fusionsreaktorbetriebes
durchgefuhrt. Die Ergebnisse wurden zur Berechnung der mechanischen Leistung hinter den
DEMO PCS-Dampfturbinen herangezogen. Die Daten aus MATLAB®/Simulink-Modellen
wurden mit Daten aus quasi-stationarem Simulationsmodell verglichen. Die Verifizierung der
jeweiligen Simulationsdaten zeigt eine Ubereinstimmung zwischen den Ergebnissen von

dynamischer  und  quasi-stationdrer ~ Modellierung.  AbschlieRend  wurde  das

Vil



MATLAB®/Simulink-Modell  zur  Untersuchung des transienten Verhaltens der
Energietibertragungskette von DEMO BoP entwickelt. Die Neuartigkeit des Modells entsteht
in der Modellenkopplung der DEMO PHTS-IHTS mit DEMO PCS mittels thermischer
Anschlisse der entsprechenden Module. Im Hinblick auf die Betriebsstabilitat, bestétigen die
Ergebnisse der numerischen Simulationen die Eignung des entwickelten MATLAB®/Simulink-
Modells flr die Untersuchung des transienten Verhaltens der Energielibertragungskette von
DEMO BoP.
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1 Introduction

From 1970 onwards, energy demand in the world has rapidly grown, being satisfied mainly by
fossil fuels [1-4]. Nowadays, world’s actions are crucial to create a sustainable energy system,
in which renewable energy sources, that proved long-term security of supply, have to replace
fossil fuels [5-9]. In Germany, the strategic transformation of energy system is focused on the
development of decarbonized multi-modal energy system with variable renewable energy
sources and system integration. This development demands comprehensive multiple view over
the infrastructure and components, stability and controllability, reliability, safety, economic
viability, environmental compatibility, legislation, as well as social and ethical aspects [10-17].

Being a part of strategic development, the Energy System Integration 2050 (ESI 2050), a joint
initiative of research field energy of Helmholtz Association in Germany, is aimed on the
improvement of understanding of energy systems and development of technological solutions
for use by politics and industry [8]. The initiative focuses on the integration of relevant
technology elements into energy system and addresses those aspects of energy system that make

all individual components to form a whole [18-27].

To provide zero-carbon emissions, large-scale expansion of renewable technologies has to be
realized [4, 28]. In this way, wind and solar energy underbid fossil-fuel power
plants [18, 28, 29]. Nuclear energy remains a low-carbon option for generating electricity with
significant gains [2].

Fusion energy opens possibilities to provide a cost-efficient and sustainable solution to
European and global energy needs [30]. Fusion, as a based-load energy generation option, is
expected to contribute to decarbonization and climate change mitigation measure from its
market penetration after 2050 [3, 5, 31-35].

1.1 Road map for Fusion Power Plant

The European Commission proposal for EURATOM programme in Horizon 2020 states an
ambitious roadmap to fusion electricity (see Fig. 1.1). The International Thermo-
nuclear Experimental Reactor (ITER) and DEMOnstration Fusion Power Plant (DEMO FPP)
are some of its key facilities [36]. The scope of ITER, which is one of the most ambitious energy
projects, is to build world’s largest TOKAMAK reactor to prove the feasibility of fusion as a

large-scale energy source [37].
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Fig. 1.1: The European Fusion Roadmap [36].

ITER is the first fusion device designed to produce net fusion power of 500 MW over a
significant long pulse with only about 50 MW input heating power, injected to heat the plasma.
It is expected that most of important milestones, which should be achieved by putting ITER
into operation, should provide ground for many systems, materials and technologies, needed

for development of commercial scale fusion reactors [32, 38-40].

Aside to ITER, the research work is underway on the conception of next-stage machine -
DEMOnstration Fusion Power Plant, which has to upgrade all technologies to the level of
performance, reliability and efficiency required for production of electricity [37]. DEMO FPP
is considered as a decisive step between ITER and commercial Fusion Power Plant [41, 42].
DEMO FPP has to demonstrate all technologies for construction of a commercial Fusion Power
Plant, including an adequate level of availability. DEMO FPP requires innovations in material
technologies, integration design of largest components with lowest cost, simple manufacturing
as well as standardization of parts, high level of component reliability, maintainability and
inspectability [26, 29]. The safety credit needs to be given to the systems, structures and
components [43-45]. Integrated analysis is necessary for comprehensive identification of

hazards and safety functions [46, 47].

The conceptual DEMO projects, such as Korean-DEMO and EU-DEMO, are under
consideration [41, 42]. Korean-DEMO construction is expected to be completed by 2037 and
to be used as a component test facility during its 1% operation phase, which is projected up to
2050. During the 2" phase, most in-vessel components have to be replaced for full steady-state
operation and electricity generation. A central requirement to EU-DEMO is to produce net

electricity to external grid predictably in the range of 300-500 MW.
2



1.2 DEMOnstration Balance of Plant

The DEMOnstration Balance of Plant (DEMO BoP) is an engineering term, comprising all
supporting and auxiliary systems, which are needed for energy conversion and delivering
[40, 48]. The objectives of DEMO BoP development are to design an environmentally sound,

viable, flexible and stable energy system by integrating individual technologies [33, 45, 47-54].

The schematic view of the interface of DEMOnstration Balance of Plant systems is presented
in Fig. 1.2. The large number of system interdependencies give rise to a high degree of
DEMO BoP complexity, what strongly influences on plant design, safety and maintainability,
and demands large-scale investigations of DEMO BoP during pre-conceptual design [38, 55].
Here, any effort to reduce the complexity of DEMO BoP has a beneficial return on system

design, operation safety, plant availability, power grid stability and costs [46, 56-60].
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Fig. 1.2: Interface of the systems of DEMOnstration Balance of Plant with Helium Cooled
Pebble Bed Indirect Coupling Design (ICD) concept: BB - Breeding Blanket, ESS - Energy
Storage System, VV - Vacuum Vessel, VVPSS - Vacuum Vessel Pressure Suppression
System [51, 55].



The schematic view of DEMO BoP electrical system is presented in Fig. 1.3. Major consumers
are the cooling and cryogenic systems for helium breeding blanket model, requiring ~80% of
total power demand between 120-250 MW. The Pulsed-Power Electrical Network, which is
identified with the Coil Power Supply and Heating Power Supply systems, supplies pulsed
loads that requires time-changing power during plasma operation. Turbine Generator Electrical
Network provides large pulsed power, which is needed to supply the superconducting coils, and
connects DEMO power train to external grid.
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Fig. 1.3: DEMO BoP electrical distribution system [56].

The schematic view to DEMO BoP ICD concept is presented in Fig. 1.4. The concept includes
fusion reactor TOKAMAK as a heat source, Primary Heat Transfer System (PHTS),
Intermediate Heat Transfer and Storage System (IHTS), Power Conversion System (PCS) and
plenty of auxiliary equipment [51-56]. The transitions between plasma operation states, hence
pulse-to-dwell and dwell-to-pulse, are the most challenging issues for coupling between DEMO
Primary Heat Transfer System and Power Conversion System [5]. Previously for DEMO BoP,
Direct Coupling Design (DCD) and Indirect Coupling Design (ICD) concepts are proposed (see
Appendix A.1) to identify the main requirements and feasible architectures [38, 51, 55]. DCD
and ICD concepts are studied, based on feasibility, applicability, integrity, performance and

safety consequences, as well as the costs, which are taken into account.
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Fig. 1.4: Scheme of DEMO BoP design concept [33].

The main requirements are considered here, namely to avoid disconnection from the grid for
pulse-dwell transitions and to reduce the impact of frequent temperature transients to structures.
The study shows that ICD concept provides the accumulation of thermal power during plasma
pulses that is released further to DEMO PCS during dwell operation [55]. DEMO IHTS is used
to smooth the generated pulsed plasma power, ensuring continuous conversion process with
stable production of electricity and long plant lifetime. The use of DEMO IHTS allows the
electrical generators to operate in steady state without any interruptions and fluctuations during
plasma phase [40, 41, 47].

In DEMO BoP (see Fig. 1.4), the fusion reactor operates in a cycle mode. A single operation
cycle includes pulse (7200 sec) and dwell (600 sec) time intervals. Dwell time is needed for
removal of ash and dust from fusion reactor chamber, as well as for loading of central
solenoids [52]. Breeding Blanket (BB) system surrounds the plasma and is responsible for heat
extraction due to cooling mechanism, to absorb the energy from neutrons produced within
plasma by nuclear fusion reaction. The blanket system removes heat at an adequate
thermodynamic efficiency that requires the coolants to be used at high temperature and
pressure [26]. The cooling of blanket with helium is the preferable solution, which relies on

chemical and radiological gas inertness at high temperature [61-63].



Helium Cooled Pebble Bed (HCPB) consists of lithiated ceramics as solid breeder, beryllium
pebbles as neutron multiplier, and EUROFER as structural material, which consists of reduced-
activation ferritic-martensitic steel. HCPB uses as a coolant high-pressure helium at 8 MPa.
The coolant removes heat from plasma and deposit volumetrically in the surrounding in-vessel
structures, what covers ~80% of total fusion power. The rest of fusion power with additional,
auxiliary heating power of ~100 MW is deposited as surface heat by plasma-facing
components [51-54, 56, 61, 64].

Breeding Blanket system is segmented into eight loops, each providing heat transfer into two
sectors through top/upper ports, what offers benefits, referred to safety, maintenance and
component size [26, 55]. Each loop incorporates two helium blowers. Helium flows through
heat exchangers (HXs), ensuring heat transfer from fusion reactor blanket walls to Thermal
Energy Storage (TES) system [61-63, 65-69].

DEMO IHTS stores thermal energy from BB PHTS during pulse time, manages inlet
temperature to BB PHTS through the HX secondary-side inlet temperature, and transfers
thermal energy to pre-heater/steam generator/super-heater, as requested by DEMO PCS.
During dwell operation, the mass flow rate of heat transfer fluid (HTF) is adjusted to the need

of BB decay heat removal using a dedicated small pump [47, 55].

Power Conversion System follows DEMO IHTS and is coupled through the generator to
electrical grid. In DEMO PCS, heat is transferred to steam generator [70]. Secondary heat
sources, such as Vacuum Vessel (VV), Divertor Cassettes (DIV-Cas) and Divertor Plasma
Facing Units (DIV-PFU) are used for heating feedwater on return line to steam generator
(Fig. 1.4). To increase the power output, two fluid re-heaters are installed between steam

turbines. Subsequently, steam is returned back into the circuit through condenser.

Quasi-stationary simulations of DEMO BoP are previously carried out using EBSILON® code,
which is a simulation tool for thermodynamic cycle processes [84, 97-101]. The code system
library contains the components for power plant processes, as well as material data library,
including the parameters of heat transfer fluids [102]. DEMO BoP main operational parameters,
calculated through EBSILON®, are joined in Appendix A.2, Table A2.1. The schemes of quasi-
stationary simulation model of DEMO BoP, that is substantial for fusion reactor pulse and dwell
operation, are presented in Appendix A.2, Fig. A2.1 and Fig. A2.2.



1.3 DEMOnstration Intermediate Heat Transfer and Storage System
design concept

1.3.1 Storage of thermal energy

In order to store an excess amount of hot heat transfer fluid, the Thermal Energy Storage system
is applied. The operation of TES system depends on heat transfer fluid (HTF) properties, on
design of storage system and its integration. TES technologies can exploit the storage of thermal
energy in form of thermochemical, latent or sensible heat storage. Thermochemical heat storage
is based on heat capacity and its change as a function of temperature, being accompanied by
chemical reaction [71]. To store thermochemical energy, elevated HTF temperature is used to
promote a reversible, endothermic reaction. The absorbed thermal energy is stored as chemical
bonds within reaction products. The reverse exothermic process can be induced through
catalysis, when energy needs to be recovered [72]. For latent heat storage, heat from HTF
induces a phase change in the material to store energy isothermally at transition temperature,
undergoing a solid-liquid transition. For sensible heat storage, it is characteristic that thermal
energy in HTF is used to heat a single-phase material to a defined temperature or thermal energy
is retained within an excess volume of HTF [73]. As sensible heat storage materials remain in
a single phase during operating temperature range, the charging and discharging processes are
completely reversible for unlimited cycles. Sensible heat storage is the simplest method to store
thermal energy, especially for medium-size systems [73-79]. For DEMO IHTS operating
temperatures, see Fig. 1.5, the gravimetric storage density for sensible heat storage is expected
to be lower than for thermochemical heat storage and higher than for latent heat storage [71].
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Fig. 1.5: Gravimetric storage density as function of maximum storage temperature [71].
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1.3.2 DEMO IHTS two tank design concept

In the current work, the focus of the study relies on DEMO BoP ICD concept with IHTS, which
includes two thermal storage tanks. In the applied approach, the heat transfer fluid for
DEMO PHTS differs from HTF for DEMO IHTS and the heat transfer fluids are not in direct
contact [73, 80, 81]. The applied approach supposes heat transfer to the second HTF for thermal

storage in a separate loop, involving corresponding heat exchangers.

A two tank storage concept involves the use of a hot and a cold tank with HTF inside at its
highest and lowest temperatures [74, 75, 77-80, 82-85]. TES system comprises heat exchangers,
pipelines as well as pumps, which ensure the flow of heat transfer fluid between thermal storage
tanks through heat exchangers [78, 79, 86-94]. In comparison with thermocline single tank TES
design (see Appendix A.3), two tank TES concept, being commercially proved, ensures higher

thermal energy conversion efficiency and promises more effective performance.

The two tank TES design concept [95, 96] is known to be tested at Demonstration Solar Tower
Plant Project ,,Solar Two” (see Appendix A.4). The two tank TES design concept has been also
applied at Solar Energy Generating Systems (see Appendix A.4), which is an ultimate parabolic
trough power plant, that comprises parabolic trough collectors with the tracking system,
receiver, heat transfer medium with thermal storage, steam turbine and electric generator [92].
The Solar Energy Generating System applies mineral oil as heat transfer fluid [92]. The steam
generator converts thermal energy into pressure energy of a gaseous medium, steam turbine
converts pressure energy into rotational kinetic energy, and electrical generator converts
rotational energy into electrical energy [95]. The use of two tank oil thermal storage system
allows power plant to shift electric power generation from periods, when solar energy is

available, to periods, when the utility’s peak electric demand occurs.

The ICD two tank TES system is applied for DEMO IHTS (see Fig. 1.4), whose concept enables
both long-term storage of HTF in hot thermal storage tank and usage of hot HTF loop
circulation for steam generation. In DEMO PHTS, thermal energy is transferred in heat
exchangers from the first HTF (helium) to the second HTF (molten salt), which circulates in
DEMO IHTS. DEMO IHTS includes cold and hot thermal storage tanks filled with the heat
transfer fluid, which is also used as sensible heat storage medium, as well as corresponding
pipelines and pumps. During dwell operation of fusion reactor, hot HTF is pumped from DEMO
IHTS hot thermal storage tank through DEMO PCS SG stage heat exchangers into cold thermal
storage tank, hence high temperature steam is produced, ensuring continuous

turbine operation [47, 70].



1.4 Scope and tasks of the thesis

The scope of the thesis is to study the transient behaviour of DEMOnstraton Balance of Plant

energy transfer chain through the simulation using MATLAB®/Simulink.

Two main objectives are in focus. The first one is the operation stability of DEMO BoP. Here,
the application of ICD concept, which includes two tank IHTS system, is a decisive condition.
The second object is the simulation of transient behaviour of DEMOnstration Balance of Plant
energy transfer chain. In the study, the simulation model of DEMO BoP energy transfer chain
begins with PHTS heat exchangers and ends at outlet of PCS steam turbines. Electrical

generators are outside the frame of simulation tasks.

For the study, MATLAB®/Simulink code is applied for simulation of temporal evolution of
mass and heat flows. The advantage of MATLAB® tool is the usage of tool-boxes for modelling
of technical systems. Simulink, which is a data flow graphical programming language tool,
contains a vast nomenclature of modules, which enables to model the devices and units of real
dynamic systems. For models’ development, proper modules are connected into diagrams
according to their functions. After numerical simulations, the results get transferred into
MATLAB® workspace for post-processing and visualization. It is necessary to underline, that
MATLAB®/Simulink has not been known to be used previously for dynamic simulation of

mass and heat transfer in DEMOnstration Balance of Plant.

In the current work, for DEMO IHTS system HITEC molten salt is selected as both heat transfer
fluid and sensible heat storage medium. The MATLAB®/Simulink Library has no kind of
module, which simulates HITEC thermo-physical properties. Therefore, an extended analysis
of HITEC properties and their temperature dependence is a prerequisite for selection of
functional relations, which should be introduced in a novel customised MATLAB®/Simulink

module.

Regarding the simulation of DEMO BoP energy transfer chain, the DEMO PHTS-IHTS and
DEMO PCS models using MATLAB®/Simulink should be developed and correspondingly
coupled. Referring to MATLAB®/Simulink Library, there is no module, in which heat transfer
among three phases, specifically between HITEC, water and vapor, is modelled. Hence, for
DEMO PHTS-IHTS model output, where heat transfer takes place in DEMO IHTS-PCS heat
exchangers, the HXs are modelled by usage of Specific Dissipation Heat Transfer (SDHT)
modules. For DEMO PCS model input, where heat transfer takes place in a pre-heater (PH),



steam generator (SG) and super-heater (SH), the steam generator is modelled as a two-phase
fluid constant volume chamber, and pre-heater and super-heater are modelled as a two-phase
fluid pipes. The connection between the output of DEMO PHTS-IHTS model and the input of
the DEMO PCS model is realized through the thermal ports of corresponding modules.

To reach the scope, the following tasks of the thesis have been formulated:

1. To analyze HTFs properties with focus on HITEC molten salt and to define functional
relations for simulation of temperature dependence of HITEC thermo-physical
parameters using novel customized MATLAB® module.

2. Todevelop amodel and to simulate heat losses to environment for DEMO IHTS thermal
storage tanks and pipelines.

3. To define DEMO BoP design and operational parameters used as input data for
numerical simulation through MATLAB®/Simulink.

4. To develop the simulation models and to study the temporal evolution of mass and heat
flows in the DEMO PHTS-IHTS and DEMO PCS systems.

5. To develop the MATLAB®/Simulink model for DEMO BoP energy transfer chain,
focusing on temporal evolution of mass and heat flows during pulse and dwell operation

of fusion reactor.

Chapter 2 includes the results of literature survey of the properties of various heat transfer
fluids. HITEC molten salt (MS), which is in the focus of study, is used for DEMO IHTS system
as both heat transfer fluid and sensible thermal energy storage medium. The chapter includes
an extended analysis of HITEC thermo-physical properties, as well as MS thermal and chemical
stability and compatibility with constructive materials. The chapter maintains the results of
analysis of functional relations, which describe thermal evolution of HITEC thermo-physical
parameters. A set of analytical correlations is selected for novel customized MATLAB®
module. The sensibility of simulated HITEC thermo-physical parameters in dependence of MS

temperature is discussed.

Chapter 3 overviews the heat transfer model for a thermal storage tank, including governing
equations. The chapter includes the description of MATLAB®/Simulink simulation model of
DEMO IHTS thermal storage tank, as well as overview of a novel customized MATLAB®

module for simulation of heat losses to the environment.

Chapter 4 defines the design and operational parameters of DEMO IHTS thermal storage tanks,
which are applied for numerical simulations. The chapter presents the results of study of the
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interplay between molten salt properties and storage tank geometry. The influence of tank
height and thermal insulation material thickness on heat losses to environment is studied, using
simulations with novel customized MATLAB® module. The results of simulations are

evaluated through comparison with the data, known from literature survey.

Chapter 5 involves a vast analysis of design and operational parameters of DEMO PHTS-IHTS
and PCS systems, which are introduced as input data in MATLAB®/Simulink simulation
models. The chapter contains the description of developed DEMO PHTS-IHTS and DEMO
PCS models. The simulation model of DEMO PHTS-IHTS system includes DEMO PHTS
HXs, cold and hot thermal storage tanks, pipelines, corresponding modules for control of heat
losses to environment, two fixed-displacement pumps and DEMO PCS SG stage, which
includes PCS PH-SG-SH heat exchange modules. Regarding DEMO PCS system, the Rankine
Cycle model from MATLAB® Library is selected. The newly proposed simulation model
differs from the Library model by modelling of DEMO PCS steam generator as a two-phase
fluid constant volume chamber. The DEMO PCS pre-heater and super-heater are modelled as

two-phase fluid pipes.

Chapter 6 refers to simulation study of temporal evolution of mass and heat flows in DEMO
PHTS-IHTS and DEMO PCS systems. The simulation of temporal evolution of HITEC filling
level in thermal storage tanks is carried out for fusion reactor single cycle and multi-cycle
operation. The study is continued with simulations for DEMO PCS system, focusing on
temporal evolution of liquid volume fraction in steam generator, as well as on temporal
evolution of mass and heat flows during pulse and dwell operation of fusion reactor. The study
includes the data of simulation of temporal evolution of mechanical power output downstream
DEMO PCS steam turbines. The results of simulations are evaluated and verified through

comparison with numerical data from quasi-stationary simulations using EBSILON®.

The chapter 7 is directed to simulation of DEMO BoP energy transfer chain, those model is
realized through the coupling of DEMO PHTS-IHTS and DEMO PCS models using
corresponding modules thermal ports. The chapter includes the scheme and the description of
developed model, as well as the results of simulation of temporal evolution of mechanical
power output. The chapter’s last paragraph is devoted to coupling of DEMO FPP to external

electrical grid.

Chapter 8 summarizes main conclusions of the thesis and gives an outlook towards prospective

simulation studies.

11



12



2 Simulation of HITEC molten salt properties

2.1 Properties of heat transfer fluids

Regarding DEMO IHTS system, an extended literature survey of properties of various heat
transfer fluids is carried out [86, 103- 132]. The review, those results are presented in Table 2.1
and Table 2.2, shows water to be the lowest priced heat transfer fluid. However, water is not
suitable to be used as HTF in the DEMO PHTS-IHTS system.

Thermal oils are more suitable for long-term operation at high temperatures. For example,
thermal oil Therminol® VP-1, an eutectic mixture of 73.5% diphenyl oxide (C12H100) and
26.5% diphenyl (C12H10), can be heated up to 663 K and used in both liquid and vapor
phase [107]. However, complex handling, special requirements of components and safety
concerns due to flammability limit oil application. Low boiling temperatures, as well as
chemical instability at elevated temperatures, have a negative impact and reduce the favorability
of thermal oils [115].

Liquid metals can be effectively used for heat transfer [115-132]. Alkali metals are
characterized by low density, low melting point, low viscosity and high thermal conductivity.
The use of sodium can reduce static load of TES system and energy consumption for heating
up thermal storage tanks. Nevertheless, the contact of sodium with oxygen results in a violent,
exothermic reaction [133]. If water or humid air is added, then NaOH and H> are formed, thus
in reaction with oxygen can cause explosions. At T < 388 K sodium reacts with oxygen, forming
an oxide layer without further consecutive reactions [134]. Na2O is formed at 388 < T <573 K,
as well as Na>O: is formed at higher temperatures. The choice of structural materials is limited
by their compatibility with liquid sodium and operation temperatures [106, 135-139].

Molten salts are preferable HTF candidates for various TES systems [107]. Due to usage of
molten salts, thermal energy can be stored as sensible, latent, or even a combination of both
heats [140]. Molten salts, which technically are a class of ionic liquids, exhibit properties that
are important for operation safety and engineering. Ability for effective heat transfer and low
costs make molten salts attractive for large-scale applications. Molten salts are solid-state at
standard temperature and pressure, entering liquid phase at elevated temperatures. They have
low viscosity and vapor pressure, high density and thermal conductivity, as well as large
specific heat capacity, see Table 2.2 [74, 108, 109, 134, 140-155].
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HTF Advantages Disadvantages

Water Low cost: 10 $/kg Needs high pressure tank
High specific heat capacity High pressure steam

Risk of corrosion

Oils Low calorific capacity Low range of temperatures At high temperatures:
Few hours need to load storage tank Low thermal conductivity - high vapour pressure
Low cost: 0.3 $/kg Thermal decomposition - expensive pressure-
Attractive storage price: 4.2 $/kWh Development of mixtures holding storage tank

Flammable product

Fluid metals  High charge cycle resistance Sodium: High melting points Sodium:

(Na, Pb, Sn)  Small load cycles time Low porosity filler material ~ Require heating system Risk of reactions with air/water
Large usable temperature range Best calorific capacity Required safety concept
High chemical stability High discharge efficiency High price per kWh: 21 €/kWh
High boiling point Requires lower pumping
High thermal storage density power

Molten salts  Larger usable temperature High heat conductivity High melting point Need heating to reach melting point

range
High calorific capacity

High thermal storage density
Accessible price: 0.5-2.6 €/kg

Low melting point
High boiling point
Compatibility to alloys

Limited material
compatibility

Moderate thermal stability
Dissociation reaction
Require safety measures

Solidification problems

Require more pump power as Na
Lower discharge efficiency as Na
Less thermal efficiency as Na

Table 2.1: Characteristics of heat transfer fluids [106-119].
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HTF Tminop (Tm),°C  Tmaxop (Tvap),°C p, kg/m3 k, W/(m-K) cp, J/(kg-K) Cp'p, KWh/(m?*-K)
Water 50 (0) 140 (100) 1000 0.67 4180 1.161
Mineral oil 200 300 770 0.12 2600 0.556
Synthetic oil 250 350 900 0.11 2300 0.575
Silicone oil 300 400 900 0.10 2100 0.525
Sodium (97.8) 883 968 141 1230 0.307
Nitrite salts 250 450 1825 0.57 1500 0.760
Nitrate salts 265 565 1870 0.52 1600 0.831
Potassium nitrate (334) (750) 2110 0.50 1560 0.914
Sodium nitrate (306) (380) 2260 0.50 1365 0.857
Sodium carbonate (851) (1600) 2530 5.0 276 0.194
Carbonate salts 450 850 2100 2.0 1800 1.050
Na2CO3-K2CO3-Li2CO3 398 1027 1848 0.47 1612 0.827

Table 2.2: Thermo-physical parameters of heat transfer fluids [80, 106-119].
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Low viscosity affects positively the velocity distribution in pipes, though reducing pump power
consumption [156-159]. Large specific heat capacity allows reduction of MS mass that is
important for cost-effective design solutions [141, 160]. In comparison to thermal oils, MSs are
denser, can be directly stored and are accessed at near-ambient pressure. MSs can retain more

energy per volume than oil-based HTFs. Molten salts are cheaper than thermal oils.

The biggest challenge of molten salts is their high melting temperature, what leads to
complications related to freeze protection of TES equipment. High melting temperatures
require an enhanced heat insulation of equipment to avoid damages due to salt
solidification [142]. To maintain MS temperature above its melting point, a heating system is

usually applied using a fossil fuel burner or electrical heat tracing [143].

An important factor is the compatibility of molten salts with constructive materials [86, 87,
118-121, 146, 149, 150, 161-164]. The material type, processing, surface finishing and
chemical composition, molten salt chemical stability, impurities and operating temperature
have an impact on the corrosion. The intrinsic corrosion is driven by a difference in free energy
of formation among molten salt constituents and the most susceptible transition metal corrosion
products. The corrosion through oxidizing contaminants takes place due to residuals, water,
oxides and dissolved oxidizing metal salts. Differential solubility and deposition occur due to
thermal gradients in MS, forming a metal ion concentration cell. Galvanic corrosion takes place,
when materials with different electrochemical potentials are in electrical contact with molten
salt, driving the oxidation of anode material. The dissolved contaminants increase both
oxidation potential probability and corrosion rate [119]. The soluble oxide ions aggravate

corrosion process at high temperatures [122, 123].

The thermal stress is of major importance in terms of stress corrosion cracking of steels in
contact with molten nitrate melts. Leaks could occur due to corrosion of highly stressed,
hairpin-shaped steam tubes, manufactured from mild steel [125]. Incoloy800 can form a
multi-layer, highly protective oxide structure. Salt contaminants can oxidize the constituents of
structural alloys [119, 139]. The insoluble products tend to plug valves, pipes and heat transfer

surface, consequently. The trace moisture in the melt enhances the corrosion [124].

Chrome steel and nickel-chrome alloys can form complex corrosion products, which are more
corrosion resistant than simple iron oxides [126, 127]. The problems can appear, if molten alkali

nitrate salts constitute a corrosion system in combination with metal parts [111].
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2.2 Properties of HITEC molten salt

In the study, HITEC molten salt is applied in DEMO IHTS system. HITEC is an eutectic ternary
mixture of sodium nitrate, potassium nitrate and sodium nitrite in wt.% proportion of
7% NaNOs - 40% NaNO:> - 53% KNO3 [142, 146, 149, 157, 162, 165-168]. Since 1937, HITEC
is used as a reactant in various technological processes, such as preheating, high temperature
distillation, rubber curing, rotational molding and so forth [161, 168]. It is commercially
available and sold under the trade name by Coastal Chemical Company [157]. MS has a crystal
structure, and it is produced in either powder or granular form [157, 169, 170]. HITEC is
available in almond shaped briquettes, containing no anti-caking agents. HITEC has a solidified
structure, is non-fouling, nonexplosive and nonflammable. It is hygroscopic. To prevent caking,
HITEC needs to be stored in a dry place. HITEC is characterized by low maintenance and
operation costs. The price of ~0.93 $/kg for HITEC molten salt is lower than of sodium with
~2 $/kg [80, 157]. Regarding storage costs, in comparison with sodium (~21 $/kWhw), HITEC
can be get at rather reduced price of ~10.7 $/kWh [159].

Literature survey of HITEC thermo-physical properties is carried out, with focus on MS melting
point, maximum operating temperature, heat capacity, density, dynamic viscosity and thermal
conductivity (see Table 2.3). The review shows that HITEC melting point of Tm = 415 K is
~11% higher than sodium melting point of T = 371 K [157, 167]. HITEC density of
p = 1935 kg/m3 is practically double as high as density of liquid sodium of p =968 kg/m3 (see
Table 2.2 and Table 2.3). For HITEC, the storage capacity of 0.756 kWh/(m3-K) is over 2 times
higher than for liquid sodium with value of 0.307 kWh/(m3-K). For equivalent operating
temperatures, to store same energy amount, HITEC requires a lower thermal storage volume
than liquid sodium [108, 119, 140, 142, 144, 146, 149, 171, 172]. In comparison to liquid
sodium, HITEC has lower discharge and thermal efficiency. Similar to liquid sodium, HITEC
evolves no toxic vapors at T < 823 K [147, 149, 157, 175, 176]. HITEC molten salt is
characterized by low vapor pressure [158, 177]. MS dynamic viscosity decreases with growing
temperature [87, 162, 165, 175, 178-182]. Inref. [119, 131, 158, 181, 183, 184], HITEC specific
heat capacity of ¢, = 1560 J/(kg-K) is given, what is ~21% higher than for sodium value of
cp = 1230 J/(kg-K). In ref. [185] is shown, that MS specific heat capacity varies between
1.37-1.48 kJ/(kg'K), with a standard error of 0.01-0.95 kJ/(kg'K), for the augment in
temperature from 473 K up to 543 K. For the range of 560 < T < 670 K, the temperature
dependence of HITEC surface tension ([N/m]) can be described as
y = 0.14928 — 0.556 - 10~* - T, with an uncertainty in value of +10% [119, 186, 187].
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Reference Melting Max. operating Melting Heat capacity, Density, Dynamic Thermal
point, °C temperature, °C enthalpy, J/g kJ/(kg-K) kg/m? viscosity, conductivity,
mPa-s W/(m-K)
166 142 450 1.560 1890 (260°C) 4.3 (400°C) 0.61
1680 (540°C) 1.2 (540°C)
191 142 530-590 1.549 1695 (538°C)  1.24 (538°C) 0.57
126 142 625 (degradation) 58.52 1.56 (400°C) 1790 (400°C) 1.3-1.6 0.51-0.61
(400°C) (400°C)
170 142 454 1.30 1980 0.48-0.50
1.50 1682 (538°C)  1.24 (538°C) 0.571
119 142 535 1.56 (300°C) 1640 (300°C)  3.16(300°C)
152 142 450-540 60 1.54 (400°C) 1790 (400°C)
135 81 1.34 0.44
192 0.52 (150-250°C)
118 0.5-0.6 (150°C)
129 149 538 0.60 (242-365°C)
193 142 1.56 0.48
194 142 550 1.40 (solid) 0.7
1.56 (liquid)
146 149 450-500 1.5617
177 142 450-600 1.50-1.56
130 142 535 1.57 (300°C)
195 140 450-500 1.56
163 142 56.8
126 139 <550 59.1
132 142 538
121 142 535
176 142 454-538
186 142 520

Table 2.3: HITEC molten salt thermo-physical parameters.
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HITEC electrical resistivity is ~1.7 Q-m. Its coefficient of linear thermal expansion in the
solid-state is equal to 5.13-107° °C™L. For HITEC volumetric thermal expansion coefficient, the
value is given by 3.629-10*°C™. MS isothermal bulk modulus is 1.72 GPa [143, 157, 175, 182,
188]. At high temperatures, electrical properties of HITEC molten salt can prohibit the usage
of hot-wire method for measurement of thermal conductivity [109, 189]. For HITEC thermal
conductivity coefficient, the value of k = 0.44 W/(m'K) is measured in ref. [190], when MS
temperature approaches solidification point. In ref. [86], for temperature range of
423 < T < 523 K, the thermal conductivity coefficient is calculated as k = 0.52 W/(m'K).
In ref. [144], this parameter tends to increase with rising temperature from 423 K to 873 K,
In ref. [180], thermal conductivity is indicated as an average value of k = 0.48 W/(m-K), with
a standard deviation of 0.046 W/(m-K).

2.3 Stability and compatibility of HITEC molten salt
2.3.1 Thermal and chemical stability of HITEC molten salt

The stability of HITEC molten salt depends on oxide ion concentration, furthermore on
operating and decomposition temperature, partial pressure, cover gas composition and water
vapor concentration [111, 122, 125, 126, 131, 157, 164, 165, 178, 179, 196, 197]. HITEC is
chemically and thermally unstable at T > 873 K [447]. In ref. [171], a rapid decomposition of
salt mixture at 883 K is reported. With growing temperature above the decomposition level,
MS average mass loss rate increases [144, 191, 198-202]. The decomposition of nitrites causes
formation of oxides in the salt melt. In ref. [111] is shown that the 1% decomposition reaction
with nitrite formation is quicker compared to the 2" decomposition reaction with nitrogen or
nitrogen oxide release. At high temperatures, HITEC can change the composition from
53% KNOs3 - 40% NaNO2 - 7% NaNOs to 52% KNO3 - 28% NaNO- - 18% NaNOs - 2% Na.O.
In this case, MS melting point rises from 415 K to 438 K [119]. The mass losses of alkali metal
nitrate salts upon heating may occur due to nitrite and alkali metal oxide formation in the melt.
Additionally, oxygen, nitrogen or nitrogen oxides release can result in MS mass losses due to
vaporization of nitrates. Ref. [194] shows that in steam generator loop, running at temperature
of 811 K, decomposes ~0.5% of NaNO. per day, according to reaction of
5 NaNO2 — 3 NaNOz + Na>O + N.. Thermal decomposition of alkali metal nitrates results in
formation of nitrite ions and gaseous products such as NO, NO2, N2O2, N2O3, N204, N20Os. The
results of long-term tests at T = 823 - 873 K prove the gain of weight up to 5% wt. due to
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oxidation reactions [82, 111, 173]. At 923 K, the weight loss is indicated with ~60%. In
ref. [142], the weight loss is measured of ~1.48% at 773 K and ~19.12% at 823 K, accordingly.
After long-term test at 773 K, nitrite concentration decreases by 7%. After long-term tests at
823 K, nitrite concentration declines by 10%. At T > 1073 K, the reactions can be so quick, that
MS appears to boil, because of evolution of nitrogen and NOx. If HITEC gets in contact with
airat T > 623 K, nitrite can slowly oxidize by atmospheric oxygen [123]. HITEC can chemically
react with organic materials and metals [163]. Organic liquids and vapors, being introduced
into molten salt, do not react with MS, but can burn at its surface in air, when they gain access
to oxygen [111]. The absorption of CO. and water vapor, that forms alkali metal hydroxides,
can alter and decompose the salt mixture [126, 173, 203]. The reactions with CO and H20, as
well as the change of molten salt composition, increase MS melting temperature, though
changing corrosion potential and characteristics of HITEC molten salt.

2.3.2 Compatibility of HITEC molten salt with constructive materials

At operating temperatures below 723 K, the equipment is usually manufactured from mild
carbon steel, due to economic aspects. The corrosion rates are tolerated, as equipment can be
depreciated over short time periods [161]. Carbon steel does not possess the requisite strength,
what is required for long operation at elevated temperatures [119, 161]. In case of HITEC, the
use of cast iron equipment is not recommended due to embrittlement processes of metal and
fissure formation. Plain carbon steel can be used to handle with HITEC, though the corrosion
rate rises appreciably [86, 157, 198]. At high temperatures, Incoloy 800, SS 347 or similar steels
have to be selected as constructive materials [76, 157, 163, 175]. The exposure of Incoloy 800,
stainless steel SS 304, SS 304L and SS 316 to thermal convection of draw salt at 648 - 873 K,
under argon atmosphere, can result in thin oxide films on alloys and some dissolution of
chrome [119, 204]. Impurities degrade the adhesion of oxide scale to metal surface and cause
spalling of oxide layer, making possible corrosion attack of the base material [119, 124, 170,
176-178]. Corrosion is not a concern, when Hastelloy 6 and C 276 are used, being in contact
with molten salt [125]. Carbon and Cr-Mo steels can be used at T < 723 K [203, 204]. To ensure
long-term operation at high temperatures, nickel or austenitic stainless steels need to be
applied [127, 203, 205]. The alloys form protective Cr-oxide and Ni-oxide films in addition to
Fe-oxide. HITEC is well compatible with low-alloyed carbon steel, Cr-Mo steel (Cr content up
to 9 wt%), stainless Cr-Ni steel (with and without Mo, Nb, Ti), as well as
Ni-alloys (Alloy 800) [110, 119, 176, 178, 193, 195].
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2.4 Simulation of thermo-physical properties of HITEC molten salt

In MATLAB® Libraries, no kind of module is available for numerical simulation of
thermo-physical properties of HITEC molten salt [102, 206, 207]. Hence, the analysis of
temperature dependent functional relations is a prerequisite for selection of correlations, which
have to be introduced into a novel customized MATLAB® module for simulation of HITEC

thermo-physical parameters.

An extended literature survey is carried out for functional relations, which describe the
temperature dependence of HITEC density [kg/m?], see Table 2.4. The results of simulations
(see Fig. 2.1) show that the data for functional relations (2.2)-(2.6) coincide with each other,
predicting a linear decrease in MS density by rising operating temperature. The eq. (2.1)
underestimates MS density. The eq. (2.3) is similar to eq. (2.2) and shows the function p(T), in

which the temperature is given in degree Celsius.

Temperature Functional relation Equation Reference
T, K p =1938—0.732 (T — 200) (2.1) 82 83, 208-210
T, K p = 2080 — 0.733 - (T — 273.15) (2.2) 144, 211
T,°C p=2084—0732-T (2.3) 212
470<T<870, K p=2293.6—0.7497 - T (2.4) 119
T, K p=2279.799 - 0.7324 - T (2.5) 180
420<T<800, K p=2280-0.732-T (2.6) 181, 183

Table 2.4: Functional relations for temperature dependence of HITEC density.

—Eq. 21) ----- Eq.(22) —--Eq.(24)
- - Eq. (2_5) ......... Eq. (2.6)
2000

1900 \\

[
~N
o O
o O

1600

Density p, kg/m3

1500

1400
400 500 600 700 800 900
Temperature, K

Fig. 2.1: Calculated temperature dependence of HITEC density.
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To select the analytical correlation for customized MATLAB® module, functional relations are
compared to each other. Molten salt densities p2 and ps-ps, which correspond to egs. (2.2) and
(2.4)-(2.6), are calculated for identical MS temperatures, where the correlation (2.5) is taken as

reference one. To compare with, the non-dimensional parameter Ap = % is calculated,
5

where i = 2, 4, 6 correspond to MS density, being calculated with egs. (2.2), (2.4) and (2.6),

see Fig. 2.2. Finally, the correlation (2.5) is selected for novel customized MATLAB® module.

—Ap EQ. (2.2)-(2.5)  ceeee- Ap Eq. (2.4)-(2.5)
— - Ap Eq. (2.6)-(2.5)
0.4
R03 e
c
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(D)
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'g a— ¢ enmmms o coa—— -'—.—- —
a o0 =
-0.1
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Temperature, K

Fig. 2.2: Comparative diagrams for density difference according to egs. (2.2) and (2.4)-(2.6).

The results of simulations for HITEC density are validated through comparison (see Fig. 2.3)
with experimental data from literature survey (see Table 2.3). The calculated values (dashed
line) fit close and even match exactly to most of experimental values (black dots). The
temperature dependence of molten salt density, see Fig. 2.3, tends to be a declining function
with increasing MS temperature.

Exponential as well as 2" and 3™ order polynomial correlations are used to describe
temperature dependence of HITEC dynamic viscosity, see Table 2.5. For T <600 K, egs. (2.13)
and (2.14) show lower values than egs. (2.7), (2.8) and (2.10)-(2.12). For T > 600 K, except of
eg. (2.14), the results of simulations practically coincide with each other. Equations (2.8) and

(2.9) differ only by temperature unit T, being introduced either in °C or K.
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Fig. 2.3: Comparison between simulated and experimental data for HITEC density, dashed

line — calculated values according to eq. (2.5), black dots — experimental data from Table 2.3.

Temperature Functional relation Equation Reference
—b _
L
eP—e 990.362
T=247-500°C = el~#343-20143-(InT-5.011)] (2.8) 82, 83, 149, 150,
102, 208, 2009,
213
T, K W= ol-4.343-2.0143-((In(T-273)-5.011))] (2.9) 180, 210
T=150-500°C p=T~2104. 1057374 (2.10) 149, 150
T=147-422°C 310896 7,806 10 (2.11) 149, 150
n= 1149 el T+273 (T+273)?
—1Q9.EN7° 2247.11
T=182-507°C o= 67.57-1073 - eTH273 (2.12) 149, 150
T=184-482°C —146-9794+57-4265-104] (2.13) 149, 150
i =0.5631-el T+273 = (T+273)
T=250-450°C 6418 (2.14) 146, 149, 150

i = 0.75484 - eR(T+273)

Remark: In egs. (2.13) and (2.14), the dynamic viscosity is in mPa-s, in other equations the

dynamic viscosity is in Pa-s.

Table 2.5: Functional relations for temperature dependence of HITEC dynamic viscosity.
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According to ref. [180], equation (2.9) is the most representative correlation, which is used for
numerical simulation of HITEC dynamic viscosity, in temperature range of
525 < T <773 K with 3.65% deviation from the mean value. Consequently, eq. (2.9) is selected
for MATLAB® customized module. The temperature dependent function p = f(T) is shown
in Fig. 2.4.
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S 0.004
0.002

viscosity, Pa-s

400 500 600 700 800 900
Temperature, K

Fig. 2.4: HITEC dynamic viscosity as function of MS temperature.

Referring to HITEC kinematic viscosity v =E [m#/s], its temperature dependence can be

defined using corresponding data for HITEC density and dynamic viscosity, being calculated

by the quotient between eq. (2.9) and eq. (2.5) for selected operating temperatures.

The temperature dependence of HITEC specific heat capacity cp [kJ/(kg-K)] is described by
egs. (2.15)-(2.17), see Table 2.6. A linear increase in specific heat capacity with rising
temperature is described by eq. (2.15). However, this correlation is related to the temperature
range below HITEC molten salt melting point. The numerical data, calculated using eg. (2.17),
lie well above the experimental data, known from Table 2.3. Hence, for the simulations using
the customized MATLAB® module, the eq. (2.16) is selected. It is a linear decreasing functional
relation. The diagram for temperature dependence of MS specific heat capacity c, = f(T),

calculated according to eq. (2.16), is presented in Fig. 2.5.

For the temperature range of 410 < T < 820 K, the temperature dependence of HITEC

volumetric heat capacity, which is a product given as § = p - ¢, can be calculated using molten
salt numerically simulated values for p and cp, see eq. (2.5) and eq. (2.16), respectively.
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Temperature Functional relation Equation Reference

T<140°C cp = 1.0184 +2.6618-107%-T (2.15) 133, 214
413 <T<903, K cp = 1.560 — (T — 273.15) - 1073 (2.16) 211
426<T<776,K ¢, =5.806—10.833-1073T + 7.2413-107° - T2 (2.17) 119

Table 2.6: Functional relations for temperature dependence of HITEC specific heat capacity.
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Fig. 2.5: HITEC specific heat capacity as function of MS temperature.

Temperature Functional relation Equation Reference
T>260°C k= 0.421—-6.53-10"*- (T — 260) (2.18) 82, 83, 157,
210, 212
100<T<500°C k=a+b-T+c-T? (2.19) 109
a=0.78, b=-1.25-103, ¢=1.6-10°
140<T<630°C k=0.78—-1.25-10"3-T+ 1.6-107°-T? (2.20) 144
170<T<510°C k=0.78—-1.25-10"3- (T + 273) + 1.6 (2.21) 194, 211

-1076 - (T + 273)2

147<T<263°C k =2.2627 —0.01176 - T + 2.551 - 107> (2.22) 181, 183
-T? —-1.863-1078- T3

263<T<527°C k= 07663 — 6.47-10~*-T (2.23) 181

Table 2.7: Functional relations for temperature dependence of HITEC thermal conductivity.
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The analytical correlations for HITEC thermal conductivity are presented in Table 2.7. The
calculations according to eq. (2.18) show a linear decrease in k for T > 260 °C. The data for
eq. (2.18) and eq. (2.22) coincide well for T > 263 °C. The egs. (2.19)-(2.21) show the tendency
of growing thermal conductivity with increasing temperature. The egs. (2.22) and (2.23) can be
used for simulation of the temperature evolution of HITEC thermal conductivity. The eq. (2.22)
is useful for temperatures T=200-270 °C, what corresponds to temperature interval between
MS critical temperature of T,=200 °C and MS operating temperature in the cold tank
Teold tank=270 °C. The eq. (2.23) well describes the function k = f(T) in the interval of operating
temperatures Teold tank < T < Thot tank, Where Thot tank=465 °C. The temperature evolution of the

function k = f(T) calculated according to egs. (2.22) and (2.23) is shown in Fig. 2.6.
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Fig. 2.6: HITEC thermal conductivity as function of MS temperature.

2.5 Sensitivity of simulated parameters on HITEC molten salt temperature

The selected equations for HITEC thermo-physical parameters are introduced into novel
customized MATLAB®/Simulink module, which specifies thermal liquid settings for

simulation of temperature dependent HITEC thermo-physical properties.

The analysis of simulated HITEC thermo-physical properties, in dependence on MS operating
temperature, shows that with increasing molten salt temperature, the absolute values of defined
HITEC thermo-physical parameters decrease (see Table 2.8). Further, HITEC dynamic

viscosity is most sensitive to the change in MS operating temperature.
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HITEC molten salt Density | Dynamic | Specific heat Thermal
viscosity capacity conductivity
Parameter absolute value
Increase in MS temperature from | Decreases | Decreases Decreases Decreases
T1=543KuptoT,=738K Percent of change
~7.6% ~66% ~15.1% ~21.9%

Table 2.8: Sensitivity of HITEC molten salt parameters with the change of MS temperature.

Having constant MS mass, with growing HITEC temperature, the volume of molten salt in

storage tank increases. By increase in MS operating temperature from T1 = 543 K up to

To= 738 K, the relative value of MS density, given as pye = gﬁ linearly decreases, and the
T

: : Vr, . . .
relative value of molten salt volume, given as V. = Vﬁ linearly increases (see Fig. 2.7). For
T1

defined temperature interval, the relative increase in HITEC volume in hot thermal storage tank
is ~8.2% (see Table 2.9). As conclusion, thermal expansion of HITEC has to be considered for
the design and safe operation of thermal storage tanks. The overview of percentage of the
change in relative values of mass and heat transfer parameters for MS temperature growing

from T1 =543 K up to T>= 738 K is summarized in Table 2.9.
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Fig. 2.7: Dependence of HITEC relative density and volume with increasing MS temperature.
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Parameter Equation Increase in MS temperature
from T;=543 K up to T,=738 K

Parameter absolute value

Molten salt volume Vp = n Increases
Pt
Molten salt velocity in a pipeline v = m Increases
! pr " S
Stored energy E =m-cy-AT; Decreases
AT = T2 - T1
Reynolds number Re — 4-m Increases
" Yt Dpipe
Prandtl number pr = Pt HT Decreases
Ky
Percentage of change for relative value
Molten salt relative volume _ Vg, P, Increase with ~8.2%
j=—2=—1
Vi, pr,
Molten salt relative velocity in a - vy, Pr, Increase with ~8.2%
L j=—2=—1
pipeline re vr, Pr,
Stored energy relative value . Er, Cpr, Decrease with ~15.1%
rel =7 T
ET1 CpTl
Relative value of Reynolds number Re.. — Rer, Hp, Increase with ~199%
| = —=_1
re R Tl l.,lT
Relative Prandtl number Pr . = Prr, Decrease with ~78%
rel —
Pr

Remark: I, - characteristic linear dimension with respect to the object, Dyipe — Circular pipe diameter

Table 2.9: Sensitivity of mass and heat transfer parameters with the change of MS temperature.

With increase/decrease in MS operating temperature, the value of stored energy
correspondingly vice versa decreases/increases, what has to be taken into consideration for
design of DEMO PHTS-IHTS and DEMO IHTS-PCS heat exchangers. For defined temperature
interval between T1 =543 K and T> = 738 K, with increase in MS temperature, the percent of
relative value change for stored energy Erel is ~15.1% (see Table 2.9). HITEC molten salt flow
rate through the pipeline is calculated as m = p - v - S, where S is given by cross section of a
circular pipe. It is stated that with increase in MS temperature, the velocity vt of molten salt

increases too.

For defined temperature interval between T1 =543 K and T = 738 K, the percentage of change
of MS relative velocity is ~8.2% (see Table 2.9). The Reynolds number increases and the
Prandtl number decreases with increase in MS operating temperature. Consequently, from the
point of view of DEMO THTS pumps’ operation stability, the effect of increasing/decreasing
MS velocity in pipelines during increase/decrease in HITEC operating temperature needs to

be considered.
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2.6 Conclusions

The literature survey shows that thermal oils, liquid metals and molten salts can be used as heat

transfer fluids in various TES systems.

The ability to ensure effective heat transfer makes molten salts attractive for application as

thermal energy storage medium at high operating temperatures.

For DEMO IHTS system, HITEC molten salt is selected as both heat transfer and sensible
thermal energy storage medium. HITEC molten salt is nontoxic, non-fouling, nonexplosive and

nonflammable, what ensures DEMO IHTS operation safety.

The analysis of functional relations, which describe thermal evolution of HITEC

thermo-physical parameters, is carried out.

A defined set of correlations is selected for novel customized MATLAB® module, which is
developed for simulation of temperature dependent thermo-physical parameters of HITEC

molten salt.

Using experimental data from literature survey, as well as the results of numerical simulations
through MATLAB®/Simulink, following assumptions are formulated for development of

simulation model of DEMO IHTS thermal storage tanks:

e Maximum operating temperature of HITEC molten salt has to be below the
temperature, when MS thermal degradation begins.

e To avoid molten salt crystallization, MS minimum operating temperature has to be
higher than HITEC melting point.

e HITEC molten salt is free of impurities.

o HITEC molten salt is chemically stable in the range of operating temperatures.

e Aninert gas has to be used as cover gas in DEMO IHTS thermal storage tanks.

e There has to be no leakage in thermal storage tanks.

e There has to be no direct contact of MS with ambient environment.

e There has to be no contact of molten salt with other heat transfer fluids.

e Constructive material for DEMO IHTS thermal storage tanks and periphery equipment

has to be compatible with HITEC molten salt.
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3 Simulation model of DEMO IHTS thermal storage tank

3.1 Heat transfer model of thermal storage tank

A model of heat transfer is discussed in ref. [190], being focused on a CSP thermal storage tank.

Here, the mass and energy balance for control volume in terms of net mass flow, net enthalpy,

net heat flow Q,,¢; and net work flow W, is given in following

m = mj, — Mgy, (31)
U=m-u, (3.2)

au _ . : -
T My - hin — Myyt hout + Qnet * Whet, (3-3)

where m indicates control volume mass, m;, and m,,; are entering and leaving mass flows,
hin is specific enthalpy entering the control volume, hout is specific enthalpy leaving the control
volume, U is total internal energy, and u is specific internal energy of control volume. The egs.
(3.1)-(3.3) are worthy too for modeling of gas in thermal storage tank above MS level.

Air Q rad

. Thermo-insulation
Q cond layer Steel

Q conv Q cond

Gas - Qcon\-‘ Q rad
Qg ‘
Molten chh
salt

Q cony Q conv
Thermo-insulation . ‘\\
layer Qcond Steel

layer
Concrete layer

/ Soil / /

Fig. 3.1: Model scheme of thermal storage tank with molten salt and cover gas.

The model, which is applied in the current study, is shown in Fig. 3.1. It corresponds in main

positions to the model, described in ref. [190]. It is assumed that solar irradiation thermal inertia

and its contribution to thermal resistance are negligible. Hence, in the model the influence of

solar irradiation on heat transfer in thermal storage tank is not taken into consideration [190].
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Also it is assumed, that no natural convective air-cooling system is used to cool the concrete
footprint. Neither conductive heat losses from concrete footprint into the soil, no natural
convective heat losses from concrete footprint to ambient air are assumed. Explicit modelling

of heat transfer from concrete to the ground and ambient air is left aside.

For simulation of storage tank roof and bottom, the planar conduction model is applied, which
consists of a single element in direction normal to heat conduction. In the model, heat transfer
is characteristic for two lateral wall parts, i.e. one for wetted wall and one for non-wetted wall.
Heat conduction in vertical direction is not considered, since only one-dimensional heat
conduction equations are applied [190]. The convection and radiation models form the interface
between MS control volume, tank gas control volume, tank thermal insulation and the

environment.

The convective heat transfer between MS inventory and tank’s inner steel surfaces is described

by natural convection correlations, using Nusselt number Nu, given as

Nu = f(Pr, Gr), (3.4

. .B- _ 13
Pr = % and Gr = 8B (Tsurface—Too)'L (35)

v2 !

where Pr and Gr are Prandtl and Grashof numbers, p is dynamic viscosity, cp is specific heat
capacity at constant pressure, k is thermal conductivity, g is acceleration due to gravity, B is
volumetric thermal expansion coefficient, Tsurface IS SUrface temperature, T is bulk temperature,

L is characteristic length and v is kinematic viscosity [190].

Taking equations for a vertical plate, the average natural convective heat transfer coefficient

between molten salt and tank’s vertical inner steel wall gas can be calculated as

_ hL _ .pel/2 . Grt/* 8
Nu = —==0.68-Pr (09525013 for 10 < Gr < 10°, (3.6)
Nu === 0.13 - (Gr- P/, for Gr > 10°, (3.7)

where h is heat transfer coefficient [190]. Equation (3.7) is used for turbulent flow region. To

get a continuous transition between the correlations in transition region, the transformation

h=s- hlaminar + (1 - S) ' hturbulent1 (38)

is used, where s = f(Gr) is an auxiliary transition function, which returns the value 1 and 0 for

either laminar or turbulent regions for Grashof numbers [190]. Using the correlation for
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horizontal and relatively cool plates facing upwards [190], the average natural convective heat

transfer coefficient between MS and tank’s steel bottom has to be calculated as
Nu =2 = 0.27 - (Gr- Pr)!/*, for 10° < Gr < 10%°. (3.9)

Assuming a very thin plate with negligible mass and inconsiderable thermal resistance between
MS and cover gas, the control volumes are linked with the natural convection heat transfer
correlation for a relatively cool surface, facing downwards for MS control volume, and another
correlation for a relatively hot surface, facing upwards for gas control volume [190]. The

correlations for the Nusselt number are given as

Nu = 2= = 0.54 - (Gr- Pr)/*, for 105 < Gr < 107, (3.10)
. 1
Nu = === 0.15 - (Gr- Pr)3 , for 107 < Gr < 10'°. (3.11)

The temperature of an imaginary thin plate represents MS surface temperature. The equations
can be applied to interfaces at tank’s inner roof surface, as a relatively cool plate facing

downwards, and a non-wetted part of tank’s inner wall as a relatively cool vertical plate [190].

According to ref. [190], for heat exchange through the radiation between MS surface and non-
wetted parts of tank’s inner steel jacket it is assumed, that gas above MS level neither emits nor
absorbs radiation in specified operating temperature range. Heat transfer by radiation includes
its heat transfer between MS surface and tank’s inner roof surface of circular planar shapes, as
well as heat transfer between MS surface and tank’s non-wetted inner wall surface of cylindrical
shape. The tank’s inner steel surface is treated as gray one. Likewise in ref. [190], the total
emissivity of stainless steel surface is set to value of 0.3. As molten salt appears nearly
transparent to infrared radiation, MS surface is treated as a quasi-black body with emissivity
close to 1.0 and almost all incoming radiation is absorbed by liquid, either at surface or in deeper
fluid zones [190]. The MS surface emissivity is set to value of 0.95. The shape-factor between
MS surface and tank’s inner roof surface is defined by the correlation for two parallel disks

having unequal radii and distance d apart with centers on the same normal to their planes [190]:

Fi,=—- (d2 +a? +b%—/(d? + a2 + b2)2 — 4 - a2 'b2)7 (3.12)

1
2-a2
where a and b are radii of a smaller and a larger disk, respectively. In the model, the disks are

defined of equal radii, i.e. equal to tank’s inner radius [190].
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In ref. [190], the coupling to environment is stated by convective and radiative heat exchange
between tank’s outer surface and environment, which depends on wind speed, as well as
ambient air temperature Tair. The convective part is divided further into heat transfer through
natural and forced convection. Average convective heat transfer coefficient between tank’s

outer surface and ambient air is obtained as
h=s- hnatural + (1 - S) ' hforced ) (313)

where s = f(%) is transition function, which is specifically defined as

Gr Gr Gr Gr
s=0for — <0.7,ands = f(=) for 0.7 < = < 10, and s = 1 for ~ > 10. (3.14)

For a vertical flat plate, which is exposed to natural convection as well as to forced parallel
horizontal flow, forced convection dominates for values Gr/Re? < 0.7, whereas natural
convection dominates for value Gr/Re? > 10. Between the values of 0.7 and 10, heat transfer
occurs through mixed convection, where heat transfer coefficient is obtained through
superposition correlations that even consider flow directions of natural convective, as well as
forced convective fluid streams. In the model, the modelling of mixed convection region is left
aside [190]. At vertical outer surface, natural convective heat transfer coefficient hnatural IS
defined by eq. (3.8) for a vertical wall. Average forced convective heat transfer coefficient hrorced
at vertical outer surface is determined, taking the Nusselt number correlation for cross flow

over a cylinder, which is valid for the product of Re-Pr > 0.2 [190], resulting in

EIES

1 1 5
h-L 0.62-Re2-Pr3 3 -D
Nu=T5=03+ —— (1 + (Re/282000)8> Re==7 (319)
<1+(0.4/Pr)§>

At roof’s outer surface, average natural convective heat transfer coefficient hnawral IS Obtained
by applying the Nusselt number correlation for relatively hot surfaces, facing upwards [190].
Average forced convective heat transfer coefficient hrorced at roof’s outer surface is calculated,

giving the correlations for a horizontal plate, which is exposed to forced parallel fluid flow, as

Nu = % = 0.664 - Rel/2 - Pri/3 forRe < 5 - 105, (3.16)

. 1
Nu = % =0.15-0.664 - Re®® - Pr3,for 0.6 < Pr < 60 and 5-10° < Re < 107. (3.17)

For radiative heat transfer, at tank’s outer surface the long wave radiation heat exchange with

environment is considered [190]. In the model, for outer roof surface black, the body
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temperature is set to sky temperature Tsky. At vertical outer wall surface, the black body
boundary temperature is set to ambient air temperature Tamb. In current model, the following

equivalence Tsky = Tamb IS assumed. Hence, the following equations are made up
~ _ 4 4
Qradiation,roof = Aroof * 0 " Esurface * (Tsurface - Tsky)’ (3-18)

- _ 4 4
Qradiation,wall = Awall "0 " Esyrface * (Tsurface - Tamb)’ (3-19)

where Arof and Awan describe top surface area and circumferential area of the cylinder,
respectively, o is given as Stefan-Boltzmann constant (W/m2-K*), Tsurface iS Set as surface

temperature, Tsky is indicated as sky temperature and Tamb as ambient air temperature.

3.2 MATLAB®/Simulink model of DEMO IHTS thermal storage tank

The simulation model of DEMO IHTS thermal storage tank, which is developed using
MATLAB®/Simulink [33], is schematically presented in Fig. 3.2. The module
“Thermal Liquid (TL)” is applied for simulation of thermal storage tank, described as a thermal
liquid container with variable fluid volume. The thermal storage tank possesses inlet and outlet
ports A and B. Ports V, L, T and H are integrated for regulation of liquid volume, as well as for
the level, temperature and heat losses to environment. Through port T, tank internal temperature
is evolved over time. The pressure at tank inlet is the sum of constant tank pressurization, being
specified in the module dialog box, and hydrostatic pressure due to inlet height. The governing
correlations for mass, momentum and energy conservation laws, which are presented in
Table 3.1, correlate with the equations (3.1) - (3.3).

O
D Tank
Energy flow rate @ A T v—— I volume
D outside the tank ﬁ_ < L HITEC molten
Conn 2 gl T DP—PD salt level
- "~ J1H

outside the tank . 4 Fv@h
D B Storage tank heat
#1 losses module
HITEC
@ temperature =

Commes : —or——i]
1 5 I Transfer of heat
] DA B ﬁ to the tank

Fig. 3.2: Scheme of simulation model of DEMO IHTS thermal storage tank [33].
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Title Governing equation Equation Remark
number
Tank fluid volume V= m/p (3.20) Tank fluid volume is calculated, coming from total
fluid mass at each time step.
Mass conservation m = my (3.21)
Momentum conservation PA+ Pdyn = Pref + p-g-(Z — Za) (3.22) If my =0, payn=0
. _ ma’
If my < 0, pdyn = —2~pA~SA2
Energy conservation m-(c, —ha)AT = E, — mah+Q (3.23)

Abbreviations  p - fluid density
m - fluid mass

m - net mass flow rate into tank
my - mass flow rate into tank through inlet A
pa - fluid pressure at inlet A

Pref - CONStant tank pressurization

Pdyn - dynamic pressure

z - tank level or height relative to tank bottom
za - tank inlet elevation relative to tank bottom

pa - liquid density at inlet A

Sa - tank inlet area

g - gravitational constant

Cp - fluid thermal capacity

a - fluid isobaric bulk modulus

T - fluid temperature

E, - energy flow rate into tank through port A

h - fluid enthalpy

Q - thermal energy flow rate into tank through port H

Assumptions:

Absolute pressure of tank fluid volume is assumed as constant, being equal to the value, which is specified in module dialog box.

Tank elevation head affects only inlet pressure calculations.

Fluid momentum is lost at tank inlet due to sudden expansion into tank volume.

Once molten salt with a certain kinetic energy enters in tank, the fluid expands and loses almost all its dynamic energy.

Table 3.1: Governing equations for model of thermal storage tank, simulated as a thermal liquid container with variable fluid volume [215].
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The “Mass & Energy Flow Rate Sensor” module represents an ideal sensor that measures mass
and energy flow rates through thermal liquid node. The orientation of ports A and B establishes
the measurement sign, which is positive for the flow from port A to B. Ports M and Phi are
physical signal ports, which output the measurement data for mass and energy flow rates,

respectively [215]. Across the sensor, no change in pressure or temperature is perceived.

The novel customized MATLAB® module for numerical simulation of HITEC thermo-physical

properties (see chapter 2, 8.2.4) is integrated into simulation model, shown in Fig. 3.2.

To simulate the heat losses from DEMO IHTS thermal storage tanks to environment, a novel
customized MATLAB® module is developed, see Fig. 3.3. The constellation of customized
module corresponds to the model, presented in Fig. 3.1. The model includes the modules [182,

215], which are categorized by conductive, convective and radiative heat transfer.

through
tank roof
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outside
B A

outside
th_.mugh ) ﬂ]rgugh Tamb
non-wetted walls non-wetted walls g
BpeA  B—mA BemA |  BpgA Bz €
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E A ==
outside
cover gas
thr
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Connl B T S.f'-_ C
outside —

galt bottom insulation concrete

Fig. 3.3: Customized module for heat losses to environment from a thermal storage tank.

For simulations, the already existing MATLAB®/Simulink Library modules are applied,
reducing the programming effort of modelling [215]. In the modules, terminals A and B are
thermal conserving ports, which are associated with material layers. The equations, which

govern the operation of the modules, are presented in Table 3.2.
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Module Schematic view Governing equation Equation Description

number
Conductive Br=—1A . A (3.24) Module represents heat transfer by conduction between two
heat transfer o— 3 o Qeona = k- 5+ (Ta = Tp) layers of the same material.
o y
- Governing equation: Fourier's law.
Convective B A Qconvy =h S+ (Tsa — Tsp) (3.25) Module describes heat transfer by convection between two
heat transfer ”_H:jﬂ* A bodies by means of fluid motion.
Governing equation: Newton law of cooling.
Radiative heat Ble A Qrag =0 - Ag - T¢ (3.26) Module describes heat transfer by radiation between two
transfer "_[- }_“ Qrag = 0 £+ Ag - (T — T) (3.27)  bodies.
Governing equation: Stefan-Boltzmann law.
Abbreviations  Q - heat flow S - surface area in contact with fluid
k - thermal conductivity Tsa and Tsg - temperatures on and far from the surface
A - area normal to heat flow direction Ts - surface temperature
B - layer thickness o - Stefan-Boltzmann radiation constant
Taand Tg — layers’ temperatures As - emitting body surface area
h - convective heat transfer coefficient € - surface emissivity
Remark:

For two surfaces with o, € and As, if the 1% surface is characterized by Ts: and the 2" one by Tz, further condition is given by Ts;>Ts: and air is
enclosed between the surfaces. Radiation heat flow is calculated with eq. (3.26).

Table 3.2: Simulation modules for conductive, convective and radiative heat transfer [215].
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For the running of simulations, the MATLAB®/Simulink variable-step solver is applied, which
includes a minimum and maximum step size for the model by implementing trapezoidal rule
using free interpolant. The implicit solver is better fitted for continuous models, as it varies the
step size during the simulation process by reducing its value, in order to increase the accuracy,
when the states of dynamic model change rapidly during zero-crossing events. The solver

default error is at 0.001 and the computed state is accurate to within 0.1%.
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3.3 Conclusions

The heat transfer model for thermal energy storage tank is reviewed, taking into consideration

the results of prior study, discussed in ref. [190].

The governing equations, which describe the heat transfer inside thermal storage tank and heat

losses to environment, are analyzed, being in the focus of study.

MATLAB®/Simulink simulation model of DEMO IHTS thermal storage tank is developed.
Thermal storage tank is modelled as a thermal liquid cylindrical container with variable fluid

volume.

A novel customized MATLAB® module for numerical simulation of HITEC thermo-physical

properties is integrated into DEMO IHTS thermal storage tank simulation model.

For simulation of heat losses to environment from DEMO IHTS thermal storage tank, a novel
customized MATLAB® module is developed. The modules involve the governing equations,

related to convective, conductive and radiative heat transfer.
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4 Temporal evolution of DEMO IHTS thermal storage

tank parameters

4.1 Design parameters for simulation model of DEMO IHTS thermal

storage tanks

In the simulation model for DEMO IHTS, the cold thermal storage tank, as well as the hot one,
Is specified as a thermal-insulated flat dome cylinder-shape container with diameter D and
height H [84, 99, 100, 190]. The main parameters of DEMO IHTS thermal storage tanks are
joined in Table 4.1 and in Appendix A.5, Table A5.3.

Parameter Hot tank Cold tank
Tank total wall thickness, m 0.045

Tank thermal storage capacity, MW 426

Tank inlet and outlet diameter, m 1.4

Steel SS 1.4301 thermal conductivity, W/(m-K) 22

Concrete thermal conductivity, W/(m-K) 1.7

HITEC mass, kg 5.04-10°

HITEC average mass flow rate, kg/s 7330

HITEC temperature at surface, K 733 538
HITEC temperature at bulk, K 738 543
Argon thermal conductivity, W/(m-K) 0.0354 0.0296
Average wind velocity, m/s 5
Air temperature at tank wall surface, K 338
Ambient temperature outside the tank, K 298
Ambient pressure outside the tank, Pa 101325

Insulation layer material ProRox® WM950 KlimaRock®
Insulation thermal conductivity, W/(m-K) 0.146 0.114

Table 4.1: Technical parameters of DEMO IHTS thermal storage tanks [33, 84, 99, 182].

The tank bottom construction consists of a single-layer steel and another insulation layer. The
concrete footprint is 0.5 m thick with an area of ~2550 m2. Thermal storage tank is
manufactured from stainless steel SS 1.4301 [77, 88, 216, 217]. For tank steel floor, roof and
lateral wall, the corrosion allowance of 0.02 m is considered [33, 84, 212]. The total thickness
of steel layer is 0.045 m. The density of steel amounts to 7900 kg/m? at 293 K. Steel thermal
conductivity of 22 W/(m-K) is taken at 773 K. Cold storage tank is thermal insulated with
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KlimaRock® and hot storage tank with ProRox® WM950, respectively [212]. The thickness of
insulation material is 0.3 m and its density is 60 kg/m3. The thermal conductivity for ProRox®
WMO950 at 773 K is given by 0.146 W/(m-K) and for KlimaRock® by 0.114 W/(m-K). The
simulated critical MS temperature of T = 473 K is taken, that is higher than HITEC melting
temperature of Tm = 415 K. Molten salt maximum operating temperature lies at Tmax = 738 K.
The modelling of electrical heat tracing of thermal storage tanks is excluded. HITEC is
incompressible and only temperature dependence of MS thermo-physical parameters is
considered. In thermal storage tank, HITEC bulk temperature lies 5 K higher than MS surface
temperature. Molten salt is not contaminated. There appear no chemical reactions between MS
and environment. Inside thermal storage tank, homogeneous molten salt temperature is
considered, what assumes that even in offline mode of storage system, heat losses to
environment offer enough driving force to establish a characteristic natural convection flow

profile within the storage tank [190].

In simulations, MS filling level in storage tank varies between 5-95%, depending on pulse or
dwell operation period. The height of MS pump inlet varies between 0.1-0.7 m, what defines
the MS mass, which can’t be pumped out of storage tank [190, 218]. The storage tank is divided
in two sections, which correspond to HTF and gas control volumes. Argon is used as a cover
gas in the tank dome. Inside storage tank, cover gas is over-pressurized. The thermal
conductivity of argon is k = 0.0354 W/(m-K) at 773 K. It is assumed that heat loss induced
velocity profile inside the tank provides a good mixing of gas, ensuring a homogeneous
temperature distribution. Ambient temperature of 298 K is taken. Average wind speed is 5 m/s.

For insulation layer, the maximum temperature of 313 K outside the tank’s walls is chosen.

4.2 Interplay between molten salt filling level and thermal storage tank

geometry

For DEMO IHTS thermal storage tank, which is a thermal-insulated cylindrical container with

a flat dome, the specific area and tank height can be calculated as

Sy = “Droor 4 “'D‘Z’me 410+ Dy - H = Z2eoof (1 + Z'H’(Dr""”Z'ADi“S)), (4.1)

2
4 2 Droof

H = Hwet + Hnw and Droof = Dbottom 4.2)

42



where Droof, Doottom and Dins describe diameters of roof, bottom and thermal insulation, ADins is
thickness of thermal insulation material, H is height of tank, and Hwet and Hnw are heights of

wet and non-wetted tank lateral wall, respectively.

Assuming that heat losses through the tank bottom are considerably lower than through the roof
[219, 220], given as Qiosspot << Qioss roof aNd ADisol << Droof, the specific surface area is

calculated as

-D? -D? 4-H
Sy~ T2ot 4 - Dy - HeTokoet (1 4 L), (4.3)
roof
.D2 ‘Hy ‘Hpw
Sy = SHwet+SHnsz'(1 +u+4_n)’ (4.4)
! ! 4 Droof Droof
.D2 ‘Hpw
Stwet ® TDroorHwet and SHnw ~ ~—oof. (1 T e ) (4-5)
! ! 4 Droof

Regarding only tank lateral wall, the equations for Sy wet and Sn,nw Can be written as
St,wet ® T-DroorHuet and SHnw * TDroofr Hnw- (4.6)

The quotient between specific surface area of non-wetted and wetted lateral walls of thermal

storage tank can be defined as

SH,nw _ H_Hwet — H _ 1 (4 7)
SH,wet Hwet Hwet ' .

Focusing on stability and safety of operation, the height Hwet of wetted lateral wall of DEMO
IHTS thermal storage tank has to be smaller than total tank height H tank, independently of
TES operation conditions. The value of Sy.nw/SHwet Should be 0.11 < SHaw/SHwet < 0.33
assuming the filling level of thermal storage tank between 75% and 90%. Here the thermal
expansion of the molten salt with increase in operating temperature has to be taken into
consideration. There should be also enough space above the level of molten salt inside the
storage tank to ensure the maintenance of necessary measurement equipment inside the tank
space. The last but not least, the geometry of the thermal storage tanks is a decisive factor,
which defines the mechanical stability and maintenance costs of the corresponding

construction, as well as heat losses to the environment.

The analysis of design parameters shows that thermal storage tanks with various diameters D
and heights H possess same inner volume, see Fig. 4.1. For instance, thermal storage tanks with
Di=21mandH; =10 m,or D=25mand Hx=7.1 m, or D3=28 m and H3 = 5.6 m have
similar volume of V = 3460 + 20 m2. Previously modelled tank with D =23.8 mand H =7.8 m
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has a volume of V = 3468 m?3 [84, 99, 100]. The storage tanks with same volume possess
different area of lateral wall, floor and roof. For example, a tank with D; =21 mand H1 =10 m
has floor and roof area of ~346 m2 and lateral wall area of ~659 m2. Thermal storage tank with

D3 =28 m and Hz = 5.6 m has floor and roof area of ~615 m? and lateral wall area of ~492 m2.
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Fig. 4.1: Storage tank volume for variable diameter and height.

For constant diameter with growing tank height, the area of tank lateral wall linearly increases,
see Fig. 4.2. For constant height, the increase in tank diameter has a more pronounced impact
on tank total area than the increase in height at constant diameter, see Fig. 4.3. For simulations,
the cold and hot storage tanks with D =24 m and H = 7.5 m are selected. These tanks have floor
and roof area of ~452 m2, Their lateral wall area of ~565 m? is with ~3.1% smaller than the
lateral wall area of ~583 m? for a storage tank with D = 23.8 m and H = 7.8 m, which has been
previously modelled [84, 99, 100].

The influence of HITEC temperature on storage tank parameters is studied for molten salt mass
of 5-10° kg and 6-10° kg, respectively. The results of calculations are presented in Table 4.2.
For MS mass of 5-10° kg and operating temperature of 543 K, HITEC volume in cold storage
tank amounts to 2657 m3. Due to thermal expansion, assuming the operating temperature of
738 K, molten salt volume in hot storage tank reaches the value of 2875 m3.
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Parameter Temperature, K
415 473 543 573 738 763

HITEC density, kg/m3 1975 1933 1882 1860 1739 1721
Molten salt mass of 5-108 kg

HITEC volume, m3 2531 2586 2657 2688 2875 2906

Increase in MS volume*, m3 0 55 126 157 34 375

Increase in MS volume*, % 0 2.17 4.98 6.20 13.6 14.8

*In comparison to V=2531 m?3

Molten salt mass of 6-10° kg

HITEC volume, m3 3037 3104 3188 3226 3450 3486
Increase in MS volume**, m3 0 67 151 189 413 449
Increase in MS volume**, % 0 2.2 497 6.22 13.6 14.8

**In comparison to V=3037 m?3
Difference in MS volume for molten salt mass of 5-10° kg and 6-10° kg
Increase in MS volume***, m3 506 573 657 695 919 955

Increase in MS volume***, % 20 22.64 25.6 27.5 36.3 37.7
***In comparison to V=2531 m3

Table 4.2: Volume of HITEC molten salt for variable operating temperature.

Taking into account the tank filling level of 75%, the volume of cold and hot tank each should
be ~3543 m?3 and ~3833 m3, respectively. For filling level of 90%, the volume of cold and hot
storage tank decreases to ~2952 m3 and ~3194 m3, correspondingly. For given HITEC mass of
5.10° kg, the increase in temperature from 415 K up to 763 K results in growing MS volume
with ~14.8% due to thermal expansion from 2531 m3 up to 2906 m3. For given MS mass of
6-10° kg, MS volume rises from 3037 m?2 up to 3486 m3. The comparison between MS volume
of molten salt mass m = 5-10° kg at 415 K and m = 6-10° kg at 763 K (Vso00 = 2531 m3 versus
Veooo = 3486 m3) shows an increase in MS volume of 37.7%. Subsequently, the consecutive
change of molten salt volume with increase in MS temperature is a critical factor for design and
operation safety of DEMO IHTS thermal storage tanks.

Regarding Table 4.3, the simulations are carried out for various MS operating temperature and
tank height. At this sight, the cases 1c and 2c are for cold storage tank and the cases 1h and 2h
are for hot storage tank. In case 1c, tank height is 7.5 m and for case 2c it is 8.4 m, obtaining a
height growth of 12%. Coming to case 1h, the height of storage tank is 7.5 m and for case 2h it
is 10 m, receiving a height growth of 25%. Referring to case 1c, MS temperatures of 573 K and
543 K are applied. For case 1h, the simulations are carried out for MS temperatures of
763 K and 738 K, respectively.
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Parameter Cold storage tank Hot storage tank
Case 1c Case 2c Case 1h Case 2h
HITEC temperature, K 573 543 543 763 738 738
Tank height, m 7.5 7.5 8.4 7.5 7.5 10
HITEC molten salt mass of 5-108 kg
HITEC volume, m3 2688 2657 2657 2906 2875 2875
Tank volume, m3 3393 3393 3800 3393 3393 4523

HITEC/tank volume, % 79.5 78.3 69.9 85.6 84.7 63.6

HITEC molten salt mass of 6-10°¢ kg

HITEC volume, m3 3226 3188 3188 3487 3450 3450
Tank volume, m? 3393 3393 3800 3393 3393 4523
HITEC/tank volume, % 95.1 94 83.9 102.8 101.7 76.3

Table 4.3: Ratio between the volume of HITEC molten salt and storage tank volume.

Parameter Cold tank Hot tank
Case 1c Case2c Case 1h Case 2h

Inner diameter, m 24 24

Height, m 7.5 8.4 7.5 10

Lateral wall area, m? 565.5 633.3 565.5 754

Tank volume, m? 3393 3800 3393 4523

Tank wall thickness, m 0.045 0.045

Mass of tank bottom, kg 160824 160824

Mass of tank roof, kg 160824 160824

Mass of lateral wall, kg

100609 112683

100609 134146

Total mass of tank, kg

422257 434331

422257 455794

Volume of roof insulation, m3 136 136
Volume of lateral wall insulation, m3 85.5 95.8 85.5 114
Total volume of insulation*, m3 2215 231.8 2215 250

Total mass of insulation*, kg

13290 13860

13290 15000

Remark: * VVolume of thermal-insulation material both for tank lateral wall and roof

Table 4.4: Comparative data for DEMO IHTS thermal storage tanks.
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In cold tank, for HITEC mass of 5-10° kg and tank height of 7.5 m, the decrease in MS
temperature from 573 K to 543 K corresponds to a decline of 1.2% in MS volume and the ratio
of HITEC volume to tank volume reduces from 79.5% to 78.3%. Assuming cold tank height of
7.5 mand Tws = 573 K, by increase in MS mass up to 6-10° kg, molten salt volume of 3226 m3

increases nearly up to tank upper level.

In hot storage tank with H = 7.5 m and Twus = 763 K, by increase in MS mass up to 6-10° kg,
HITEC volume rises over tank upper limit volume with ratio of 102.8%. With decrease in
molten salt temperature from 763 K to 738 K, the ratio of MS volume to hot tank volume again
is over 100%, presenting the value of 101.7%. The results of calculations indicate that a rise in
thermal storage tank height from 7.5 m up to 8.4 m increases the tank mass by 2.86% as well
as the mass of insulation material by 4.2%, see Table 4.4. With increase in height of tank up to
10 m, the mass of tank and thermal insulation increases with 7.94% and 12.9%, respectively.
Consequently, to enable safe operation of DEMO IHTS, it is preferable to select a taller storage
tank, including buffer space, to prevent any kind of tank damage or bursting due to thermal

expansion of HITEC molten salt.

4.3 Heat losses to environment from thermal storage tanks

The simulations of temporal evolution of HITEC molten salt temperature drop in cold and hot
storage tanks with D = 24 m and H = 7.5 m are carried out for variable tank height and thermal
insulation thickness. HITEC mass of 5.04-10° kg as initial condition is taken. In cold storage
tank, the initial HITEC operating temperature is 573 K and in hot storage tank it is 763 K.
Ambient conditions remain constant. For the thermal storage tanks, no external electrical heat

tracing is applied.

The simulations are evolved for variable thickness of tank thermal insulation between
0.2-0.5 m. In cold storage tank with an insulation thickness of 0.2 m, see Fig. 4.4, MS critical
temperature of 473 K is reached after 19 days. The increase in insulation thickness up to 0.5 m
results in rising time up to 45 days. For cold storage tank with selected insulation thickness of
0.3 m, the curve for MS temperature drop from 573 K to 473 K can be described, using

Microsoft Excel linear approximation equation
Teold =-3.4218-t + 567.71, (4.8)

with residual value of R2 = 0.9937.
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Fig. 4.4: Temperature drop inside cold storage tank for various thermal insulation thickness.

In hot storage tank with an insulation thickness of 0.2 m, HITEC needs 29 days to reach its
critical temperature and 80 days are required, if insulation material thickness is 0.5 m (Fig. 4.5).
For hot storage tank with selected insulation thickness of 0.3 m, the curve can be approximated
through simulation using Microsoft Excel by the following function

Thot = 0.1059-t — 10.934-t + 753.08, (4.9)

with the residual value of R2 = 0.9984.

The results of simulation of temperature drop in dependence of tank height are presented in
Fig. 4.6 and Fig. 4.7. For cold tank, the curves 1 and 2 correspond to case 1c (see Table 4.3).
The calculated dependences can be approximated using 2" grade polynomic curves through
simulation using MS Excel. For example, for cold tank the approximation correlation for
curve 2 (Fig. 4.6) is as following

T =0.0715-1> - 5.7574-t + 542.82, (4.10)

with the residual value of R2=1.
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Fig. 4.5: Temperature drop inside hot storage tank for various thermal insulation thickness.
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Fig. 4.6: Temperature drop inside cold storage tank with various tank height.
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Fig. 4.7: Temperature drop inside hot storage tank with various tank height.

At MS operating temperature of 543 K, the increase in height of cold storage tank from 7.5 m
up to 8.4 m results in decrease in cooling time of storage tank from ~14.5 days to ~10.5 days,
before HITEC reaches its critical temperature T¢r = 473 K (see Fig. 4.6). Same tendency is
observed for hot storage tank, whereas the curves 4 and 5 correspond to case 1h, see Fig. 4.7
and Table 4.3. The decrease in MS temperature from 763 K to 738 K results in reduction in
time of MS cooling from 44 days to 42 days, before HITEC molten salt reaches its critical
temperature. For simulation at initial temperature of 738 K, the increase in tank height from
7.5 m to 10 m leads to reduction of MS cooling time from 42 to 33 days, correspondingly.

The simulations using MATLAB®/Simulink show that the increase in thickness of thermal
insulation decreases the temperature drop per day, what results in reducing specific heat losses
per area. The increase in height of thermal storage tank enhances molten salt cooling. Thermal
storage tank filling level and heat losses through wet and non-wet tank lateral walls play here a
major role. In simulations using MATLAB®/Simulink, unchangeable ambient conditions are
used. Nevertheless, the fluctuations of ambient temperature, wind velocity, solar irradiation,
etc., are important factors, those influence on specific heat losses per area from thermal storage

tanks has to be taken into consideration for prospective research studies.
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4.4 Evaluation and validation of simulation model for heat losses to

environment

The results of simulation using developed MATLAB®/Simulink model for heat losses to
environment (see chapter 3) are compared with the simulation data for the model, which is
discussed in ref. [190]. The ref. [190] includes the comparison of numerical results and
experimental data for inventory temperature drop in the CSP thermal storage tanks, measured
at a commercial parabolic trough collector plant. In the ref. [190], the performed comparison is
not seen as the validation of simulation model, because neither the environmental boundary

conditions, nor real storage tank construction details are known.

Similar to ref. [190], in the current study, the validation of developed MATLAB®/Simulink
simulation model for heat losses to environment from thermal storage tanks is not suitable too
due to lack of data concerning experimental studies with DEMO IHTS storage tanks. For
verification of the developed MATLAB®/Simulink simulation model, in the current study,
similar to ref. [190], the simulations are carried out for 6-day temperature drop in thermal
storage tanks for defined temperature conditions. For MATLAB®/Simulink simulations, see
Fig. 4.4 and Fig 4.5, storage tanks’ diameter of 24 m and tanks' height of 7.5 m are taken.
Thermal insulation thickness is 0.3 m. The data for thermal insulation materials are joined in
Table 4.1. HITEC molten salt mass is 5.04-10° kg. The specific area of storage tank roof and
bottom is ~452 m? and the area of tank lateral wall is ~565 m=2. The initial HITEC temperature
in cold storage tank is 573 K, and in hot storage tank it is 763 K. The simulations for storage
tanks are carried out for tanks” upper filling level with molten salt, e.g. over 80% in cold tank

and over 86% for hot tank, respectively (see Table 4.3).

The results of simulations using MATLAB®/Simulink are compared qualitatively with the
numerical data, presented in the ref. [190], taking into consideration the temporal evolution of
molten salt temperature in thermal storage tanks. The change of MS temperature due to cooling
phenomena in DEMO IHTS thermal storage tanks is visualized in Fig. 4.8. The equations (4.8)
and (4.9) are used to describe the temperature drop of HITEC molten salt in cold and hot storage
tanks, correspondingly. For DEMO IHTS, the temperature drop rate for cold tank, which is full
with molten salt, is AT/At ~ 3.4 K/day and for full hot tank it is AT/At ~ 10.3 K/day, respectively
(see Fig. 4.9). As for data from ref. [190], for defined tanks geometry and operation conditions
the MS temperature drop rate of AT/A ~ 1.1 K/day for full hot tank and AT/A =~ 5.4 K/day for
the empty cold tank is obtained. Both data from ref. [190] and current simulation results show

practically a linear decrease in MS temperature for the first 6 days of simulations.
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Fig. 4.9: Temperature drop of molten salt in dependence of simulated time interval.
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The mean heat losses flow from thermal storage tank are calculated as

m-cp-AT
At

Qloss = , (4-11)

where m describes mass of molten salt in thermal storage tank, c, is temperature dependent

specific heat capacity of HITEC and AT is temperature drop for a time interval At.

In current study, HITEC specific heat capacity is calculated using novel customized
MATLAB® module, see chapter 2, Table 2.6. For cold storage tank the temperature drop rate
of AT/At ~ 3.4 Kl/day is taken. Considering these conditions, according to eq. (2.16), MS
specific heat capacity changes from 1260 J/(kg-K) to 1286 J/(kg-K). Respectively, for
calculation with eq. (4.11), for cold storage tank, HITEC mean value of cp = 1273 J/(kg-K) is
taken. For hot storage tank the temperature drop rate is AT/At = 10.3 K/day. According to
eq. (2.16), for these conditions the MS specific heat capacity changes from 1080 J/(kg-K) to
1142 J/(kg-K). Hence, for hot storage tank, for calculation with eg. (4.11), the MS mean value
of cp= 1111 J/(kg-K) is chosen.

The simulation data of mean heat losses per day for cold and hot storage tanks are presented in
Fig. 4.10. The values of specific heat losses per area are presented in Fig. 4.11, whereas in

calculations the area is taken as the sum of the area of tank roof and lateral wall.
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Fig. 4.10: Simulated transient heat loss per day for cold and hot storage tanks.
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Fig. 4.11: Simulated transient heat loss per area from cold and hot storage tanks per day.

In DEMO IHTS full hot tank, the decrease in heat losses is more pronounced (~702 kKW after
the 1% day and ~667 kW after 6" day), than in the full cold tank, which remains practically
constant at ~254 kW for each day. The decrease in heat losses from the hot tank can be
explained through the decrease in volume of molten salt in the tank due to MS cooling and

growing value of Sp.nw/SHwet, See eq. (4.7).

As for simulation data from ref. [190], the heat losses from the loaded system for full hot tank
(T = 659 K) decrease from ~275 kW on the 1% day to ~265 kW for the 6™ day. For empty cold
tank (T = 565 K), these simulated values are ~190 kW after the 1% day and ~165 kW after the
6" day. The main conclusion of the comparative study is that both simulation models similar
describe qualitatively the temporal evolution of molten salt temperature in thermal storage tanks
and the temporal evolution of heat losses to the environment. The difference in absolute values
between MATLAB®/Simulink data and the simulation results from ref. [190] can be explained
due to difference in initial data, which are introduced into the models, such as geometrical
parameters of thermal storage tanks, molten salt thermo-physical properties, as well as

environmental conditions.
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4.5 Conclusions

The design and operational parameters of DEMO IHTS thermal storage tanks are defined,
including tank’s geometry, properties of constructive and thermal insulation materials, as well

as environmental conditions.

For cold storage tank, HITEC molten salt minimum temperature Tmin = 543 K is taken, being
higher than MS melting point. For hot storage tank, MS maximum temperature of
Tmax = 738 K is selected, which is lower than temperature of MS thermal degradation.

The interplay between storage tank parameters and MS filling level is studied using
MATLAB®/Simulink simulations. The results are used to specify the storage tank geometry
and operational parameters, which have to be applied for modelling of DEMO PHTS-IHTS

system.

Simulations are carried out to study the influence of tank height and thermal insulation material

thickness on heat losses to environment from DEMO IHTS thermal storage tanks.

The results of numerical simulations using MATLAB®/Simulink are evaluated through
comparison with the data, known from literature survey (see ref. [190]). A good, qualitative

correlation between the results of simulations is observed.
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5 Simulation model of DEMO PHTS-IHTS and DEMO PCS

systems

The development of simulation models demands the knowledge of DEMO BoP technical data.
With this purpose, a vast study of design and operational parameters of DEMO BoP systems,
shown in Fig. 5.1, is carried out. The operational and design parameters are presented in
Appendices A.5 and A.6. DEMO PHTS main parameters, as well as the data for corresponding
heat exchangers, are presented in Appendix A.5, Table A5.1 and Table A5.2. The main
parameters for DEMO IHTS and DEMO PCS are highlighted in Appendix A.5, Table A5.3 and
Table A5.4, correspondingly. The technical data for DEMO Primary Heat Transfer System and
DEMO Intermediate Heat Transfer and Storage System are presented in Appendix A.6,
Table A6.1 and Table A6.2, correspondingly. The Table A6.3 and Table A6.4 include the

design and operational parameters of DEMO Power Conversion System.

IHTS PCS SG PCS (turbine hall)

PHTS BB with
storage \.

Fig. 5.1: Schematic view of DEMO BoP energy transfer chain [55].

The forthcoming paragraphs are focused on development of DEMO PHTS-IHTS and DEMO

PCS simulation models, involving the description of applied modules and governing equations.

5.1 Development of DEMO PHTS-IHTS simulation model
The scheme of DEMO PHTS-IHTS simulation model, presented in Fig. 5.2, includes two

thermal storage tanks and six pipelines with modules for simulation of heat losses to
environment, two fixed-displacement pumps, eight heat exchangers (HXs) of DEMO PHTS
system and single PCS steam generator (SG) stage. For the model, following assumptions are
formulated: i) HITEC properties are simulated by novel customized MATLAB® module; ii)
storage tanks, pipelines and pumps are heated up to their operating temperature; iii) pipelines
are filled continuously with HITEC molten salt [84, 182]; iv) at the beginning of simulation,
the filling level of molten salt in cold storage tank is at maximum.
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In DEMO IHTS, molten salt is pumped via pump 1 from cold storage tank through PHTS
OB/IB HXs into hot storage tank. HITEC gets heated, ensuring thermal energy transport into
hot storage tank [33, 221]. Molten salt is pumped with pump 2 from hot storage tank through
PCS SG HXs into cold storage tank. Pipeline 1 connects pump 1 with DEMO PHTS HXs.
Pipeline 2 connects DEMO PHTS HXs with hot storage tank. Pipeline 3 is used for connection
of hot storage tank with pump 2, as well as pipeline 4 connects pump 2 with PCS SG stage.
Pipelines 5 and 6 are installed between PCS SG and cold storage tank, as well as between cold

storage tank and pump 1, respectively.

Throughout pulse operation, molten salt mass flow through pump 1 is higher than through
pump 2. For cold storage tank, molten salt outlet flow is higher than its inlet flow. Hence, during
pulse operation, MS filling level in cold storage tank continuously decreases. In hot storage

tank, HITEC mass flow is divided into two parts. The first part (rhy,,, 1) remains in hot storage
tank, what results in growing MS filling level. The second part (rp,.2) gets pumped via

pump 2 through the PCS SG HXs, thus returning to cold storage tank.

During dwell operation, HITEC molten salt, which is stored in hot storage tank during pulse
operation, is pumped with pump 2 at high flow rate. HITEC flows through PCS SG stage, where
heat transfer between MS and water takes place. Thus, HITEC molten salt, whose temperature
is reduced, flows to cold storage tank. During dwell operation, MS filling level in hot storage

tank decreases, yet in cold storage tank it increases.

5.2 Modules of DEMO PHTS-IHTS simulation model

5.2.1 Thermal liquid pipeline module

The governing equations for pipeline module are presented in Table 5.1. This module, presented
in Fig. 5.3, possesses ports A and B, through which HITEC flow enters and exits the pipeline.
An intermediate node | is used for segmented pipeline [215]. Being segmented, the pipeline
contains more than one fluid volume and is treated as an assembly of smaller pipelines, whereas
each pipeline is associated with a separate instance of module. Through port H, the module
controls the temperature across the pipeline. By discretization, mass and energy flows, as well
as momentum balance equations, are calculated for each segment. The total mass, momentum
and energy accumulation are determined as sums over their volumes. During flow of molten
salt through the pipelines, friction losses occur along the pipeline walls, which are defined as

pressure loss, being described by egs. (5.8) and (5.9) for turbulent flow, see Table 5.1 [215].
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Title Governing equation Equation Remark
Mass balance my +mg=0 (5.1)
Momentum balance pa — P = Aps + prrg-Az (5.2) It is expressed by pressure differential over the
pr = Apga + Aprs (5.3) pipe, which occurs due to pressure at pipe ports,

friction at pipe wall and hydrostatic changes

AZIZ Za " B (5.4) due to any change in elevation.
p1 =3 (pa + PB) (5.5)
A A
Pa—P1 = Apea +prg and pg —py = Apgg — prg- (5.6)
AL AL - Z
Press_ur_e drop due to Apga = #ZS -~y and Apg = #ZS 2 rhg, (5.7) For laminar flow, where % = 64.
friction losses
1 £ o (5.8) For turbulent flow.
Apsa =555 | b T Closstotal | Ma-Mhal
1 f‘% S (5.9)
Apg = 20052 \ D + Closs total | ‘. [mp|
Energy balance Ei=FEa+ Eg+ Ey— my-g-Az (5.10)
Mass and energy flow in = Ma+me  ond E;=p;-u-V (5.12) Calculated in potential energy term.
2

internal node |

Abbreviations

m, - mass flow rate at port A

mg- mass flow rate at port B

pa - pressure at port A

Pe - pressure at port B

pi - pressure at internal node |

Aps - pressure differential due to viscous frictions
pi - HITEC density

g - gravitational acceleration

Az - elevation differential between ports A and B
E - energy accumulation rate

E,, Eg and Ey - energy flow rates through ports A, B and H
u; - specific internal energy of fluid at node |

V - internal volume of pipe

Closs.otal - 0ss coefficient

v - HTF kinematic viscosity

A- laminar friction constant

D - pipe hydraulic diameter

f - Darcy friction factor

L - effective length of pipe

Assumptions and simplifications:

e HITEC molten salt is treated as an incompressible HTF, hence its mass within the pipeline does not change with pressure, and for HTF the inertia is ignored.

e  Wall of conduit is rigid.

Table 5.1: Governing equations for thermal liquid pipeline module [215].
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Title Governing equation Equation Remark
Heat losses via Ex = Qcond + Qconv (5.12) Heat transfer between pipelines and environment.
conduction
ki- S 5.13
and Qcond = ] D = (TH - TI) ( )
convection ‘
Qconv = Cpavg" |mAvg| : (TH - TA) ' (514)
[t ()]
cp.avg [ have]
h = NuAvg'kAvg (515)
D
Nusselt f/8 - (Re — 1000) - Pr (5.16) Parametrization is provided for heat transfer between MS and pipeline
number for Nugyr = YR wall.
turbulent flow 1+127- (/8) (Pre/f—1) For turbulent flow, average Nusselt number is calculated using
Gnielinski correlation.
6.9 er \111\172 (5.17) Average Darcy friction factor is calculated according to Haaland
f= [_1-8 +logyo (R_e + (3.7 : D) )] correlation.
Heat transfer heh D% m3, (5.18) . . _ 45
coefficient for =N pis oe Nominal surface area of pipe wall: Syy = |- - L.
turbulent flow my + m (08
My, = % (5.19) For rigid wall: h = hy - r:lh‘?,f;r.
N
my-c Ty — T
hy = N * CpN -ln( HN InN) (5.20)
SHN Tun — Touen

Abbreviations

ki - HITEC thermal conductivity in node |
Sw - surface area of pipe wall

D - pipe diameter

Tw - pipe wall temperature
Ti - HTF temperature in pipe internal node |
Cp, avr - HITEC specific heat capacity

Ta - HTF inlet port temperature

h - heat transfer coefficient of pipe

My, and my - average and nominal mass flow rates through pipe
Nuaw - average Nusselt number in pipe

kaw - average thermal conductivity of HTF of entire pipe

Re and Pr - Reynolds and Prandtl numbers

f - average Darcy friction factor

€r - absolute roughness of pipe internal surface

Thn, Tinn @and Toun - nominal wall, inflow and outflow temperatures
Sun - nominal wall surface area

Assumption: For rigid pipeline, nominal diameter is equal to pipe diameter.

Table 5.2: Governing equations of pipeline module for heat losses to environment [215].
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For every pipeline, a novel module for heat losses to environment is applied, see Fig. 5.3 and
Table 5.2, where heat transfer takes place through convection between HITEC molten salt and
pipeline walls and through conduction from pipeline walls and thermal insulation to

environment [220].

5.2.2 Fixed-displacement pump module

The fixed-displacement pump module (see Fig. 5.4) models a pump with a constant volumetric
displacement, which extracts power from mechanical rotational network and delivers it to
hydraulic, isothermal liquid network. The governing equations for fixed-displacement pump
module are joined in Table 5.3 [215, 222]. The design and operational parameters of

pumps 1 and 2, see Fig 5.2, are joined in Appendix A.6.

OB

Conn1 lM__::_‘.—_'_""_jA —
Fump <Phi— |
mass flow

- X

Fig. 5.4: Fixed-displacement pump module with working mode diagram.

The terminals A and B describe pump inlet and outlet. Signal ports M and Phi report mass and
energy flow rates. Mechanical, rotational conserving ports R and C are associated with the shaft

and casing of the pump.
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Title Governing equation Equation Remark
Energy balance Ea + Ep + Phydro = 0 (5.21) Module associates mechanical work done
by the pump with an energy exchange.
Pump hydraulic power m (5.22) A function of pressure difference between
phydro =Ap-—
p pump ports.
Mechanical power due to torque Prech =T @ (5.23)
Mass flow rate M = Mgea; — Mpeak (5.24)
Mygea = p-D-w (5.25)
Driving torque T = Tigeal T TFriction (5.26)
Tideal = D " Ap (5.27)
Analytical parametrization: i _ Kup - pavg - Ap (5.28) Hagen-Poiseuille coefficient
Leak — — —
Ieakage flow Havg Ko = D - WNom HNom (1 - T]v,Nom)
HP —
Analytical parametrization: Terinor = Tg + Krp - [Ap| - tanh 4w (5.29) ApNom
friction torque Friction = o &P * 1P (5¢ — 5) - Onom

Abbreviations

E, and Eg - energy flow rates at port A and port B

Phydro - PUMp hydraulic power

o - shaft angular velocity

h - actual mass flow rate

Mygear aNd My e41 - ideal and internal leakage mass flow rates
My e - iNternal leakage mass flow rate

T - actual driving torque

Tideal @M Teriction - ideal driving torque and friction torque
p - HTF average density at thermal liquid ports A and B

D - displacement parameter

Ap - pressure gain from inlet to outlet, where Kpp is
Hagen-Poiseuille coefficient for laminar pipe flows

uavr - HTF average dynamic viscosity

Krp - specified value of friction torque

o - specified no-load torque

oNom - Specified nominal shaft angular velocity

Unom - Specified nominal dynamic viscosity

Tv.Nom - SPecified value of volumetric efficiency

Apnom - Specified value of nominal pressure drop corresponding
to specified nominal conditions

Assumptions and simplifications:

e Module treats the pump as a quasi-steady component and pump wall is rigid.
o Effects of fluid inertia, elevation and external leakage are ignored.

Table 5.3: Governing equations for fix-displacement pump module [215].
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Pressure gain from port A to port B is positive, if the angular velocity at port R is positive
relative to port C. Through port A, the pump is connected with the sensor, which measures mass
and energy flow rates in HTF network. Pump is coupled with port R to ideal angular velocity
source block. Through port S, the control signal is applied, which drives the source [215]. There

is no change in pressure or temperature perceived across the sensor.

According to “pump control” module, the controller working mode depends on pressure gain
Ap = pg — pa from port A to port B and angular velocity w = wg — w¢, where or and mc are
absolute angular velocities at ports R and C [215]. There are four modes of operation
(see Fig. 5.4). Quadrant 1 represents the forward pump mode for specified case of DEMO IHTS
pumps 1 and 2, in which positive shaft angular velocity causes a pressure increase from port A
to port B. Quadrant 2 represents the reverse motor mode, in which the flow from port B to
port A causes a pressure decrease and a negative shaft angular velocity. Quadrant 3 represents
the reverse pump mode, in which negative shaft angular velocity causes the pressure increase
from port B to port A. Quadrant 4 represents the forward motor mode, in which flow from

port A to port B causes the pressure decrease and a positive shaft angular velocity.

The pump model accounts power losses due to leakage and friction. Leakage is internal and
occurs only between pump inlet and outlet. The module computes the leakage flow rate and
friction torque, using “analytical parameterization data” case, displayed in Table 5.3. The input
efficiencies are provided by mechanical and volumetric efficiencies directly by physical signal
input ports. The input losses are given by mechanical and volumetric losses directly through
physical signal input ports. Mechanical loss is defined as internal friction torque and volumetric

loss is described as internal leakage flow rate.

5.2.3 PHTS Inner Blanket/Outer Blanket Loops module

The PHTS Outer Blanket/Inner Blanket (OB/IB) Loops module with heat exchanger modules
is shown in Fig. 5.5. DEMO PHTS design and operational parameters are summarized in
Appendix A.6.

DEMO PHTS OB and IB Loops are modelled with a set of parallel installed heat exchangers,
which have similar design configuration. The heat exchanger module models the heating of
fluid through heat conduction over a wall. Helium is used for heat transfer to molten salt in
DEMO PHTS-IHTS heat exchangers [84]. For simulations, constant heat capacity of helium is

considered. Gas mass flow is divided uniformly between heat exchangers.
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Fig. 5.5: Scheme of PHTS Outer Blanket/Inner Blanket Loops module with heat exchangers.
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Gas input temperature lies at 793 K, whereas gas leaves DEMO PHTS HXs at 573 K. HITEC
molten salt and helium do not mix with each other. The module, presented in Fig. 5.6, which
controls the heat transfer between thermal liquid networks for helium and HITEC, includes
Simple Heat Exchange Interface (TL) and Specific Dissipation Heat Transfer (SDHT) modules,
whose governing equations are joined in Table 5.4 and Table 5.5 [215]. Ports Al and B1 are
conserving ports, which are associated with HX inlet and outlet. Port CP2 is for isobaric specific
heat of helium. Port M2 is for entrance mass flow rate of helium. Port H2 is for inlet temperature
of helium. The data regarding pressure losses, thermal effects and initial conditions are
integrated in HXs modules. The rate of heat transfer is positive, when the temperature for the

first fluid is higher than for the second one.

H1 H2
Ale—A e ite
i A CP P2l—e C2
8
B1e —DIM1 M2id—e M2
Simple Heat Specific Dissipation
Exchanger Interface Heat Transfler

(TL)

Fig. 5.6: Module for control of heat transfer between different thermal liquid networks [215].

Controlled Temperature Source module represents an ideal energy source in a thermal network.
It maintains the controlled temperature difference, regardless of heat flow rate of helium. The
temperature difference is set by signal port S. A positive temperature difference gives that the
temperature at port B has to be greater than at port A. Pulse Generator module generates square
wave pulses. Output signal is generated in a specified time-based mode and is based on
simulation running time for cycling operation of fusion reactor. Pulse type for HXs is time-
based with respective demand to simulation time, which takes place over a specific time span

of 7200 sec for pulse and 600 sec for dwell operation.

The sensors in the simulation model, see Fig. 5.2, 5.4 and 5.5, are used to control mass and heat
flows. Heat flow rate sensor represents an ideal heat flow meter, converting heat flow passing
through the meter into a control signal, which is proportional to the flow. Regarding process
control measurement, sensors’ signal ports M and Phi report mass and energy flow rate. Ports
A and B are thermal conserving ports in positive flow direction from port A to port B. Port H
is a physical signal port that outputs heat flow value. There is no change in pressure or

temperature across the sensors.
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Titel Governing equation Equation Remark
- m Module models pressure drop and temperature change in a gas, as
Heat exchange module ot LT i it traverses the length of a thermal interface such as that provided
IF: CPE- by a heat exchanger.
o ME
Mass balance ) ) oM dp oM dT (5.30) Compressibility of gas is considered, what means that mass inside
my +mg = % dt aT dt the interface can change with pressure and temperature.
Energy balance Eo4E oM dp oM dT (5.31) Rate of energy accumulation in internal fluid volume of interface is
atEp+Qu= op dt aT dt equal the sum of energy flow rates through all the ports.
Momentum balance Pa — P = Apa — App (5.32) Overall pressure drop from one gas port to other is calculated from
individual pressure drops from each gas port to internal fluid
Aps =pa—p and Apg =pp —p (5:33)  volume.
Abbreviations M - mass of fluid volume of thermal interface  E - total energy in internal fluid volume of thermal interface
p - internal fluid pressure E, and Eg - energy flow rates through gas ports A and B
T - internal fluid temperature Qy - heat flow rate through thermal port H
rh, - mass flow rate through gas port A pa and ps - fluid pressures at gas ports A and B

- mass flow rate through gas port B

Ap, and Apg - pressure drops from gas ports A and B to internal fluid volume

Assumptions and simplifications:
Heat transfer across thermal interface is ignored.

No work is done on or by fluid inside the interface.
Effects of pressure drop are ignored.

Pressure drop is calculated as a function of mass flow rate from tabulated data, which are specified at reference pressure and temperature.

Table 5.4: Governing equations for Simple Heat Exchanger Interface module [215].
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Titel Governing equation Equation Remark
IET 2, Module models heat transfer between two fluids, which are
Heat transfer module DCPIJE#JCPM controlled by the signals, with these providing each the
- entrance mass flow rate and isobaric specific heat.
B M1 M2
Heat transfer rate Q=SD"(Tiin — Tzin) (5.34)  Heat flows from warmer fluid to cooler fluid. Heat flow rate
is positive if fluid 1 enters at a higher temperature than
fluid 2.
Specific dissipation SD = SD(1n4, 1h,) (5.35) Obtained from specified tabulated data at given mass flow
rates.
Maximum heat transfer rate SDmax = min(Cq, Cy) (5.36) Whenever heat flow rate exceeds the maximum value, a
(5.37) warning is issued.

C.,=nm, - Cp,«

Constraint on maximum
heat transfer rate

Q = SDmax - (Tl,in - TZ,in) for SD > SDpax (5.38)

Q =SD - (Tyin — Tzin) otherwise

It is implemented in form of a piecewise function.

Abbreviations

Tin - fluid entrance temperature C.- thermal capacity rates of controlled fluid
i - entrance mass flow rate Cp,~ Isobaric specific heat of fluid

Assumptions and simplifications:
o Rate of heat transfer is calculated from specific dissipation, a parameter specified in tabulated form as a function of entrance mass flow rates.
e When entrance temperatures differ by one degree, the specific dissipation quantifies the amount of heat exchanged between fluids per unit of time.
e Pressure loss and other aspects of flow mechanics are ignored.

Table 5.5: Governing equations for Specific Dissipation Heat Transfer module [215].
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5.2.4 PCS steam generator module

According to DEMO IHTS model, as shown in ref. [100], PCS SG has been previously split in
two levels, by connection in series. Subsequently, PCS SG model has been modified, where the
steam generator concept has been reduced to a single SG2 level [84]. The large differences of
vapor mass flow inside SG components, considering usual initial design with huge difference
span between mass flows of 223-842 kg/s, are reduced to an average value of 719 kg/s in a

single SG2 stage.

The scheme of the developed PCS SG module is presented in Fig. 5.7. For heat transfer from
hot molten salt to water, single steam generator SG2 stage design concept is applied. The stage
is modelled with a set of HXs modules, represented by pre-heater (PH), steam generator (SG)
and super-heater (SH) [182]. Those design and operational parameters are listed in Appendix
A.6. In the model, the heat is not taken into consideration, which comes from the phase change
inside steam generator on water/steam side. Inside heat generator module, an entire temperature

difference AT is estimated between steam inlet and HITEC outlet temperature.
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Fig. 5.7: PCS SG2 module with pre-heater, steam generator and super-heater [182],

extended with control sensors for mass and energy flow rates.
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5.3 Development of DEMO PCS simulation model

The scheme of DEMO PCS simulation model is presented in Fig. 5.8. It differs from the original
MATLAB® Library Rankine Cycle model, see Appendix A.7, by replacement of steam boiler
with coupling of PCS pre-heater, steam generator and super-heater to PH, SG and SH modules
from the side of DEMO IHTS model. This presumes the support with initial data for convective
heat transfer by coupling of DEMO PCS model with DEMO PHTS-IHTS model, where HITEC
temperature at PCS SG stage inlet is given as heat input source. Besides SH, SG and PH
modules, the model includes a high pressure (HP) and a low pressure (LP) steam turbine, two
steam re-heaters SR1 and SR2, a steam condenser (SC), as well as one feedwater (FW) pump.
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Fig. 5.8: Scheme of simulation model for DEMO PCS.
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The components of DEMO PCS system are discussed in ref. [47, 53, 84, 98, 223]. The design
and operational parameters of DEMO PCS, used for MATLAB®/Simulink numerical
simulations, are presented in Appendix A.5, Table A5.4, and in Appendix A.6, Table A6.3 and
Table A6.4.

To reduce the complexity, the proposed DEMO PCS simulation model contains only primary
systems. The drain, supplemental FW heaters and PCS pumps, deaerator, as well as secondary
heat sources, which are in this case the divertor and vacuum vessel pump with a supplemental
heat exchanger, are excluded. Throttle, check and extraction valves for DEMO PCS are
excluded too, as no offers for such specific regulation and process control are known to be yet
available on the current industrial market. A two-phase fluid network is chosen with water and
steam as two-phase heat transfer fluids. Regarding mass flow at inlet/outlet of the components,
the customized module for water/steam properties is fitted to DEMO PCS operation conditions.
Considering identical inlet/outlet medium, the re-heaters are modelled as thermal two-phase
fluid pipes. The length of pipes in pre-heater and super-heater is equal to the length of a simple
fluid pipe. Heat transfer is applied only through convection. For each PCS HX, a heat transfer
module with corresponding temperature source is given. The volume of condensed water is
calculated as the product of volumetric flow rate and corresponding time interval. This refers
to time of 7200 sec for pulse operation during a single operation cycle. The initial liquid volume
fraction of 0.7 in SG module is considered. The secondary inlet temperature of water is used as
a coolant input source. The secondary inlet temperature of HITEC is assumed as initial heat

input source.

5.4 Modules of DEMO PCS simulation model

5.4.1 Steam generator module

The coupling of PCS pre-heater, steam generator and super-heater modules is schematically
presented in Fig. 5.9. Dash lines represent the fluid flow, solid lines represent convective heat
flow between the components, and dash-point lines are used to connect the control sensor for
maintaining liquid volume fraction in PCS SG. Referring to steam properties module, water
and steam parameters for various temperature and pressure are used in form of vectors and
matrices. The normalized and specific internal energy is given in vector form. Water and steam
properties are listed in Appendix A.6, Table A6.3. The liquid level inside PCS SG module is
specified as volume fraction inside the saturated chamber and is equal to the quotient of water

amount and total fluid volume.
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Fig. 5.9: Scheme of coupling of PCS pre-heater, steam generator and super-heater modules.

The mass of fluid in saturated fluid chamber varies with density, which comes with the property
that in a two-phase fluid the form is generally considered as a function of pressure and
temperature. The fluid enters, when pressure at inlet rises above that in the chamber, and exits,
when pressure gradient is reversed. The volume of chamber is fixed in spite of fluid

compressibility, when its mass changes with pressure and temperature.

Pre-heater is used to raise the temperature of feedwater to saturation level. Steam generator is
used for generation of saturated steam. Super-heater is applied for steam generation with respect
to mechanical power production [215, 218-220]. The inlet/outlet operating pressure in pre-

heater is 126 bar uniformly. In steam generator and in super-heater, it is 125 bar uniformly.

HITEC inlet temperature in pre-heater is 609 K, in steam generator it is 699 K and in super-
heater it is 738 K. The volumetric flow inside steam generator is 1.085 m?3/s [98]. Total fluid
volume is calculated by multiplying the volumetric flow with pulse time of 7200 sec. Heat
transfer area and overall heat transfer coefficients are required for convective heat transfer
modules, which are coupled to PCS PH-SG-SH modules. Heat transfer rate is proportional to
the temperature difference, as well as heat transfer coefficient and surface area in contact with
the fluid. The design and operational parameters of pre-heater, steam generator and super-heater
are listed in Appendix A.6, Table A6.3 and Table A6.4.
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Steam generator module is modelled as a chamber with fixed volume of two-phase fluid.
Through inlet port B, as well as outlet port A, flows a constant volume of saturated fluid in a
two-phase fluid network, whereas volume is divided into saturated vapor and saturated liquid.
Here, an unidirectional flux exchange is considered. Operating pressure and temperature are
based on liquid compressibility and thermal capacity. Port A of SH is connected to saturated
vapor volume. Fluid leaving port A of SG is always in a saturated vapor state. Port B of SG is
connected to saturated liquid volume. Fluid entering port B is always in a saturated liquid state.
The fluid volume can exchange heat with thermal network through port H, which is a thermal
conserving port associated with fluid temperature inside the chamber. Physical signal port L
reports the control for liquid volume fraction. Regarding water and steam specific settings,
MATLAB®/Simulink Library implemented data for liquid and vapour properties are
used [215]. The inlet pressure and temperature are considered as initial conditions
(see Appendix A.6, Table A6.3).

The modules’ governing equations are presented in Table 5.6. The rate of mass accumulation
in the chamber is equivalent to mass flow rate through ports A and B, which is calculated by
eq. (5.39), where the left-hand side describes the rate of mass accumulation [215]. The
smoothing introduces a small numerical error, where the module is adjusted by adding the

correction term €y, to mass balance, being calculated according to eq. (5.40). The specific

volume V/V is defined by water properties module [224]. The characteristic time to equilibrium
of a phase-change event, that takes place in the chamber, is set to T = 0.1 sec. The partial
derivatives in mass balance equation are calculated using finite-difference method to tabulate
the data in two-phase fluid properties module and to interpolate the results [215]. They are
smoothed by means of cubic polynomial functions at phase-transition boundaries. These
functions apply between two-phase mixture and super-heated vapor phase domains, when vapor
quality is varied in a range of 0.3-0.9 [215, 225]. In our case, liquid volume fraction of 0.7 is

applied.

Energy enters and exits the chamber in two ways, namely with fluid flow through ports A and
B and with heat flow through port H. No work is carried out, neither on nor by fluid inside the
chamber. The rate of energy accumulation in internal fluid volume is described by eq. (5.42),
see Table 5.6. Neglecting kinetic energy of fluid, total energy in the chamber is described by
eg. (5.43). As a boundary condition, fluid specific internal energy of 1500 kJ/kg is taken for the
chamber. The temperature in interior is equal to that at thermal port. The momentum balance
in the chamber is described by eq. (5.44), see Table 5.6 [215].
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Title Governing equation Equation Remark

Chamber Ar—] Module models accumulation of
]'3'_ _ mass and energy in a chamber,
INES - H containing a fixed volume of
- two-phase fluid.
Rate of mass [ o\ dp , (op du] : : (5.39)
—) =-+|5) 5| V=my + mp +€
accumulation (5p)u de (0“)13 dt AT BT
Correction term M-/, (5.40)
EM =
T
Fluid mass dM | . (5.41)
—— =My + mg
dt
Energy balance E=E,+Eg +Qq (5.42)
Total energy E=M-u (5.43)
Momentum P =DPa =PB (5.44)
balance
Abbreviations:
p - density E:A - energy flow rate at port A
p - pressure Eg - energy flow rate at port B
u - specific internal energy E - total energy flow
V - volume Qn - heat flow rate
m - mass flow rate p - pressure in internal fluid volume
M - fluid mass in the chamber Pa - pressure at port A
v - specific volume ps - pressure at port B

1 - characteristic duration of a phase-change event

Assumptions, conditions and simplifications:

Flow resistance between inlet and interior of chamber is assumed to be negligible.
Pressure in interior is equal to that at inlet of chamber.

Thermal resistance between thermal port and interior of chamber is neglected.
Temperature in interior is equal to temperature at thermal port.

Chamber has a fixed volume of fluid.

Kinetic energy of fluid in chamber is negligible.

Table 5.6: Governing equations for PCS SG module as a chamber with fixed volume of
two-phase fluid [215].

5.4.2 Pre-heater and super-heater modules

The pre-heater and super-heater are designed as thermal liquid pipe modules, which model the
flow dynamics of a two-phase fluid inside a rigid pipe. Pre-heater and super-heater parameters
are specified in Appendix A.6, Table A6.3 and Table A6.4. The modules’ governing equations,
as well as the assumptions, are joined in Table 5.7 [215]. The module provides an option to

model the fluid inertia and resistance to sudden changes in mass flow rate.
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Title Governing equation Equation Remark
Thermal liquid pipe A Module models the flow dynamics of a two-
\(T5. 75" 0.8, phase fluid inside a rigid pipe and provides an
HT option to model fluid inertia with resistance to
sudden changes in mass flow rate.

Energy balance M -0y + (thy + mg)-u; = Ep + Eg + Qy (5.45) Heat transfer between pipe wall and internal
Heat flow rate Qnt = heger-Seurs (T — T)) (5.46) Eﬁolges\golume is modelled as a convective
Heat transfer ., _ki-Nu (5.47) Coefficient for subcooled liquid and

coefficient heotr = Dy, superheated vapor phases - asterisk denotes a
value specific to phase considered (liquid or
vapor).

kM SL- NuM (5.48) Coefficient ~ for  two-phase  mixture:
WM =— . e
coff = Dy, subscript M denotes the value specific to two-
phase mixture and subscript SL indicates the
value obtained for saturated liquid.
Nusselt number (Re — 1000)-Pr (5.49) L|qU|d:vapor n_wte_rfacg for tu_rbulent flow
Nu* according to Gnielinski correlation.
1+127- f (Pri?/3 -
08 (5.50)  Two-phase mixture inside turbulent flow:
Vsv Cavallini and Zecchin correlation, where
M=005 ([ 1-x+x [—=]| Py : :
XA G subscript SL denotes a value for saturated
liquid and subscript SV denotes a value for
saturated vapor.
Friction factor 6.9 €\ 111 —2 (5.51) For turbulent flow.
Re* 3.7
Reynolds number . _ Imayr|-Dp-vy (5.52) Liquid-vapor interface, where subscript Avr
Re® = S- v} denotes an average value between the ports.
Re* = [mhpyel-Dp-vsy (5.53) For saturated liquid.
T T S

75



Table 5.7, Continued

Mass balance op\ . op\ . . . (5.54) e accounts for smoothing of density partial
(%) Pt (8_u)p Up| - Vi=1hy + g + €y derivatives  across  phase transition
! boundaries.
1 M — \Y (5.55) Constant t ensures that phase changes do not
&M =T ( V_> occur instantaneously, introducing a time lag,
I
whenever they occur.
Sum of mass flows M = 1h, + mpg (5.56) Total mass flow.
Momentum balance my |y 5.57 In half pipe adjacent to port A.
pA_pI:T'|T'(VI_VA)|+Fvisc.A+IA (.57) Pipe acl P
L (5.58)
I = Y —_
A= My 23
mp |mp 5.59 In half pipe adjacent to port B.
pB—pl=T'|T'(V1—VB)|+Fvisc.B+IB (5.59) Pipe acl P
L (5.60)
I = Y Pr—
B = Mp 23
Viscous friction forces turb - |-fa-Lufry, (5.61) Turbulent flow. Adjustment to port A.
1:‘visc,A = 4. DH'SZ
BB | B Luyfry, (5.62) Turbulent flow. Adjustment to port B.
FViSC,B = 4 . DH'SZ
Darcy friction factor 6.9 e\ 2 (5.63) Turbulent flow. Adjustment to port A.
adjusted to port A and f= {_1'8 logio [R_eA + (ﬁ) ]}
port B fe. _ 1Ml Dy (5.64)
A SVI
6.9 €, \1117) 72 (5.65) Turbulent flow. Adjustment to port B.
Rew — |mhg|-Dy.vy (5.66)
B SV[
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Table 5.7, Continued

Abbreviations M - fluid mass inside pipe vi - specific volume

u; - specific internal energy of fluid inside pipe v1 - kinematic viscosity

E, - energy flow rate into pipe through port A X - vapor quality

Eg - energy flow rate into pipe through port B p - fluid density

Qu - heat flow rate into pipe through pipe wall, represented by port H ~ P1 - pressure inside pipe

heoetr - average heat transfer coefficient in pipe V - fluid volume in pipe

Ssurf - pipe surface area my, - mass flow rate into pipe through port A

Tu - pipe wall temperature mg - mass flow rate into pipe through port B

T: - temperature of fluid in pipe €wm - correction term

Nu - Nusselt number in pipe T - phase-change time constant

ki - average thermal conductivity in pipe pa and ps - pressures at port A and port B

D - hydraulic diameter of pipe va and v - fluid specific volumes at port A and port B

f - friction factor of pipe Fuise,a and Fyise,s - viscous friction forces in half pipe adjacent

Re - Reynolds number to port A and port B

Pri - Prandtl number Ia and Ig - fluid inertia at port A and port B

& - roughness of pipe L - pipe length

S - cross-sectional area of pipe fa - Darcy friction factor for turbulent flow in half pipe
adjacent to port A
fs - Darcy friction factor for turbulent flow in half pipe
adjacent to port B

Assumptions and simplifications:

Dynamic compressibility and thermal capacity of fluid are assumed as non-negligible.
Pipe wall is rigid.

Flow is fully developed.

Effect of gravity is negligible.

Heat transfer is calculated with respect to temperature of fluid volume in pipe.

In transitional region between laminar and turbulent flow, a cubic polynomial function blends the Nusselt number, what ensures a smooth transition
between different flow regimes.

Table 5.7: Governing equations for rigid conduit of fluid flow in two-phase fluid systems, representing the pre-heater and super-heater modules [215].
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Two-phase fluid conserving ports A and B represent the pipe inlet and outlet. Thermal
conserving port H represents the pipe wall, through which heat transfer with pipe surroundings
takes place [215]. In the model, cylindrical pipes are applied and hydraulic diameter is the same
as pipe’s actual diameter. Cross-section area is constant along the pipe length, which is defined
as the distance between pipe inlet and outlet. With default of fluid inertia, the modelling is
turned off. This setting is appropriate, when pressure forces, driving the flow, far exceed the

inertial forces acting on the flow.

The internal surface roughness enables the calculation of friction factor, adjusted to port A and
B, in the turbulent flow regime according to Darcy’s law, see eq. (5.51) and egs. (5.63)-(5.65).
Energy and mass conservation egs. (5.45) and (5.54) are defined, respectively. Momentum
conservation egs. (5.57)-(5.60) are presented for every half of pipe adjacent to inlet and outlet,
correspondingly. Heat transfer is calculated with respect to temperature of fluid volume in the
pipe. Heat transfer between pipe wall and internal fluid volume is modelled as a convective
process, see eqs. (5.46)-(5.48). In Table 5.7, egs. (5.49) and (5.50) are defined predominantly

for turbulent flow conditions.

5.4.3 High-pressure and low-pressure steam turbines with re-heater modules

The single steam turbine stage (see Fig. 5.10) includes high-pressure (HP) and low-pressure
(LP) turbines with steam re-heaters SR1 and SR2 in-between [84]. The governing equations for
steam turbine module are joined in Table 5.8. The steam turbine design and operational
parameters as input data are listed in Appendix A.6, Table A6.3 and Table A6.4.
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Fig. 5.10: Sketch of a single steam turbine stage.
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Title Governing equation Equation Remark

Module A B Module models a turbine in
R=TI~ a two-phase (2P) fluid
C, network.

Mass balance my +mg =0 (5.67) Stationary condition.
Energy Ep+Ea—Pauig =0 (5.68) Pruia is  determined  from
balance change in total fluid specific

Fluid work Pruiq = a-Ahggear (5.69)  enthalpy.
Corrected T (5.70)
. A Pa
mass flow rate mp- = Meoppr ——
TCOI"I‘ corr
Corrected o = 2 (5.72)
corr —
speed Ty
Tcorr
Shaft torque Nmech A Ahtotal (5.72)
T=
w
Steam flow ) Pin Pout\ 2 (5.73) It is characterized by
Msteam = XL ="+~ (_) Stodola’s cone law.
rate m Pin
Turbine shaft n-1 (5.74) See [249].
. Pout) n
power Ps = MgteamCpTin [(—> - 1]
n
Abbreviations:
m, - mass flow rate at port A Ahyera - total change in fluid specific enthalpy
rhg - mass flow rate at port B nNmech - Mechanical efficiency
E, - energy flow rate at port A o - relative shaft angular velocity

Pin and pout - pressure at inlet and outlet

Tin - steam temperature at inlet of turbine

x - swallowing capacity of a turbine as coefficient of
turbine that is determined during design calculation

Ps - steam turbine shaft power

n = 1.25 - polytropic index for steam

Cp - specific heat capacity of steam

Eg - energy flow rate at port B

Psuig - work done by fluid

Ta - temperature at port A

Teorr — cOrrect adjusted temperature
M, — correct adjusted mass flow rate
pa - pressure at port A

Peorr — COITected pressure

Assumptions and simplifications:
o  Module assumes that superheated fluid enters the inlet.
e Shaft does not rotate under reversed flow conditions.
o Reversed flow from port B to port A is outside of typical turbine operation mode and may not return
accurate results.

Table 5.8: Governing equations for steam turbine module [215].

For running of simulations, the turbine rotation speed of 3000 rpm is chosen. The HP and LP
steam turbines input temperatures are 719 K and 579 K, respectively. The inlet/outlet fluid flow
area of turbines is calculated using industrial design data for inlet/outlet turbine diameters. The
pressure and temperature data are based on compressibility and thermal capacity of vapor
volume. The pressure ratio is defined as the ratio between turbine inlet and outlet pressure. The

re-heaters are modelled as thermal liquid pipes.
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Ports A and B are related to re-heater’s inlet and outlet. Port H corresponds to thermal
conserving port for its pipe wall. Other ports A and B are two-phase fluid conserving ports,
associated with steam turbine inlet and outlet. Ports R and C are mechanical, rotational
conserving ports. The fluid, which flows from port Ato port B, generates the torque.
Port R reports the shaft torque and angular velocity relative to port C, which represents the
turbine casing. In our case, the fluid flow from port A to port B drives a positive rotation of
port R relative to port C. Mechanical conserving port R of torque sensor is coupled to
conserving terminal R of HP and LP steam turbines. The shaft speed output is connected to
physical signal port S of an ideal angular velocity source. The torque, relative to shaft speed, is
measured at sensor port T, whereas the measured torque and shaft speed are converted into

mechanical power by the conversion factor, following the “gain” module.

5.4.4 Steam condenser module

The scheme of steam condenser module is shown in Fig. 5.11. The governing equations are
presented in Table 5.9. The required water and steam properties are listed in Appendix A.6,
Table A6.3, and the modelling parameters of steam condenser are joined in Appendix A.6,
Table A6.3 and Table A6.4.

A
<JL Steam
~— AlL»B  H A~ c.° B
H:ELJ B ”:‘::I] A5 0 Water
Coolant Overall Thermal Steam
Condenser

Temperature Resistance

Fig. 5.11: Scheme of steam condenser module.

Ports A and B are two-phase fluid conserving ports, which are connected to saturated vapour
volume. Port L controls the liquid volume fraction. Port H is thermal conserving port associated
with fluid temperature inside the chamber. The steam in the condenser is condensed over the
pipes, through which cold water flows. Steam is condensed and collected at the bottom in a hot
well. The condenser pipes are split into three parts, namely at inlet of the condenser in touch
with the steam, within the condensate, and then again in contact with steam at outlet of the
condenser. The thermal energy of steam is exchanged with coolant temperature by means of
convective heat transfer module. The coolant temperature of the condenser depends on ambient
temperature level, what influences the heat losses [228].
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Title Governing equation Equation Remark
Energy balance Ohd = fem " Y (5.75) Heat of steam is
equal to heat
transferred  to
cooling water.

(5.76)
_ Toie — Teite
dhd = Hee " |[— —7 -
In CD cilt
Tep = Tore
dTolt Fewm dhd (5.77)
dt Mcwm ( cilt olt) Mcwm K Ch
Mass balance dP. _ Sr.Tep F . (5.78) Based on
dt ~ v, steam  “cm constant volume
assumption.
Abbreviations:
Ond - condenser heat duty Fewm - cooling water flow rate
fem - mass flow rate Mewm — hold-up (cooling water mass)
y - steam latent heat Ch - cooling water heat capacity
He - heat transfer coefficient (overall)/heat transfer Pr - condenser pressure
area Sr- gas constant
Toi - cooling water outlet temperature V. - volume of condenser
Tep - condensation temperature Fsteam - flow rate of steam

T.ii - inlet temperature of cooling water

Table 5.9: Governing equations for steam condenser module [215, 226, 227].

5.4.5 Feedwater pump module

The feedwater (FW) pump module is presented schematically in Fig. 5.12. The design and
operational parameters are listed in Appendix A.6, Table A6.3 and Table A6.4. The FW pump
is installed between steam condenser and pre-heater (see Fig. 5.8). For numerical simulations,
the inlet/outlet cross-sectional area of 0.16 m?2 is taken, inlet/outlet volumetric flow rate is

0.712 m3/s and medium fluid velocity is 4.48 m/s.

Feedwater
pump it

Feedwater pump control system

Pump
E_,?,, P = ﬁ@
Controll
por e . bC] Control

m . .o
Setpoint for SG nominal signal

A

Fig. 5.12: Feedwater pump module with control function unit
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The controlled mass flow rate source, representing the FW pump for DEMO PCS, defines an
ideal mechanical energy source in a two-phase fluid network, in which no irreversible losses
are assumed, and no heat exchange is considered with the environment [215]. Regulated water

mass flow is determined by fluid density.

Positive mass flow rate in FW pump comes from port A to port B. Water mass flow rate is

controlled at pump inlet through the signal, being applied at pump port M.

The difference between pump outlet and inlet pressure is given as

Paver = 22222, (5.79)

where pa and pg is fluid mixture density at port A and B, respectively, and pawrg IS average

density of the fluid mixture.

Mechanical work is calculated by

Whech = m'm’ (5-80)

PAver

where pa and pg are given as pressures at ports A and B, as well as m is defined as FW mass
flow rate [215].

The FW pump control system contains a proportional integral (PI) controller with pump lag
unit, whose technical data are listed in Appendix A.6, Table A6.4. Regarding the control circuit
of FW pump, steam generator liquid level is applied as input data [225]. It is compared with the
set value at 0.7 of liquid level in the steam generator, meanwhile the signal is sent to PI
controller and pump lag of DEMO PCS feedwater pump, which generate a control signal for

FW mass flow rate.
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5.5 Conclusions

The simulation models of DEMO PHTS-IHTS and DEMO PCS systems are developed using
MATLAB®/Simulink.

DEMO PHTS-IHTS model includes PHTS OB/IB HXs, cold and hot thermal storage tanks and
pipelines with corresponding novel customized modules for simulation of heat losses to
environment, two fixed-displacement pumps and a single PCS SG stage with PH-SG-SH heat
exchanger modules. The simulation model excludes any kind of fittings like valves and

auxiliary control equipment, due to lack of such data bank on current industrial market.

For DEMO PCS model, which is developed using MATLAB®/Simulink, the Rankine Cycle
model is applied, though the steam generator is modelled as a two-phase fluid constant volume
chamber. Pre-heater, super-heater, as well as the re-heaters between HP and LP steam turbines,

are modelled as two-phase fluid pipes.

The MATLAB®/Simulink modules, which are used in DEMO PHTS-IHTS and DEMO PCS
models, are described. The involved governing equations are tabulated, as well as the design

and operational parameters, which are applied as input data for the simulations, are highlighted.
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6 Simulation of temporal evolution of mass and heat flows in
DEMO PHTS-IHTS and DEMO PCS systems

6.1 Simulation of temporal evolution of molten salt filling level in
DEMO IHTS thermal storage tanks

Regarding the simulation of HITEC molten salt filling level in DEMO IHTS thermal storage
tanks, it is assumed that pumps 1 and 2, which are sketched in Fig. 6.1, start their operation at
simulation time of tsim = 0 sec. A single operation cycle lasts for 7800 sec. Pulse operation takes

place for 7200 sec and dwell operation lasts for 600 sec.

The analysis is carried out for four time intervals: 1) t1 = 0-160 sec, 2) t, = 160-7040 sec,
3) t3 = 7040-7200 sec, and 4) ts = 7200-7800 sec (see Table 6.1 and Fig. 6.2-6.4). At the
beginning of pulse operation, MS mass flow rates through the pumps grow until they reach
stable operation state. During simulation time between 0-30 sec, the change of MS filling level
in thermal storage tanks is small, see Fig. 6.2 and Fig. 6.3. Later, during time interval t1, molten

salt filling level in cold storage tank linearly decreases and in hot storage tank linearly increases.

During time interval t2, which is characterized by stable operation modus of both pumps 1
and 2, MS filling level in cold storage tank continues to decrease, whereas MS filling level in

hot storage tank further increases, what is displayed in Fig. 6.2.

The time interval t3 corresponds to the transition from pulse-to-dwell. During this time, MS
mass flow rate through pump 1 decreases and through pump 2 it increases. According to
simulation data, at time tsim ~ 7080 + 20 sec, a rather small change of MS filling level is observed
in both thermal storage tanks. Further, with increase in molten salt mass flow rate through
pump 2, MS filling level in cold storage tank (see Fig. 6.4) starts to grow according to eq. (6.3),
see Table 6.1.

During time interval ts, which corresponds to dwell operation period, a linear increase in MS
filling level in cold storage tank (see Table 6.1, eq. (6.4)) and linear decrease in MS filling level
in hot storage tank is observed. During dwell operation, MS mass flow rate through pump 2 is
considerably higher than through pump 1. During time interval ts, molten salt mass flow rate
through pump 1 is strongly reduced, even though HITEC is pumped continuously into hot

storage tank.
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Fig. 6.1: Sketch of DEMO IHTS operation during pulse time.

Interval Time Cold tank  Change of MS filling level in cold storage tank, Equation Operation conditions
interval filling level temporal dependence
T .
1 t1 Hcold,1 Heoldr = Heoldmax — Veold1 * t1 — > Acolqrt? (6.1) Increase in HITEC mass flow rate through pumps 1

and 2, when mass flow rate in pump 1 is higher than
in pump 2.

2 t2 Hecold 2 Heolaz = Heola1 — Veolaz * t2 (6.2) Rather constant MS mass flow rates for pumps 1
and 2.

3 t3 Hecold 3 (6.3) Increase in MS mass flow rate through pump 2 and

1
Heolds = Heoldmin + Veolds * t3 + > acolds-t3 ; :
o coramin — Teoid 2 “colds 3 decrease in MS mass flow rate in pump 1.

4 ts Hecold 4 Heolds = Heotd s + Veold,a * ta (6.4) Rather constant MS mass flow rates for pumps 1
and 2.

Abbreviations:  Veod1 and acia1 - Velocity and acceleration of the change of MS filling level during 1% time interval t;
Veold,2 - Velocity of the change of MS filling level in cold storage tank during 2" time interval t,
Veold3 aNd acoia 3 - Velocity and acceleration of the change of MS filling level during 3™ time interval t;
Veola.4 - Velocity of the change of MS filling level in cold storage tank during 4" time interval ts

Assumptions:
e Total mass flow rate of molten salt is calculated as h = mp,p¢1 + Mpare 2
e Before beginning of the first operation cycle, both pumps 1 and 2 are switched off.
e During dwell operation, pump 1 works with reduced MS mass flow rate.
e During pulse operation, pump 2 is used for pumping of HITEC molten salt flowing to DEMO PCS SG HXs.

Table 6.1: Governing equations for temporal evolution of MS filling level in cold storage tank.
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The temporal evolution of MS filling level in DEMO IHTS storage tanks’ is simulated for 11

pulse/dwell operation cycles, what corresponds to 1 day of transient fusion reactor operation.

The comparison between Fig. 6.5 and Fig. 6.2 shows a good cycle-to-cycle repeatability,
adequate to single operation cycle.
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Fig. 6.5: Temporal evolution of HITEC filling level in storage tanks for 11 operation cycles

During pulse operation, a part of molten salt mass flow rp,.; remains in hot storage tank.
Simultaneously, another part of molten salt flow rate ., is pumped via pump 2 back to cold
storage tank through DEMO PCS SG HXs (see Fig. 6.1). The simulations for temporal
evolution of MS filling level, see Fig. 6.2, allows the prediction of MS mass flow mp, 4.
According to simulation data, the linear approximation of MS filling level curve for time
interval t> gives the value of mp, 1~ 735 kg/s. Analysing the results of simulations, it is
possible to define the change of HITEC molten salt filling levels in both thermal storage tanks
as AHcold = Heoldmax — Heoldmin @1d AHpot = Hhot max — Hhotmin. Here, the parameters

Hcold,min, Hhot,min @nd Hecoid,max, Hhot,max are MS minimum and maximum filling levels in cold and
hot storage tanks, respectively. Assuming constant HITEC molten salt mass, the results of
simulation show that AHy,o; > AHq1q and AA:““ =f (p“‘TEC'C‘”d

), what correlates well with the
cold PHITEC hot
simulation data for temperature dependent MS density, see chapter 2, §2.3.
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6.2 Simulation of temporal evolution of mass flow in DEMO PHTS-IHTS

system

The results of simulation of temporal evolution of HITEC mass flow in DEMO IHTS cold
storage tank, for a single operation cycle, are presented in Fig. 6.6. During pulse operation, the
increase in MS mass flow rate takes place at outlet of cold storage tank, being stabilized after

~160 sec, what correlates well with simulation data for MS filling level, see Fig. 6.2.

= = Mass flow at inlet of cold tank, kg/s = Mass flow at outlet of cold tank, kg/s
9000

8000

7000

- e ey

6000 (L= = = = = = = = = = = = = = = = = = = .

5000

4000

3000

Mass flow rate, kg/s

2000

1000

0
0 1000 2000 3000 4000 5000 6000 7000 8000

Time, sec

Fig. 6.6: Simulated HITEC mass flow at cold tank inlet and outlet for single operation cycle.

For time interval t2, which lasts for 6880 sec, the MS mass flow rate of rmyg = 6660 kg/s is
obtained at outlet of cold storage tank, as well as at inlet of hot storage tank. The simulated
value of HITEC mass flow rate at outlet of hot storage tank, as well as at inlet of cold storage
tank, is my,re , = 5920 kg/s. The molten salt mass flow, which remains in hot storage tank, is
calculated as My, = M — My, = 740 kg/s, what correlates well with mp, .1 = 735 Kg/s,
which is defined by linear approximation of simulation curve for temporal evolution of MS

filling level in hot storage tank for time interval t = 160 - 7040 sec, see Fig. 6.2.

The simulations indicate that during dwell operation the pump 1 continues to pump the molten
salt into hot storage tank with a mass flow rate of ~418 kg/s, what does not exceed the value of

~6.3% from total MS mass flow rate in pump 1 during pulse operation. During time interval ts,
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the MS mass flow rate through pump 2 quickly increases from mean value 5980 kg/s to
8120 kg/s, what takes place during time interval of 7155-7200 sec, see Fig. 6.6. For this time,
the MS mean mass flow of ~7050 kg/s can be estimated. Furthermore, MS flow rate linearly
decreases during dwell operation from 8120 kg/s at the beginning to 7840 kg/s at the end of
dwell operation. Hence, for dwell operation the mean flow rate of ~7980 kg/s for HITEC molten
salt is estimated, which is pumped with pump 2. The results of simulations of HITEC mass flow

at inlet and outlet of cold storage tank for 11 operation cycles are presented in Fig. 6.7.
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Fig. 6.7: Simulated HITEC mass flow at cold tank inlet and outlet for 11 operation cycles.

The simulated data show good temporal repeatability, confirming the ability of developed

model to predict well the temporal evolution of MS mass flow in DEMO IHTS system for long-
term operation conditions.

6.3 Simulation of temporal evolution of heat flow in DEMO PHTS-IHTS
system

For simulations, constant helium mass flow rate of 1842 kg/s is taken in PHTS OB/IB HXs.
Gas specific heat capacity is 5193 J/(kg-K). The difference between gas inlet and outlet
temperatures is AThe = 220 K. Taking into consideration for heat input the relation

c.2He = Mye - CpHe " ATye, (6.5)
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the calculated heat flow rate from helium to HITEC during pulse operation is ~2.1 GW.

The simulation of temporal evolution of heat flow at inlet and outlet of DEMO IHTS hot storage
tank (see Fig. 6.8) shows that for pulse time during stable operation of pumps, the thermal
energy flow into hot storage tank is Ehot’in = 1.76 GW. For corresponding conditions, the

thermal energy flow rate at outlet of hot storage tank is Epartz = 1.58 GW and the value

Epart 1 IS calculated as

Epart 1= Ehot,in - Epartz =0.18 GW. (6.6)
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Fig. 6.8: Thermal energy flow at inlet and outlet of hot storage tank for single operation cycle.

The simulation graph shows, see Fig. 6.8, that at the beginning of dwell operation, the heat flow
rate to PCS SG is ~2.16 GW and after time interval of ~600 sec it slightly decreases to
~2.1 GW. These results correlate well with the data, which are calculated by eq. (6.5). During

dwell operation, in PHTS HXs there is no heat transfer from helium to HITEC.

According to chapter 5, 85.2.1, the simulation model allows the control of heat losses from
pipelines to environment. For example, the results of simulation of heat losses to environment
from pipelines 1 and 2 are presented in Fig. 6.9. The simulations predict mainly heat losses of
~0.085 MW from pipeline 1 with cold molten salt and heat losses of ~0.185 MW from
pipeline 2 with hot molten salt. The estimated total heat losses of ~0.33 MW to environment

from all pipelines 1-6 are calculated [33].
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Fig. 6.9: Temporal evolution of heat losses from pipelines 1 and 2 for single operation cycle.

6.4 Simulation of temporal evolution of liquid volume fraction in DEMO PCS

steam generator

Referring to simulation of temporal evolution of liquid volume fraction, following steam
generator parameters are used: heat transfer coefficient of 1698 W/(m2-K), heat transfer area of
7723 m2and SG pipe length of 10.71 m [98]. The total fluid volume is calculated by multiplying
volumetric flow of 1.085 m3s with pulse time of 7200 s, or with dwell time of 600 s,
correspondingly. For pulse and dwell operation, SG fluid volume of 7812 m3 and 651 m?3 each
is selected. Temporal evolution of liquid volume fraction is simulated for SG inlet/outlet at
variable pressure of pminmax = 121/125 bar for pulse operation and pminmax = 134/138 bar for
dwell operation. The growing pressure supposes an increase in fluid volume, which is
transformed into steam. During dwell operation, the surges in pressure are due to circulation of

larger mass flow of hot molten salt.

The results of simulations of temporal evolution of SG liquid volume fraction for pulse and
dwell operation are shown in Fig. 6.10 and Fig. 6.11, respectively. SG liquid volume fraction
is simulated for pulse and dwell time separately. At the beginning of simulations, fluctuations
of curves take place around SG liquid volume fraction value of 0.7, especially in the first
30 sec. The simulations show that liquid volume fraction fluctuates regressively between

minimum and maximum values, with a fluctuation difference of max. +0.01.
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Fig. 6.10: Simulated temporal evolution of SG liquid level during pulse operation.
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Fig. 6.11: Simulated temporal evolution of SG liquid level during dwell operation.

Focusing only on stable operation conditions, the behavior of simulated curves is analyzed for
time interval between 30 < t < 7200 sec for pulse operation, see Fig. 6.10, and between
7200 < t <7800 sec for dwell operation, see Fig. 6.11. For pulse operation, at the beginning of
simulation, SG liquid volume fraction decreases with ~0.5% at pmin = 121 bar and with ~1.2%
at pmax = 125 bar in comparison to initial value of 0.7. At pmin = 121 bar, SG liquid volume
fraction reaches its constant value of 0.7 after ~3000 sec. At pmax = 125 bar, the simulated curve

appropriates its stability after ~3500 sec. At pmin = 134 bar, the simulated value of SG liquid
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volume fraction reaches its minimum of 0.686 after ~7264 sec and the curve reaches its stable
value of 0.7 at ~7550 sec. At pmax = 138 bar, the data for SG liquid volume fraction are rather
like the data at pmin = 134 bar, reaching minimal value of 0.681 after ~7272 sec. The curve
reaches the value of 0.7 after ~7600 sec. The analysis shows, that in comparison with pulse
time, during the start-up phase of dwell operation, the increase in pressure results in growing
amplitude of fluctuations.

6.5 Simulation of temporal evolution of mass flow in DEMO PCS modules

Referring to simulations, in the steam condenser the volumetric fluid flow of 2.46 m3/s is taken.
The area of pre-heater is given as 6074 m2, area of steam generator is 7723 m2, area of super-
heater is given as 5040 m?, and area of steam condenser is stated as 61648 m2. The inlet pressure
in HP turbine is 121 bar for pulse operation and 134 bar for dwell operation. The inlet pressure

in LP turbine is 11 bar both for pulse and dwell operation.

To control the mass flow rates, sensors S1-S4 are introduced into DEMO PCS model, see
Fig. 5.8. The results of simulations of fluid mass flow downstream single PCS PH-SG-SH stage

for pulse and dwell operation time are presented in Fig. 6.12 and Fig. 6.13, correspondingly.
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Fig. 6.12: Temporal evolution of mass flow during pulse operation at located sensor S2
downstream PCS PH-SG-SH module.
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Fig. 6.13: Temporal evolution of mass flow during dwell operation at located sensor S2
downstream PCS PH-SG-SH module.

The simulations for pulse and dwell operation are carried out separately to distinguish and to
analyze better the process flow in evolution of time. At the beginning of simulations,
fluctuations of simulated curves occur both for pulse and dwell operation. The required time
for curves’ stabilization is equal compared to the time of stabilization of simulated curves for

SG liquid level fraction, which are shown in Fig. 6.10 and Fig. 6.11.

The character of curves’ fluctuations for SG liquid level fraction, as well as fluid mass flow
rates, is similar. Considering operation stability, the fluid mass flow rate reaches its stable value

of 597 kg/s for pulse operation and the value of 578 kg/s for dwell time, what shows a difference

of ~2.5% between simulated data.

6.6 Simulation of temporal evolution of heat flow in PCS PH-SG-SH modules

The simulation of heat flow requires the knowledge of temperature distribution in pre-heater,
steam generator and super-heater. For this purpose, temperature difference sensors are
introduced into the model, shown in Fig. 6.14. Every sensor represents a device that determines

the temperature difference, measured between two points without drawing any heat.
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Fig. 6.14: Schema of DEMO PCS PH-SG-SH module with temperature difference sensors.

Thermal conserving port A is associated with sensor positive probe, while port B is associated
with sensor negative probe. Ports A and B connect two points, where the allocated temperature
is monitored. In our case, positive direction is determined from port A to port B. Port T is a

signal port that outputs the temperature difference calculated as AT = Ta- Tg.

For pulse operation, the results of simulation of temporal evolution of temperature difference
in PCS PH-SG-SH module are presented in Fig. 6.15.
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Fig 6.15: Temporal evolution of temperature difference in PCS PH-SG-SH module at pulse

operation time interval of 30 <t < 7200 sec.
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The corresponding simulation curves of temporal evolution of heat flow through pre-heater,
steam generator and super-heater are shown in Fig. 6.16. During stable operation, the mean
heat flow rates through pre-heater, steam generator and super-heater are 104 MW, 1424 MW
and 66 MW, correspondingly. Taking the heat flow rate through SG as reference value, the
calculated percentage ratios for heat flow through pre-heater and super-heater are ~7.3% and
~4.6%, respectively. During pulse operation, simulated total heat flow rate through PCS PH-
SG-SH module is ~1594 MW. These data correlate well with heat flow rate of ~1580 MW,

which is calculated at the outlet of IHTS hot storage tank during pulse operation, see Fig. 6.8.
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Fig. 6.16: Temporal evolution of heat flow in pre-heater, steam generator and super-heater at

pulse operation time interval of 30 <t < 7200 sec.

The results of simulation of temporal evolution of heat flow in PCS SG for pulse and dwell
operation are presented in Fig. 6.17. The diagram for pulse operation includes the data for time
interval between 30 < t < 7200 sec. The diagram for dwell operation includes the data for time
interval between 7200 < t < 7800 sec. For the first 30 sec, which assume the start of simulated
dwell time for the first operation cycle, constant heat flow rate corresponds to the value
simulated for pulse operation time at tsim = 7200 sec. During pulse operation, see Fig. 6.16,
taking stable operation conditions, the heat flow rate is ~1424 MW. During dwell operation, the
curve tends to attain its stable heat flow rate with the value of ~1373 MW, which differs with

3.6% from the value of heat flow rate at the end of pulse operation time.
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Fig. 6.17: Temporal evolution of heat flow in PCS SG.

6.7 Simulation of temporal evolution of DEMO PCS mechanical power

The simulations are carried out for mechanical power output downstream HP and LP steam

turbines during pulse and dwell operation. The results are presented in Fig. 6.18 in form of a
joint diagram.

640

(o3}
N
o

D
o
o

580

560

540

Mechanical power, MW

520

500
0 1000 2000 3000 4000 5000 6000 7000 8000

Time, sec

Fig. 6.18: Temporal evolution of mechanical power output downstream the HP and LP

steam turbines.
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The curves are joined, showing the results without start-up phase of first 30 sec. At the
beginning of dwell operation, constant mechanical power output is equal to the value of
simulated one for pulse operation at 7200 sec. The curves for pulse and dwell operation show
similar dynamics in their temporal evolution like the curves for PCS SG liquid volume fraction
(Fig. 6.10 and Fig. 6.11) and heat flow (Fig. 6.17). Mechanical power increases at the beginning
of simulations. Afterwards follow the fluctuations and, at the end, the stabilization is reached.
Regarding pulse operation, after regressive fluctuations, mechanical power is stabilized after
~2200 sec at value of ~563 MW. For dwell operation, it stabilizes after ~370 sec at the value

of ~548 MW. The difference between the values for pulse and dwell operation lies around 2.7%.
The thermal efficiency can be defined by the equation

_ V'Vturb,mech
Ntherm — Qin : (67)

In our case, having Wb, mech = 563 MW (see Fig. 6.18) and Q;, = 1594 MW (see Fig. 6.16),
the thermal efficiency of nwerm ~ 0.354 is calculated, what corresponds well to thermal
efficiency of ~0.35 for Rankine Cycle (see ref. [225]), taken as reference MATLAB® Library
model, see Appendix A.7.

6.8 Evaluation of the results of numerical simulations
6.8.1 Verification of simulation data for DEMO PHTS-IHTS model

The results of simulations using MATLAB®/Simulink are evaluated and verified through
comparison with data of quasi-stationary simulations, using EBSILON®[51, 98, 99, 101]. The
comparative analysis is feasible due to application of similar DEMO BoP ICD concept, with
the usage of two tank DEMO IHTS, as well as similarity of most DEMO BoP design and

operational parameters, which are applied for simulation models as initial data.

In the simulation models, a single operation cycle for fusion reactor lasts for 7800 sec, e.g.
7200 sec for pulse operation and 600 sec for dwell operation. During pulse operation, molten
salt is accumulated in hot storage tank. During dwell operation, MS is pumped through
DEMO PCS HXs into cold storage tank, ensuring stable operation of DEMO BoP.

In simulations with EBSILON®, HITEC*- molten salt has been used [99], whereas in
simulations using MATLAB®/Simulink, HITEC molten salt is applied. Even though HITECX-

and HITEC have rather similar properties, the chemical composition differs between the salts.
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For running of simulations with EBSILON®, constant molten salt specific heat capacity of
cp = 1.56167 kJ/(kg-K) is taken [98]. In simulations using MATLAB®/Simulink, HITEC
specific heat capacity is a temperature dependent parameter. In simulations with EBSILON®,
for DEMO IHTS pumps stable operation modus is assumed during pulse operation time of
7200 sec. In MATLAB®/Simulink model, for pulse operation, the time interval of 6880 sec is
considered for stable operation of DEMO IHTS pumps, see Fig. 6.6.

The simulation with EBSILON® shows molten salt flow rate of Mpare1 = 708 kgls, which
remains in hot storage tank during pulse operation. Hence, the total mass of molten salt, which
is accumulated in hot storage tank during pulse operation, is mg = 5097600 kg. Using
MATLAB®/Simulink, the mean MS mass flow rate, which remains in hot storage tank, is

My 1 =740 kg/s and the total mass of HITEC, which is accumulated during time interval of

6680 sec, is m = 5091200 kg. For MATLAB®/Simulink model, the analysis of the results of
simulation (see Fig. 6.6) shows two time intervals, which are characterized by change of MS
mass flow rates through DEMO IHTS pumps: 0-160 sec and 7040-7200 sec, respectively. In
time interval of 0-160 sec, at the beginning of simulations, the stabilization of MS mass flow
rate through the pumps takes place. The results of dynamic simulations indicate that only after
~145 sec MS mass flow rate through the pump 1 overcomes the threshold of 5920 kg/s, what is
equal to outlet mass flow rate from hot storage tank. In this case, the mass of molten salt, which
IS accumulated in hot storage tank during time interval of 145-160 sec, is amounted to
~5300 kg. Hence, for time interval of 0-7040 sec, the accumulated mass of molten salt in hot
storage tank is mms ~ 5096500 kg. During simulated time interval of 7040-7200 sec, due to
quick increase in MS mass flow through pump 2 and quick decrease in MS flow through
pump 1, after 7040 sec the income of MS mass into hot storage tank is rather small. Thus, for
accumulated MS mass, the comparison of the data, which are simulated using EBSILON®
(me = 5097600 kg), as well as through MATLAB®/Simulink (mms ~ 5096500 kg), shows a
difference of ~0.02% between the values, without considering MS mass, which is accumulated

in hot storage tank during operation time interval of 7040-7200 sec.

The simulations, using MATLAB®/Simulink, show the change of MS mass flow rates through
the pumps during the transience from pulse to dwell operation. The mass flow rate in pump 1
decreases from 6660 kg/s to 418 kg/s, obtaining a reduction of ~93.7%. The rising MS mass
flow rate from 5920 kg/s to 8120 kg/s in pump 2 is not so pronounced, having a difference of
~37.2%. In upcoming cycle, during pulse operation, the mass flow rate through pump 1 quickly

increases from 418 kg/s to 6660 kg/s and in pump 2 it decreases from 7840 kg/s to 5920 kg/s.
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The results of dynamic simulations using MATLAB®/Simulink indicate that from the point of
view of control, as well as regulation of MS mass flow rates through the pumps during transient
time intervals, pump 1 is operated at more detrimental conditions than pump 2. Hence, the big
difference between minimum and maximum HITEC mass flow rates could be critical for

pumps’ long-term stable operation.

For time interval of 7201-7800 sec (see Fig. 6.2), the simulations display that at the beginning
of dwell operation, HITEC mass flow rate at outlet of hot storage tank reaches the value of
8120 kg/s. Later, MS mass flow rate through the pump 2 continuously decreases, reaching the
end value of 7840 kg/s at 7800 sec. Assuming, on the one hand, HITEC mean mass flow rate
of 7980 kg/s during dwell operation, this value corresponds to pumped MS mass of
mz = 4788000 kg. On the other hand, the simulations (see Fig. 6.4) show that if a linearly
increase of mass flow rate through pump 2 from 5980 kg/s to 8120 kg/s is supposed for time
interval of 7155-7200 sec, the mean value of 7050 kg/s for MS mass flow rate could be
estimated. Multiplying this value with time frame of ~45 sec, the value of pumped MS mass of
mz = 317250 kg is obtained. Adding mzand my, the calculated molten salt total mass reaches
the value of mwta = 5105250 kg, which differs with ~0.17% from the simulated values of mms

and mg, respectively.

At the beginning, the volume of molten salt in hot storage tank has to ensure the stability of
DEMO IHTS operation. The simulations show that for stable operation, even before start-up,
molten salt needs to be redistributed between cold and hot storage tanks. This is important in
order to ensure the pumping rate of 5920 kg/s through the pump 2 during pulse operation up to

time of ~145 sec, when MS mass flow rate in pump 1 is lower than in pump 2.

The dynamic simulations of heat losses to environment, see chapter 4, §4.4, indicate that the
time for molten salt cooling, until HITEC reaches its critical temperature, depends on storage
tank geometry, thermal insulation properties, as well as operating temperature and mass of
molten salt, which is stored in the tank. The redistribution of molten salt inside the storage tanks
decreases the time of MS cooling, until HITEC reaches crystallization point. Therefore, the
application of electrical heat tracing for DEMO IHTS thermal storage tanks, pipelines and
auxiliary equipment is mandatory before and during the start-up time, during maintenance

service of DEMO IHTS, as well as in any other case, when fusion reactor is out of operation.

Assuming molten salt mass flow rate of m = 6660 kg/s, MS temperature of T1 =543 K and
specific heat capacity of ¢, = 1430 J/(kg-K) at the inlet of PHTS-IHTS HXs, MS temperature

of T>=738 K and specific heat capacity of c, = 1225 J/(kg-K) at the outlet of PHTS-IHTS HXs,
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with a difference of AT =T, - T1= 195 K, the simulated energy flow rates reach the values of
Ele 1.857 GW and ETZ ~ 1.675 GW, correspondingly. Taking into consideration the linear

dependence of HITEC cp(T) on MS temperature, the mean value of energy flow rate to hot

ETl +ET2

storage tank can be calculated as E,eay = ~ 1.766 GW, what corresponds well to the

simulation data, presented in Fig. 6.8.

The numerical simulations show that, assuming a constant HITEC mass flow rate and specific
heat capacity cp as a temperature dependent parameter, the simulated heat flow rate decreases
from inlet to outlet of DEMO IHTS HXs. This means that in future, if HITEC molten salt should
be used in DEMO IHTS, an extended experimental study of molten salt properties has to be
carried out before taking any final decisions. If other functional correlations have to be selected
for numerical simulation of HITEC thermo-physical properties, this would change the
simulated values of molten salt mass and heat flow rates, even though the simulation model of

DEMO IHTS system would remain unchangeable.

If to assume, that MS specific heat capacity at inlet of DEMO IHTS HXs is cp~ 1560 J/(kg-K)
(see Table 2.3) and remains constant with increase in MS temperature, the energy flow rate of
E~ 2.026 GW to hot storage tank can be estimated. These data appropriate to the value of
E ~ 2.104.GW, calculated through EBSILON® (see Appendix A.2).

Taking into consideration any kind of possible heat losses in SDHT modules and the change of
energy transfer rate regarding temperature dependence of molten salt specific heat capacity, the
efficiency of energy transfer between DEMO PHTS and DEMO IHTS can be calculated as

_ EIHTS _ L76 GW
MiHTS = Bppps | 21 GW

~ 0.838. (6.8)

During pulse operation, the accumulation of molten salt in hot storage tank (see Fig. 6.8) results
in heat flow rate of Epcg ~ 1.58 GW towards DEMO PCS. In this case, the efficiency of heat

transfer is calculated as

__ Epcs -
Npes = s ~0.9. (6.9)

Coming to MATLAB®/Simulink simulation model, the energy flow rate to DEMO PCS can be

specified as

Epcs = Niyrs * Npes - Qpars = 0.75 - Qpyrs. (6.10)
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According to eq. (6.10), it is possible to state that ~75% of heat flow is transferred from
DEMO PHTS to DEMO PCS, considering the calculated thermal efficiency of DEMO IHTS
and DEMO PCS systems, using equations (6.8) and (6.9).

6.8.2 Verification of simulation data for DEMO PCS model

Regarding MATLAB®/Simulink model for DEMO PCS system, a single SG stage with one
pre-heater and one super-heater is used. The EBSILON® model uses an additional SG stage
with a supplemental pre-heater and super-heater, as well as secondary heat sources, such as

deaerator and further PCS pumps.

In EBSILON® numerical code, the steam generator is modelled as a shell-and-tube heat
exchanger. In MATLAB®/Simulink, the steam generator is modelled as a chamber with fixed

volume of two-phase fluid.

According to simulation with EBSILON®, fixed data are given for stable operation period,
which lasts for 7200 sec for pulse and 600 sec for dwell operation. For simulation using
MATLAB®/Simulink, the following time intervals are taken into consideration: i) tsim = 30 sec
since beginning of simulation, at the time where strong fluctuations of curves are finished, see

Fig. 6.12 and Fig. 6.13, ii) time interval, when DEMO PCS system is in stable operation.

Referring to simulation data, the fluid mass flow rates during DEMO PCS stable operation are
lower than the data for tsim = 30 sec, especially, at the beginning of simulations (t < 30 sec),

when strong fluctuations are observed.

For simulations using MATLAB®/Simulink, the data from process control sensors S1 and S3
(Fig. 5.8) are used. Sensor S1 is positioned upstream the pre-heater module and sensor S3 is
installed at the outlet of LP steam turbine. According to the simulation using
MATLAB®/Simulink for pulse operation at tsim = 30 sec, the value for fluid mass flow rate at
located sensor S1 is 710 kg/s (see Fig. 5.8), whereas fluid mass flow rate, simulated with
EBSILON®, is 719 kg/s [84]. The difference between these values lies within ~1.3%.
MATLAB®/Simulink shows for located sensor S3 at tsim = 30 sec the steam mass flow rate of
660 kg/s. The fluid mass flow rate, simulated with EBSILON®, is 667 kg/s. The difference of

about 1% is observed between these simulated data.
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For DEMO PCS stable operation time (see Fig. 6.12), the simulations using
MATLAB®/Simulink show the fluid mass flow rate of 597 kg/s, what is lower than the value
of 719 kg/s, which is simulated with EBSILON®. Referring to control sensor S3, the steam
mass flow rate is 597 kg/s for simulation using MATLAB®/Simulink. The value of 667 kg/s is
obtained for mass flow rate downstream HP and LP steam turbine through simulation with
EBSILON®. The reason for such difference between the results using MATLAB®/Simulink
and EBSILON® can be the adjusting of the solver, as well as modelling boundary and running

conditions, and the constellation of simulation models.

Regarding sensor S1 for dwell operation at tsm = 30 sec, the value of ~710 kg/s using
MATLAB®/Simulink, is lower in comparison to the value of ~821 kg/s, attained with
EBSILON®. However, for control sensor S1 the values above 800 kg/s are observed during
time interval at tsim < 30 sec. As for control sensor S3 at tsim = 30 sec, the fluid mass flow rate
of 655 kg/s for MATLAB®/Simulink correlates well with the value of 638 kg/s, obtained with
EBSILON®. The value of 638 kg/s is attained (see Fig. 6.12) after tsim = 30 sec. For DEMO
PCS stable operation, the value of fluid mass flow rate using MATLAB®/Simulink model
remains at level of 578 kg/s with a difference of ~9.4% in comparison with the value of
638 kg/s, which is calculated with EBSILON®.

The simulation data for “DEMO 1990, EBSILON® code” model, calculated for HP steam
turbine pressure of 110 bar, show thermal efficiency of mMterm = 0.368. The data for
“DEMO HCPB 2019, EBSILON® code” model, calculated for HP steam turbine pressure of
121 bar, give thermal efficiency of nem~ 0.361. Using MATLAB®/Simulink (see Fig. 6.18),
the calculation of thermal efficiency at HP steam turbine pressure of 121 bar provides the value

of nterm ~ 0.354, showing a good correlation between these results.

According to simulation data, see Fig. 6.16, the pre-heater and super-heater can ensure a
supplementary heat transfer of 170 MW. Assuming DEMO PCS thermal efficiency of
Ntherm = 0.354, from heat input of 170 MW a mechanical power gain of ~60 MW can be
expected. If additional pre-heater and super-heater are applied, then this can increase the
thermal power output during pulse operation from Pmech1 = 671 MW up t0 Pmech2 = 731 MW
according to EBSILON® model [84]. Considering the generator coupling efficiency of 95%,
according to ref. [59], the active power output of ~695 MW can be achieved at electrical

generator level. With a deviation of ~7.3%, for pulse operation period these results correlate
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well with the value of ~750 MW, obtained through the quasi-stationary simulations with
EBSILON®, see Appendix A.6, Table A6.

Using eg. (6.10), the subsequent equation follows
l)mech = ntherm ) nIHTS ) npcs ’ QPHTS' (611)

Hence, the mechanical power is P = 0.266-Q pyrs, reaching the value of Pmech = 559 MW,
whereby MS thermo-physical parameters are temperature dependent functions. If HITEC
specific heat capacity of cp = 1560 J/(kg-K) is constant, then the thermal efficiency nixrs can
increase from ~0.838 up to ~0.993. In this case, the mechanical power Pmech can rise from
Pmech = 559 MW t0 Pmech = 662 MW. With a deviation of ~1.48%, the last value correlates well
with literature survey data, see ref. [40], where the nominal power of ~675 MW downstream
the steam turbines is estimated for DEMO FPP, see Appendix A.1.
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6.9 Conclusions

The simulations of temporal evolution of HITEC filling level in DEMO IHTS thermal storage
tanks are carried out for single and multi-cycling operation of fusion reactor. HITEC filling
level in cold and hot storage tanks depends on temperature expansion of molten salt, those

results of simulations correlating well with temperature evolution of molten salt density.

The simulations of heat flow show that at the beginning a corresponding time span is necessary
for stabilization of pumps” operation. Afterwards, DEMO IHTS pumps operate stable, without
any visible fluctuations. The transition from pulse to dwell and from dwell to pulse is

characterized by obliged change of MS pumping rates.

The increase in HITEC mass flow rate during dwell operation through PCS SG stage results in
increased heat flow rates through PCS PH-SG-SH modules. The transition from dwell to pulse
is characterized by a short-term decrease in heat transfer due to change of MS mass flow rate

in pump 1.

At the beginning of simulations, liquid volume fraction in DEMO PCS steam generator
fluctuates regressively between minimum and maximum values. The stabilization of the curve
for steam generator is observed for pulse operation after ~3000 sec. The fluctuation time
increases with growing operation pressure, both for pulse and dwell operation. The analysis of
the curves for temporal evolution of fluid mass flow confirms the curves” fluctuations at the

beginning of simulations, both for pulse and dwell operation.

The results of simulations of temporal evolution of mechanical power output downstream HP
and LP steam turbines indicate firstly the fluctuations at the beginning of simulations, followed

by stabilization of simulated parameter.

The results of simulations using MATLAB®/Simulink are evaluated and verified through the
comparison with the data, obtained through the quasi-stationary simulations using EBSILON®.
The possibility for verification is based on the similarity of most design and operational
parameters of DEMO PHTS, IHTS and PCS, used as initial data for simulation models. A good
agreement between the data for simulations using MATLAB®/Simulink and EBSILON®

is confirmed.
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7 Simulation model of DEMO BoP energy transfer chain

7.1 Development of simulation model for DEMO BoP energy transfer chain

The content of forthcoming paragraph is dedicated to the solution of final task of the thesis,
which is directed to the development of simulation model for the study of transient behaviour

of DEMO BoP energy transfer chain. The objective sketch of the model is presented in Fig. 7.1.

PHTS IHTS PCS

SDHT

N 2L (N 5
Helium )C HITEC CWater Steam |:> %
I 51

« I | °

Connection via thermal ports

Fig. 7.1: Sketch of the model for DEMO BoP energy transfer chain.

In the DEMO PHTS HXs, the heat transfer takes place between hot helium and HITEC molten
salt, which circulates through DEMO IHTS system. In DEMO PCS SG stage, the heat transfer
occurs between hot molten salt and water. Vapour circulates through the steam turbines, which

are connected to generators, being used for generation of electrical power.

Regarding MATLAB®/Simulink Library, there is no module, in which heat transfer is simulated
between three phases simultaneously, especially between HITEC molten salt, water and steam.
Hence, for modelling of DEMO BoP energy transfer chain, an approach is proposed, which
assumes the coupling of DEMO IHTS and DEMO PCS models through corresponding

thermal ports.

Schematically, the simulation model for the study of transient behaviour of DEMO BoP energy
transfer chain is shown in Fig. 7.2. In the model, the 1% step of heat transfer takes place between
hot helium and HITEC molten salt in PHTS-IHTS HXs. The 2" step includes the heat transfer
between hot molten salt and water in IHTS-PCS HXs. The 3" step assumes the heat transfer in

PCS PH-SG-SH modules between water and vapor.
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IHTS-SDHT-PCS

Fig. 7.2: Simulation model for DEMO BoP energy transfer chain.
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Afterwards, the vapor flows into steam turbines, whereas the energy of vapor flow is
transformed into mechanical energy. The developed model includes DEMO PHTS-IHTS
model, an intermediate Specific Dissipation Heat Transfer (SDHT) module and
DEMO PCS model. In DEMO PCS model, the previous temperature sources, as heat input to
PCS PH-SG-SH, are eliminated. They are substituted with coupling through thermal ports. Only
one solver block is used, namely the customized module for simulation of HITEC thermo-
physical properties. The properties of water/steam are considered as constant values.

The temporal evolution of heat flow in PCS PH-SG-SH modules for time interval over two
operation cycles is shown in Fig. 7.3. The Fig. 7.4 gives the detail view to the simulation curves
for transient time interval between first and second operation cycles of fusion reactor. The
decrease in heat flow rates during time interval of 5 sec, i.e. between 7865-7870 sec, occurs due
to simulation algorithm, discussed in ref. [225], which assumes simultaneous quick increase in
MS mass flow rate through pump 1 and quick decrease in MS mass flow rate through pump 2
at the beginning of each pulse operation cycle.

The results of previous simulations (see chapter 6) allow the calculation of thermal efficiency
for DEMO PHTS-IHTS and DEMO PCS systems. However, the prediction of total thermal
efficiency of DEMO BoP energy transfer chain (see Fig.7.2) demands the knowledge of heat

efficiency nspnt for intermediate SDHT module, which is applied.

For stable operation conditions without PH and SH modules, the heat flow rate through PCS
SG is ~660 MW (see Fig. 7.4). Considering DEMO PCS system itself, the heat flow rate
through PCS SG without PH and SH modules (see Fig. 6.16) is 1424 MW. Hence, according

to the results of simulations, the heat efficiency for SDHT module has to be nspxt ~ 0.463.

Taking into consideration the eq. (6.11) and Fig. 7.2, for the DEMO BoP energy transfer chain

the mechanical power can be calculated as
Pmech = Ninerm * Minrrs * Nspur Mpcs * QA PHTS: (7.1)
According to eq. (7.1), the mechanical power output is Py ech = 0.123 - Q pyrs.

Consequently, for Q pyrs ~ 2.1 GW the value of mechanical power output is Pmech ~ 260 MW.
So, the usage of an intermediate SDHT module between DEMO IHTS and DEMO PCS models
(see Fig. 7.2) results in decreasing simulated heat flow rates.
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Fig. 7.3: Temporal evolution of heat flow in a single PCS steam generator stage with

PH-SG-SH modules for two operation cycles of fusion reactor.
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Fig. 7.4: Temporal evolution of heat flow in PCS PH-SG-SH stage for transition between the

1%t and 2" operation cycle of fusion reactor.
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For DEMO BoP energy transfer chain, the results of simulation for temporal evolution of
mechanical power output downstream DEMO PCS system are shown in Fig. 7.5. The obtained
data demonstrate a small increase in simulated parameter during dwell operation, related with
increase in heat transfer to DEMO PCS by rising mass flow rate of HITEC molten salt, which

is pumped through pump 2 during time interval of 600 sec.
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Fig. 7.5: Temporal evolution of mechanical power output.
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Fig. 7.6: Temporal evolution of mechanical power output, DEMO BoP stable operation.
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According to Fig. 7.6, for stable operation conditions (t > 3000 sec), the simulated mean value
of mechanical power output is ~272 MW. With deviation of ~4.4%, this result correlates well
with the data, which are calculated using eq. (7.1). The use of DEMO IHTS enhances the
operation stability of DEMO BoP energy transfer chain, permitting the decrease in peak-to-
peak difference for heat flow rates and mechanical power output during the transience between
pulse-to dwell and dwell-to-pulse (see Fig. 7.6). The use of DEMO IHTS should ensure stable
operation of steam turbines, which are connected to electrical generators. The achieved power
deviations below 3% (see Fig. 7.6) are acceptable for steam turbine operation.

The time-dependent simulations give the opportunity for evaluation of DEMO BoP parameters,
in order to process the optimization in terms of power change rates. That is necessary, for
instance, to restart the power generation machines with a black start capacity from TOKAMAK

shutdown, without the supply from external electrical grid.

7.2 Coupling of DEMOnstration Fusion Power Plant to external

electrical grid

Despite the fact, that the interface of Fusion Power Plant with external electrical grid is outside

the frame of simulation study, it is essential to highlight here some prospective tasks.

By coupling to European high voltage electrical grid, DEMO FPP should be able to produce
and distribute electrical power throughout Europe [38, 41, 60], expected in range around
700-800 MW [57, 59]. The internal power demand of the power plant is expected in the range
around 300-500 MW. Hence, the power system needs to include an electrical switchyard
(see Fig. 1.3), through which DEMO FPP will receive and deliver power to two 400 kV

transmission lines.

According to total peak active pulsed power demand, DEMO FPP needs to be located in a very
well interconnected node of EU electrical grid, characterized by a high short-circuit power
system. An in-and-out connection needs to be performed with implementation of a new station

on an existing transmission line.

The operation stability of DEMO FPP is essential for integration into the external electrical
grid. The interface of DEMO FPP with the electrical grid requires the knowledge of technical,
economic, and environmental performance data of DEMOnstration Fusion Power Plant, to

ensure real-time energy supply and demand balance [60, 229, 230].
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The sufficient data-base needs to be available for an entire continental European network, to
investigate the dynamic behaviour and stability of transmission system and its interactions in
the European interconnected system [11].

For coupling of DEMO FPP to electrical grid, the operation stability of power generators is a
decisive point. Here, the steady-state stability relates to response of synchronous machine to a

gradually increasing load [229, 231].

The plant control system needs to be operated in estimated regime and deviations need to be
early detected with plant operation software [50]. A reactive power compensation system has
to ensure the reactive power, which is absorbed from the grid and has not to exceed the level
imposed by Electrical Transmission System Operator. Getting proper operation, DEMO FPP
has to fulfil ENTSO-E requirements for grid connection of generators [57]. The most restrictive
value here is the power control capability of 10%.

Ensuring stable operation of electrical grid, the maintenance of frequency stability is a key
prerequisite [11, 57]. Here, an effective way is to use the operation of Frequency Sensitive
Mode for Power Generating Module, in which the power output changes in response to a change

in system frequency.

The system needs to react effectively to different kinds of faults, defined as any failures that
interfere with normal current flow to the load [231-240]. The sudden output interruptions are
limitation factors for the interface to the grid [72]. Hence, the more renewable and nuclear
sources are linked to the electrical grid, the greater disturbance the grid might experience upon

a sudden output interruption of DEMOnstration Fusion Power Plant.
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7.3 Conclusions

The statements, which are directed towards the dynamic simulations, are followed by the
development of simulation model for the study of transient behaviour of DEMO BoP energy

transfer chain.

The simulation model of DEMO BoP energy transfer chain is realized, using
MATLAB®/Simulink, by means of coupling of DEMO PHTS-IHTS model with DEMO PCS

model through thermal ports.

The results of simulations, which are focused on temporal evolution of mechanical power
output downstream DEMO PCS steam turbines for pulse and dwell operation of fusion reactor,
correlate well with the results of quasi-stationary simulations and with the data from

literature survey.

The obtained results confirm the ability of MATLAB®/Simulink simulation model to predict
the temporal evolution of mass and energy flows in DEMO BoP during the transient fusion

reactor operation.

The results of dynamic simulations using MATLAB®/Simulink can be applied for prospective
integration of DEMO FPP into the European electrical grid, being in line with purpose of whole

EUROfusion roadmap, whereas EU-DEMO should be modelled as a real power plant prototype.
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8 Summary and outlook

8.1 Summary

In the framework of formulated objectives and tasks, the scope of the thesis, which focuses on
the simulation study of transient behaviour of DEMOnstration Balance of Plant energy transfer

chain during pulse and dwell operation of fusion reactor, is entirely realized.

The novelty of study consists in dynamic simulation using MATLAB®/Simulink, which is
applied for the first time for numerical study of temporal evolution of mass and heat flows in
primary DEMO BoP systems. The simulation model of DEMO BoP energy transfer chain
begins with DEMO PHTS heat exchangers and ends at the outlet of DEMO PCS steam turbines.

The MATLAB®/Simulink Library standard as well as novel customized modules are applied

for model development, involving corresponding governing equations and assumptions.

For dynamic simulations, the design and operational parameters of DEMO Primary Heat
Transfer System, Intermediate Heat Transfer and Storage System as well as Power Conversion

System are analyzed and systematized.

The novelty is the use of HITEC molten salt in DEMO IHTS as both heat transfer fluid and
sensible thermal energy storage medium. HITEC thermo-physical properties, as well as molten
salt chemical and thermal stability and its compatibility with constructive materials, are

reviewed through extended literature survey.

A set of analytical correlations is selected for numerical simulation of HITEC thermo-physical
properties for defined DEMO IHTS operating temperatures. A novel customized MATLAB®

module for simulation of HITEC thermo-physical parameters is developed and applied.

Further novelty positions include the development of simulation model for heat losses to
environment from DEMO IHTS thermal storage tanks and pipelines. The thermal storage tank

is described as a thermal liquid container with variable fluid volume.

Next novelty comprise the development of simulation models of heat and mass transfer in
DEMO BoP systems, as well as of simulation model for DEMO BoP energy transfer chain,
which implies the coupling of DEMO PHTS-IHTS and PCS models through thermal ports.

The simulation model of DEMO IHTS system includes PHTS-IHTS heat exchangers, thermal
storage tanks with corresponding pipelines, two fixed-displacement pumps and PCS heat
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exchangers. The simulation model of DEMO PCS system is based on MATLAB® Rankine
Cycle model, though it differs by modelling of PCS steam generator as a two-phase fluid
constant volume chamber and through modelling of PCS pre-heater, super-heater as well as re-
heaters as two-phase fluid pipes.

In the thesis, following results of simulation study are discussed:

- Temperature dependency of HITEC molten salt thermo-physical parameters.
- Sensitivity of HITEC simulated parameters on operating temperature.
- Interplay between thermal storage tank geometry and HITEC filling level.

- Impact of tank height and thermal insulation thickness on heat losses to environment.

The simulated thermo-physical parameters of HITEC molten salt are decreasing functions with
rising MS temperature. The increase in temperature results in thermal expansion of molten salt,

what has to be considered for design and safe operation of DEMO IHTS thermal storage tanks.
The temporal evolution of following parameters is simulated:

- HITEC filling level in cold and hot storage tanks.

- Mass and heat flows in DEMO PHTS-IHTS system.

- Liquid volume fraction in DEMO PCS steam generator.

- Mass and heat flows in DEMO PCS during pulse/dwell operation of fusion reactor.
- Mechanical power output downstream HP and LP steam turbines.

- Heat flow and mechanical power output for DEMO BoP energy transfer chain.

The simulated MS filling level for cold and hot storage tanks correlates well with temperature
evolution of HITEC density. The results of simulations of heat flow show that a corresponding
time span is required for stabilization of pumps’ operation. Afterwards, DEMO IHTS pumps
operate stable without visible mass flow rate fluctuations. Increase in HITEC mass flow rate
during dwell operation results in rising heat flow rate through PCS PH-SG-SH modules. At the
beginning of simulations, the liquid volume fraction in PCS SG fluctuates regressively between
minimum and maximum values. Both for pulse and dwell operation, the fluctuation time
increases with growing operation pressure. The simulation of temporal evolution of fluid mass
flows shows similar fluctuation characteristics of the curves at the beginning of simulations,
both for pulse and dwell operation. Regarding mechanical power output, the results of
simulations indicate regressing fluctuations, followed by the curve stabilization. The
stabilization period for mechanical power during dwell operation is shorter in comparison to

the pulse one.
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The results of the study shows that, due to lack of data concerning experimental studies with
DEMO IHTS storage tanks, the validation of developed MATLAB®/Simulink simulation

model for heat losses to environment is not suitable.

In the thesis, the results of MATLAB®/Simulink simulation of heat losses to environment from
DEMO IHTS cold and hot storage tanks are evaluated through comparison with known data
from literature survey. The main argument for evaluation is the similarity of models’
constellation, which is used for description of heat losses from thermal storage tanks to

environment.

The results of simulations of mass and heat flows in DEMO PHTS-IHTS and DEMO PCS
systems, using MATLAB®/Simulink, are verified by comparison with numerical data for quasi-
stationary simulation of DEMO BoP via EBSILON® code. The opportunity for evaluation is
based on the similarity of most design and operational parameters of DEMO PHTS-IHTS and
DEMO PCS systems, which are used as initial data in the simulation models.

The evaluation of the results of simulations confirms the ability of MATLAB®/Simulink

simulation model:

- To predict heat losses from DEMO IHTS thermal storage tanks to environment.

- To study temporal evolution of mass and heat flows in DEMO PHTS-IHTS and
DEMO PCS systems.

- To study temporal evolution of mechanical power output downstream DEMO PCS
steam turbines.

- To simulate transient behaviour of DEMOnstration Balance of Plant energy transfer

chain during pulse and dwell operation of fusion reactor.

117



8.2 Outlook

In DEMO IHTS, the switch-on process of the pumps is characterized by steep temperature
gradients, as well as by temporally reduction in thermal power. Thus, the modelling of thermal
processes in the pumps and auxiliary units defines the next generation of tasks.

The simulation of MS heat tracing is out of frame of the study. However, the modelling of
supplemental auxiliary systems is necessary for power plant safe operation and for holding HTF
temperature above the freezing point inside the pipelines and thermal storage tanks.

The next task can include the management of energy supply for heating of HITEC molten salt,

as well as water/steam to avoid pinch point problem for pre-heater and super-heater.

In the developed simulation model, constant environment conditions are considered. However,
real weather changings, which differ from the simulated stationary ambient conditions, has to

be in focus of forthcoming studies.

The subsequent task can involve the development of the regulation and process control
procedures, paying attention to prospective modelling of smoothing start-up and
shutdown processes.

Getting to forthcoming research issues, the simulation model can be extended with:

- Customized MATLAB® modules, which simulate the heat transfer between three
phases, namely HITEC molten salt, water and steam.

- Customized MATLAB®/Simulink modules for simulation of supplemental DEMO BoP
systems’ auxiliary equipment.

- Simulation model for auxiliary electric power generation system, what is favourable for
integration of the developed simulation model of DEMO BoP energy transfer chain into

the prospective hybrid model of multi-modal energy system.
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A Appendix
A.1 DEMOnstration Balance of Plant coupling design concepts

Direct Coupling Design (DCD) concept, which is discussed in ref. [55], involves Direct-AUXB
(DCD-1), as well as Direct-Small ESS (DCD-s1 and DCD-s2) design approaches. For DCD-1
design (see Table Al.1), the avoidance of generator synchronization loss in dwell period is
accomplished by using a boiler, that provides steam flow to turbine and maintains power train
in operation. The disadvantage is that the auxiliary boiler power has to reach the level of several
hundred MWs during dwell time, what implies additional infrastructure. Another drawback is
temperature and pressure transients, which are achieved in pulse operation. In DCD-s1 concept
(see Table Al.2), a part of thermal energy is collected in ESS during pulse operation. The main
challenge is that ESS has difficulties in providing thermal energy, which has to be stored in
relatively short time as required for dwell time. The DCD-s2 concept (see Table Al1.2) is based
on application of molten salt and an electrical heater upstream hot storage tank. This approach
allows maximizing electrical power production in pulse operation, while maintaining the
electrical generator synchronized to grid in dwell phase, whereby steam turbine is designed to

operate at minimum required load of 10% [63].

The scheme of DEMO DCD concept is shown in Fig. Al.1 [40, 47, 55-58, 241]. For DEMO
DCD concept, the nominal power of ~790 MW is evaluated for steam turbines [57].
Considering 5% losses due to coupling between turbine and synchronous generator, nominal
electrical power output of ~750 MW is estimated (see Fig. Al.2). However, for DCD concept,
pulse operation of fusion reactor and abrupt changes in steam mass flow are detrimental to

turbines, as thermo-mechanical stresses can lead to premature failures of turbines.

The idea of Indirect Coupling Design (ICD) concept (see Table Al1.1) is to reduce the stress of

steam turbines and to ensure a constant electrical power output at generator’s level [40, 41, 47,
52, 53, 55, 69]. The DEMO ICD provides the decoupling using a HTF storage loop, which

accumulates thermal power in pulse operation that is released to DEMO PCS in dwell operation.

The DEMO ICD concept, in which DEMO IHTS provides Thermal Energy Storage between
DEMO PHTS and DEMO PCS systems, is schematically presented in Fig. A1.3 [47, 59, 70,
97, 98]. Here, the nominal power of ~675 MW for turbines is estimated [40]. With generators’
coupling efficiency of 95%, the resulting active power output of ~640 MW is assumed at

electrical generator level (see Fig. Al.4) [57].
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System

Direct Coupling Design DCD-1
(DIRECT-AUXB)

Indirect Coupling Design
(ICD)

PHTS Interface PHTS and IHTS/PCS

Helium-water steam generator

Helium-molten salt heat exchangers

PHTS HX/SG pressure High Low
IHTS Fluid - Molten salt
Storage capacity - 2-:3000 m3
Additional thermal storage - -
Auxiliary heating system Gas (220 MWh) -
Gas-fired boiler supply Large -
Space Large Large
(auxiliary system) (IHTS/ESS)
PCS  Turbine loads Frequent ramps Steady
System feasibility Under investigation Yes

Tolerant to frequent transients

Under investigation

Under investigation

Total Critical components

Helium-water heat exchangers,
external gas boiler, steam turbine

Helium-molten salt heat exchangers,

steam generator, PCS heat exchangers

Required supplemental power

Gas

Table Al.1: Direct Coupling Design (DCD-1) with Auxiliary Boiler (DIRECT-AUXB) and Indirect Coupling Design (ICD) concepts.
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System DIRECT-Small Energy Storage System
DCD-sl DCD-s2
PHTS Interface PHTS and IHTS/PCS Helium-water steam generator Helium-water steam generator
PHTS HX/SG pressure High High

IHTS Fluid - Molten salt
Storage capacity - 2400 m3
Additional thermal storage Concrete -

Auxiliary heating system Gas (93 MWh,) Electric (41.2 MWe))

Gas-fired boiler supply Medium -

Space Large Medium
(auxiliary system/concrete) (electric/ESS)

PCS  Turbine loads Frequent ramps Frequent ramps
System feasibility - Under investigation
Tolerant to frequent transients - Under investigation

Total Critical components ESS, helium-water heat exchangers Helium-molten salt heat exchangers,

helium-water heat exchangers, steam turbine

Required supplemental power

Gas

Electrical power

Table Al.2: Direct-Small Energy Storage System (DIRECT-Small ESS) coupling design concepts DCD-s1 and DCD-s2.
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A.2 DEMO BoP quasi-stationary simulation model

The schemes of DEMO BoP quasi-stationary model for fusion reactor pulse and dwell
operation, simulated using EBSILON®, are presented in Fig. A2.1 and Fig. A2.2, respectively
[84, 97-102]. The main operational parameters of DEMO BoP are listed in Table A2.1.

Referring to simulation model, DEMO PHTS architecture relies on the adoption of eight
cooling loops. The IB is cooled by means of four loops, whereas the remaining four circuits are
used to remove thermal power from OB portion. DEMO IHTS model includes two thermal
storage tanks, pumps with air-cooled equipment, pipelines, auxiliary systems, ventilation
equipment, as well as control sensors and diagnostics [98]. Thermal storage tanks have identical
geometry. The regulator of hot HTF flow is responsible to keep operating temperature
continuously. DEMO PCS model includes a steam generator with two stages, each out of eight
units for High Pressure (HP) and Low Pressure (LP) System [84]. The model includes several
HP and LP steam turbines with two steam re-heaters and drain in between, a condenser,
feedwater heat exchangers, a vacuum vessel pump and a turbo-generator. Additionally, there
are two more each LP and HP feedwater pre-heaters. Steam generator stages include a pre-
heater, a heat exchanger and a super-heater. Each feedwater aggregate consists of a booster
pump, gearbox, electrical motor and main pump, being connected in series. The deaerator has

an operation regime, which is acceptable because of a controlled condensate by-pass system.

Parameter Ref. [99] Ref. [100] Ref. [84]

Fusion power, MW 2037

Thermal energy demand (pulse), MW 2389 2102

Thermal energy demand (dwell), MW 17 21

Steady-state conditions

Gross electrical power, MW 1005 1009 987

Net electrical power, MW 854 841 839
Fusion reactor pulse operation

Gross electrical power, MW 818 916 893

Net electrical power, MW 667 750 758
Fusion reactor dwell operation

Dwell time, min 30 15 10 10

Gross electrical power, MW 706 803 953 930

Net electrical power, MW 686 783 916 892

Table A2.1: Main operational parameters of DEMO BoP calculated using EBSILON® code.
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A.3 TES single tank design concept

The design concept of a single tank, which includes hot and cold sections, separated by a
temperature gradient inside the tank, is discussed in ref. [94, 95, 111, 124, 125]. Due to large
buoyancy forces, relative to mixing forces, a cold HTF lies in lower portion of the storage tank,
meanwhile hot HTF lies in upper one. Transitional temperatures between hot and cold levels are
observed within a heat exchange region. During heat charging, hot HTF flows down the storage
tank, transferring thermal energy to solid material. During heat discharging, cold HTF flows up

the storage tank, extracts thermal energy from solid material and flows out at high temperature.

The energy storage depends on tank’s dimensions, properties of HTF and filler material, fluid
velocity and charging/discharging time [95, 129, 242-253]. The storage efficiency depends on
energy value, recovered after every charging/discharging cycle, as well as on maximum storable
thermal energy. The discharge efficiency grows with increase in stored thermal energy and
decreases with augment in discharge power [94, 95, 107, 115, 131-134]. However, repeated cycles
result in progressive reduction of energy, being stored in solid material. An increase in temperature

threshold tolerance improves energy storage capacity.

For thermocline design concept, taller thermal storage tanks with smaller diameters are
preferable [124]. Tall and thin storage tanks show better thermal stratification and higher discharge
efficiency. Thermocline tanks with larger height effectively extend the discharge state, wherein

HTF temperature is maintained at a high level [95].

High volumetric heat capacity of filler material increases total thermal energy, being stored in the
tank. The stratification within the filler material reduces mixing within storage tank. The decrease
in filler material diameter improves thermal stratification and sustained outflow of HTF with a
higher thermal quality. In ref. [129] is shown that at particle size of 1.9 cm, heat transfer rates
within the particles, among them and HTF, are large. If particle diameter is over 10 cm, HTF outlet
temperature decreases faster, what reduces discharging time and operation efficiency. Usually,
filler material is non-hazardous and cost-effective [124, 126, 128, 131, 135, 136, 141-143].

The simulations of thermocline tank are highlighted in ref. [82, 107, 108, 112, 132, 134-138].
Inref. [132], CFD modelling is used to study the influence of Reynolds number on storage process
characteristics. In ref. [135], MATLAB® tool is used for process simulations. In ref. [137, 138], a
set-up with a heated packed pebble bed, using hot air flow, is modelled. The influence of HTF and
solid material properties, tank’s dimensions and packing schemes of solid filler, as well as duration

of charging/discharging time, on the energy storage effectiveness is discussed. In ref. [254, 255],
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a 2-phase 2D-model, using MATLAB®, is applied for simulation of fluid dynamic processes inside
a thermocline tank of a Concentrated Solar Power Plant. Simulations are carried out for a single
packed-bed storage tank with a height of 9.9 m, diameter-to-height ratio of 0.5 and capacity of
40 MWhg.

The reduction of costs is the main reason for application of a single thermocline tank [246-253].
In comparison to a two tank system, the usage of thermocline system allows reduction of energy
production cost [96, 192, 247, 249]. The single tank design needs less stainless steel and thermal
insulation material, smaller volume of HTF and less expansive pumping system. A thermocline
tank requires ~2/3 of cost associated with an equivalent two tank TES [73, 94, 141, 249].
Nevertheless, for an overall cost estimation, the costs of tank material, instrumentation, piping, as

well as total storage capacity are required [88, 115, 134, 192].

In comparison to two tank system, a thermocline tank is not able to fully exploit its energy storage
volume [247-252]. The thermocline TES uses only a portion of its energy storage volume. A part
of HTF, being stored in thermocline tank, is at an average temperature between maximum and
minimum values, what differs from two tank systems, where HTF is steadily withdrawn at nominal
temperature. Owing to presence of temperature gradient inside the storage tank, thermocline
systems are less efficient than two tank systems. The reason therefore is that the useful thermal
energy recovered during discharging phase is lower than that supplied during charging phase
[247, 253]. For a two tank system, the discharge efficiency can rich the value of 100%, while the
thermocline storage manages to supply only 64% of stored heat [247-252].
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A.4 TES operational parameters for DEMO BoP and CSP plants

Parameter Demonstration Solar Tower Solar Energy Generating DEMO BoP
Plant Project “Solar Two” Systems [84]
[95, 106, 110, 123] [92]
Place Daggett, Mojave Desert, Daggett, Mojave Desert, Under investigation
CA, USA CA, USA
Type Solar Power Tower Ultimate Parabolic Trough DEMO BoP with
Power Plant IHTS
Case Closed case Operational Under investigation
Commission date 1995-1999 2013 Under investigation
HTF Molten salt Molten salt Molten salt
60% NaNO3 60% NaNO3 7% NaNOs
40% KNOs 40% KNO3 53% KNO3
40% NaNO>
Number of parallel tank pair (cold & hot tank) 1 1 1
Active salt inventory, tons 4778 - 5040
Thermal storage capacity, MWh, 105 3233 426
Cold tank dimensions, H [m] and D [m] 12 and 16.6 - 7.8 and 23.8
Hot tank dimensions, H [m] and D [m] 12 and 16.8 - 7.8 and 23.8
Operating temperature in cold tank, K - 573 543
Operating temperature in hot tank, K - 823 738
Operating temperature difference, K 250 195
Equivalent full load hours for thermal storage 1 3 2

capacity, h

Table A4.1: Thermal Energy Storage operational parameters.
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A.5 DEMOnstration Balance of Plant parameters

Parameter PHTS Heat Exchanger (HX)
Inner Blanket HX Outer Blanket HX

Units 4 4

Prim. Medium / Sec. Medium Helium (gas) / HITEC (lig.)

APtupes, bar 0.67

APshen, bar 1.05 1.03

Specific dissipation, KW/K 1095.50 1095.48

Prim. inlet/outlet diameter, m 1.2/1.0

Sec. inlet/outlet diameter, m 0.5

Prim. work pressure (inlet/outlet), bar 78.3/77.6 78.8/78.1

Sec. work pressure (inlet/outlet), bar 6/5

Prim. work temperature (inlet/outlet), K 793/563

Sec. work temperature (inlet/outlet), K 543/738

Prim. medium vol. flow (inlet/outlet), m3/s 49/35.4 48.7/35.2

Sec. medium vol. flow (inlet/outlet), m3/s 0.48/0.52

Prim./Sec. medium mass flow, kg/s 230/899

Prim. medium density (inlet/outlet), kg/m3 4.716.5 4.7/6.6

Sec. medium density (inlet/outlet), kg/m?3 1888/1741

Prim. medium velocity (inlet/outlet), m/s 43.4/45 43.1/44.8

Sec. medium velocity (inlet/outlet), m/s 2.4/2.6

Table A5.1: DEMO PHTS heat exchangers’ parameters [84].
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Parameter Value

Coolant Helium
Inlet/outlet temperature, K 793/573
Coolant inlet pressure, MPa 8
Coolant outlet pressure in IB/OB, MPa 7.79/7.83
Segment pressure drop in IB/OB, MPa 0.214/0.174
Coolant mass flow rate, kg/s 204
Coolant enthalpy at inlet/outlet, kJ/kg 3007/4148

Table A5.2: DEMO PHTS parameters [84, 100].

Parameter Cold tank Hot tank
Ref.[100] Ref.[84] Ref.[100] Ref. [84]

Required storage tank volume, m3 2669 2895 2897

HTF vol. flow (inlet), m3/s 3.88 4.22 4.13

HTF mass flow (inlet), kg/s 7322 6481 7338 7189

HTF mass flow (outlet), kg/s 7338 7189 7322 6481

HTF density (inlet/outlet), kg/m? 1888 1741

HTF velocity (inlet/outlet), m/s 2.53 2.74 2.68

Amount of MS for dwell time, kg 5040000

Temperature of molten salt, K 543 738

Table A5.3: DEMO IHTS parameters.

Parameter Ref. [100] Ref. [84]

15tstage steam generator / 2" stage steam generator

Fusion reactor pulse operation time

Steam temperature (inlet/outlet), K 555/721 564/719

Steam pressure (inlet/outlet), bar 57.11/22.54 58.56/121.43
Fusion reactor dwell operation time

Steam temperature (inlet/outlet), K 555/718 566/715

Steam pressure (inlet/outlet), bar 57.11/133.86 60.38/133.83

Table A5.4: DEMO PCS parameters.
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A.6 DEMOnstration Balance of Plant systems’ design and operational parameters

Table A6.1 Beginning

Parameter

Quasi-stationary Dynamic
simulation simulation
Ref. [100]  Ref. [84] Value Comment

PHTS IB/OB HXs

Each IB heat transfer loop

Helium flow rate, kg/s 195.2 230.2 920 Helium mass flow is divided uniformly between 4 HXs: ~230-4
Each OB heat transfer loop
Helium flow rate, kg/s 240.1 230.2 920 Helium mass flow is divided uniformly between 4 HXs: ~230-4
Helium temperature, PHTS inlet, °C - 520 520
Helium heat capacity, J/(kg-K) - - 5193 Initial data
HCPB BB PHTS IB/OB HXs

Total generation of power, MW 2101.7 2101.7 2100 Theoretically calculated

HCPB BB PHTS IB/OB HXs (tube & shell HX)
Configuration tube & shell tube & shell
Cross-section area at HX inlet/outlet, m2 - - 0.196/0.196 Required parameter for HX module
Specific dissipation OB/IB HX, kW/K - - 1095.50/ Required parameter for HX module

1095.48
Helium volume, m3 53.2 - 229 Volume of 4 units, increase with ~8%
Pressure drop OB/IB HX, kPa 264.6 - 103/105 Required parameter for HX module
PHTS IB HX

Total units 3 4 4 HX blocks Modules are installed in parallel
Prim. Medium Helium (gas) Helium (gas) Helium (gas)
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Table A6.1 Continuation

Sec. Medium HITEC (ligq.) HITEC (lig.) HITEC (lig.)

Reference inflow pressure, MPa - - 0.01 Required parameter inside HX module

Prim. Work temperature (inlet/outlet),°C 500/287 520/290.9 920

Sec. Work temperature (inlet/outlet), °C 270.2/465 270/465 270 Required parameter inside HX module

Reference inflow temperature, °C - - 200 Required parameter inside HX module

Prim. Medium mass flow, kg/s 195.22 230.22 230 Inlet helium mass flow for HX module

Sec. Medium mass flow, kg/s 709.37 898.75 899 Required parameter inside HX module

Mass flow threshold for flow reversal, - - - 107 Fixed parameter inside HX module
PHTS OB HX

Total units 6 4 4 Modules are installed in parallel

Prim. Medium Helium (gas) Helium (gas) Helium (gas)

Sec. Medium HITEC (liq.) HITEC (lig.) HITEC (ligq.)

Reference inflow pressure, MPa - - 0.01 Required parameter inside HX module

Prim. Work temperature (inlet/outlet),°C 500/288 520/290.9 520

Sec. Work temperature (inlet/outlet), °C 270.2/465 270/465 270 Required parameter inside HX module

Reference inflow temperature, °C - - 200 Required parameter inside HX module

Prim. Medium mass flow, kg/s 240.13 230.24 230 Inlet helium mass flow for HX module

Sec. Medium mass flow, kg/s 868.37 898.75 899 Required parameter inside HX module

Mass flow threshold for flow reversal, - - - 103 Fixed parameter inside HX module

Abbreviations:

BB - Breading Blanket

IB - Inner Blanket

HCPB - Helium Cooled Pebble Bed
HX - Heat Exchanger

OB - Outer Blanket

PHTS - Primary Heat Transfer System
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Table A6.2 Beginning

Quasi-stationary Dynamic
Parameter simulation simulation
Ref. [100] Ref.[84] Value Comment
DEMO IHTS tanks design parameters
Tank diameter (D), m 23.8 23.8 24
Tank height (H), m 6.8 7.8 75-10 Variable in simulations
Required volume of tank (hot/cold), m3 2895.2/2669.7 2896.9/2671.3 3391
Footprint of TES, m? 2550 2550 2550 Required parameter
Height for tank inlet/outlet diameter, m - - 0.4-0.7 Variable in simulations
Inlet/outlet pipeline diameter, m 1.40 1.40 1.40
Inlet/outlet tank diameter, m 1.40 1.40 1.40
Inlet/outlet pump diameter, m 1.40 1.40 1.40 Required parameter
Cross-section area (inlet/outlet), m2 - - 1.5386 Customized module: properties f(T)
Heat transfer fluid HITEC HITEC HITEC
Required mass of MS per tank, t 5040 5043 5083 Pulse operation: stable operation of pump 1 for 180-7050 sec
Tank nominal volume (per tank), m3 3000 3000 Variable Volume: (D), f(H)
Tank heat storage capacity, MWh; 426 426 f(T) Variable: cold/hot tank
HITEC mass flow difference, kg/s - - 740 Difference between mass flow at inlet and outlet of hot tank
HTF specific heat capacity, J/(kg-K) - - f(T) Variable: customized programme module
HTF critical temperature of HTF, °C - - 200 Required parameter: to avoid HITEC crystallization
Cover gas Argon Argon Argon
0.0354 0.0354 0.0354 Hot tank (465 °C)
Argon thermal conductivity, W/(m-K) 0.0296 0.0296 0.0296 Cold tank (270 °C)
Model Quasi-stationary Dynamic Variable solver
Modeling operation time intervals, sec 7200/600 Pulse/dwell
Default error of model, - - - 0.001 Required parameter
Computed state accuracy, % - - 0.1 Required parameter
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Continued operation conditions

- No chemical reactions of HITEC with environment
- No leaks in system
- No contamination of HITEC

Average wind velocity, m/s - - 5
Air tgmperature at tank wall surface, °C - - 65 Boundary conditions [182]
Ambient temperature, °C - - 25
Ambient pressure, Pa - - 101235
Life time of TES system, years - - 50
IHTS hot tank operational parameters
Prim. Medium (lig.) HITEC HITEC HITEC MS properties are f(T)
Filling level of HTF in the tank, % - - 5/95 Min/Max, variable: f(H)
Work pressure (inlet/outlet), bar 1-2 1-2 1-2 Uniform throughout tank volume
Temperature of HTF at surface/bulk, °C - - 460/465 Put into code for storage tank
Work temperature (inlet/outlet), °C 465 465 465 Homogenous inside tank
Medium vol. flow (inlet/outlet) m¥/s 4.22 4.13/3.72 f(T) Variable
Medium mass flow (inlet), pulse, kg/s 7338.34 7189.98 6660 Calculated (sensor data), average value
Medium mass flow (outlet), pulse, kg/s 7322.38 6481.69 5920
Medium mass flow (inlet), dwell, kg/s - - 418
Medium mass flow (outlet), dwell, kg/s - - 7980
Energy flow (inlet), pulse, GW - - 1.76
Energy flow (f)utlet), pulse, GW - - 158 Calculated (sensor data),average value
Energy flow (inlet), dwell, GW - - 0.11
Energy flow (outlet), dwell, GW - - 2.13
Theoretical heat flow (inlet), pulse, GW - - 1.67
Theoretical heat flow (outlet), pulse, GW . j 1.49 Theoretically calculated using operation data for HTF
Theoretical heat flow (outlet), dwell, GW - - 2
Medium density (inlet/outlet), kg/m3 1740.81 1740.81 f(T) Customized module
Medium velocity (inlet/outlet), m/s 2.74 2.68/2.42 f(T) Variable
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IHTS cold tank operational parameters

Prim. Medium (lig.) HITEC HITEC HITEC MS properties are f(T)
Filling level of HTF in the tank, % - - 5/95 Min/Max, variable f(H)
Temperature of HTF at surface/bulk, °C - - 297/302 Put into code for storage tank
Work pressure (inlet/outlet), bar 1-2 1-2 1-2 Uniform throughout tank volume
Work temperature (inlet/outlet), °C 270 269.8 270 Homogenous inside tank
Medium vol. flow (inlet), m3/s 3.88 3.43/3.81 f(T) Variable
Medium mass flow (inlet), pulse, kg/s 7322.38 6481.69 5920
Medium mass flow (outlet), pulse, kg/s 7338.34 7189.98 6660

5 X Calculated (sensor data), average value
Medium mass flow (inlet), dwell, kg/s - - 7980
Medium mass flow (outlet), dwell, kg/s - - 418
Medium density (inlet/outlet), kg/m3 1887.74 1887.81 f(T) Customized module
Medium velocity (inlet/outlet), m/s 2.53 2.23/2.47 f(T) Variable

DEMO IHTS pipelines and pumps parameters

Segmented length, m

- 1/10/20/150/200 MATLAB® code: thermal fluid pipe is segmented and viewed as
assembly of smaller pipes.

Length of pipelines 1 & 2, m - 200

Length of pipelines 3 & 6, m - 10

Length of pipelines 4 & 5, m - 40

Pipeline diameter, m 1.4 1.4

Pipelines 1 and 2: Elevation gain, m - 50

Pipelines 4 and 5: Elevation gain, m - 10 ) o

Pipelines 3 and 6: Elevation gain, m - 0 Required parameter inside pipe module
Aggregate equivalent length of local - 0.3

resistances, m

Pipeline wall thickness, m 0.025 0.025 Stainless steel 1.4301 [182]

Internal surface absolute roughness, m - 2-10°° Required parameters for thermal fluid pipe
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Heat transfer fluid HITEC HITEC Customized module

Pipe heat losses, MW - variable Simulation in due course

Max. working temperature, °C 500 500

Shape factor for laminar flow viscous - 64

friction, -

Laminar flow upper Re number limit, - - 2000 Required parameters for thermal fluid pipe module
Turbulent flow lower Re number limit, - - 4000

Nusselt number for laminar flow heat - 3.66

transfer, -

Model, cold side pump 36ENL-3 CS Fixed-displa- Simscape module

cement pump
with controller

Model, hot side pump

36ENL-1 SS Fixed-displa- Simscape module
cement pump
with controller

IHTS pump-1 operational parameters

Prim. Medium (lig.) HITEC XL  HITEC HITEC MS properties are f(T)
Work pressure (inlet/outlet), bar 1/6 1/6 15 Max. value [182]
Friction torque vs. max. pressure gain 0.6

coefficient, Nm/Pa

- - Boundary conditions for fixed-displacement pump module [182]

Nominal pressure gain, MPa - - 1.7
No-load torque, N-m - - 0.05 Boundary condition for fixed-displacement pump module [182]
Work temperature (inlet/outlet), °C 270.1 270 270 f(T), mechanical module
Medium vol. flow (inlet), m¥s 3.89 3.81 3.89
Medium mass flow, kg/s 7338.34 7189.98 7190 MATLAB® code: ideal value
Medium mass flow, pulse, kg/s - - 6660 Calculated, sensor data, average value
Medium mass flow, dwell, kg/s - - 418
Medium density (inlet/outlet), kg/m?3 1887.74 1887.81/ f(T) Customized module
1887.66
Medium velocity (inlet/outlet), m/s 2.53 2.47 2.50
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Nominal dynamic viscosity, Pa-s - - 0.00321

Pump angular velocity, rpm j _ 1500 Boundary condition for fixed-displacement pump module [182]
Volumetric efficiency at nominal conditions,- - - 0.94

Pump isentropic efficiency, - - 0.85 0.85 MATLAB® code

Pump mechanical efficiency, - - 0.998 0.998 MATLAB® code

Power consumption, MW - - 2.6 Calculated, sensor data

IHTS pump-2 operational parameters

Prim. Medium (lig.) HITEC XL  HITEC HITEC MS properties are f(T)
Work pressure (inlet/outlet), bar (1-2)/6 (1-2)/6 15 Maximum value
Friction torque vs. max. pressure gain 0.6
coefficient, N-m/Pa - - Boundary condition for fixed-displacement pump module [182]
Nominal pressure gain, MPa - - 1.7
No-load torque, N-m - - 0.05 Boundary condition for fixed-displacement pump module [182]
Work temperature (inlet/outlet), °C 465.1 465.01/ 465 f(T), mechanical module
465.22
Medium vol. flow (inlet/outlet), m3/s 4.21 3.72 4.21
Medium mass flow, kg/s 7322.38 6481.69 6481 MATLAB® code: ideal value
Medium mass flow, pulse, kg/s - - 5920 Calculated, sensor data, average value
Medium mass flow, dwell, kg/s - - 7980
Medium density (inlet/outlet), kg/m3 1740.74 1740.82/ f(T) Customized module
1740.66
Medium velocity (inlet/outlet), m/s 2.73 2.42 2.70
Nominal dynamic viscosity, Pa-s - - 0.00321
Pump angular velocity, rpm _ . 1500 Boundary condition for fixed-displacement pump module [182]
Volumetric efficiency at nominal conditions,- - - 0.94
Pump isentropic efficiency, - - 0.85 0.85 MATLAB® code
Pump mechanical efficiency, - - 0.998 0.998 MATLAB® code
Power consumption, MW 3.0 Calculated, sensor data

Table A6.2: DEMO Intermediate Heat
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Table A6.3 Beginning

Quasi-stationary Dynamic
Parameter simulation simulation
Ref. [100] Ref. [84] Value Comment
PCS-SG2-PH
Prim. Medium Water (lig.)  Water (lig.)  Water (lig.)
Sec. Medium HITEC (lig.) HITEC (lig.) MS heat flow Input only as temperature source, no input as fluid
Prim. inlet/outlet diameter, m 0.5 0.5 0.5
Heat transfer area, m? - 6074.1 6074
Length, m - 22.55 22.55 Tubes length in PH is equal to length of one simple fluid pipe.
Cross-sectional area, m2 - - 0.2 Required parameter inside module
Aggregate equal length of local resistances,m - - 2.2 0.1 - total pipe length
Internal surface absolute roughness, m - - 15-10°® Required parameter inside module
Laminar flow upper Reynolds number limit,- - - 2000 Required parameter inside module
Turbulent flow lower Reynolds number - - 4000 Required parameter inside module
limit, -
Laminar friction constant for Darcy friction - - 64 Required parameter inside module
factor, -
Nusselt number for laminar flow heat - - 3.66 Required parameter inside module
transfer, -
Global heat transfer coefficient, W/(m2.°C) - 819.63 820 Rounded value
Convection heat transfer coefficient of water - 21943.8 21943 Heat transfer area and overall heat transfer coefficient are
(tube side), W/(mz2-°C) required for convective heat transfer module coupled to PH.
PCS-SG2
Prim. Medium Water /steam Water/steam \Water/steam
Sec. Medium HITEC HITEC MS heat flow Input only as temperature source, no input as fluid
Prim. inlet/outlet diameter, m 0.5/0.6 0.5/0.6 0.5/0.6
Heat transfer area, m? - 7722.9 7723
Global heat transfer coefficient, W/(m2.°C) - 1697.74 1700
Total fluid volume, m?3 - - 7812 Multiplying vol. flow of 1.085 m3/s with time of 7200 s
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Convection heat transfer coefficient of water - 195004.3 195004 Heat transfer area and overall heat transfer coefficient are
(tube side), W/(m2.°C) required for convective heat transfer module coupled to SG.
Convection heat transfer coefficient of - 8728.6 8729 Shell-side convective heat transfer over tube bundle is
HITEC (shell side), W/(m?-°C) considered.
PCS-SG2-SH
Prim. Medium Steam Steam Steam
Sec. Medium HITEC HITEC MS heat flow Input only as temperature source, no input as fluid
Prim. inlet/outlet diameter, m 0.6/0.7 0.6/0.7 0.6/0.7
Heat transfer area, m? - 5039.2 5040 Rounded value
Length, m - 24.98 25 Tubes length in SH is equal to length of one simple fluid pipe
Cross-sectional area, m? - - 0.28 Required parameter inside module
Global heat transfer coefficient, W/(m2.°C) - 912.77 913 Rounded value
Convection heat transfer coefficient of - 17764.3 17764 Heat transfer area and overall heat transfer coefficient are
steam (tube side), W/(m2-°C) required for convective heat transfer module coupled to SH.
Steam-steam-SR1-HX
Model Heat Heat Customized, Module design is simplified: heat transfer only through
exchanger exchanger thermal two- convection.

phase fluid pipe  Module models a super-heater that increases temperature of

module steam beyond saturation.
Prim. Medium Steam Steam Steam
Sec. Medium Steam/water  Steam/water -
Prim. inlet/outlet diameter, m 2.2 2.2 2.2 Hydraulic diameter
Total pipe length, m - - 25 Required parameter inside module
Pipe area, m2 - - 3.8 Required parameter inside module
Aggregate equal length of local resistances,m - - 25 0.1 - total pipe length
Internal surface absolute roughness, m - - 15-10° Required parameter inside module
Laminar flow upper Reynolds number limit,- - - 2000 Required parameter inside module
Turbulent flow lower Reynolds number - - 4000 Required parameter inside module

limit, -
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Laminar friction constant for Darcy friction - - 64 Required parameter inside module
factor, -
Nusselt number for laminar flow heat - - 3.66 Required parameter inside module
transfer, -
Convective heat transfer area, m? - - 2520 Required parameter inside module
Heat transfer coefficient, W/(m-°C) - - 913 Required parameter inside module
Steam-steam-SR2-HX
Model Heat Heat Customized, Module design is simplified where heat transfer is applied only
exchanger exchanger thermal two- through the convection.
phase fluid pipe  Module models a super-heater that increases temperature of
module steam beyond saturation.
Prim. Medium Steam Steam Steam
Prim. inlet/outlet diameter, m 2.2 2.2 2.2 Hydraulic diameter
Total pipe length, m - - 25 Required parameter inside module
Pipe area, m2 - - 3.8 Required parameter inside module
Aggregate equal length of local resistances,m - - 2.5 0.1 - total pipe length
Internal surface absolute roughness, m - - 15-10° Required parameter inside module
Laminar flow upper Reynolds number limit,- - - 2000 Required parameter inside module
Turbulent flow lower Reynolds number - - 4000 Required parameter inside module
limit, -
Laminar friction constant for Darcy friction - - 64 Required parameter inside module
factor, -
Nusselt number for laminar flow heat - - 3.66 Required parameter inside module
transfer
Convective heat transfer area, m2 - - 2520 Required parameter inside module
Heat transfer coefficient, W/(m-°C) - - 913 Required parameter inside module

167



Table A6.3 Continuation

PCS Turbine
Prim. Medium Steam Steam Steam
High pressure fluid flow area (inlet/outlet), - - 0.38/3.8
m2
Low pressure fluid flow area (inlet/outlet), - - 3.8/380 Inlet/outlet fluid flow area for turbines is calculated using
m2 inlet/outlet diameter.
PCS Condenser
Prim. Medium Cooled Cooled Steam/
water water cooled water

Pipe area, m2 - - 0.16 Required parameter inside module
Pipe cross-section area, m?2 - - 380/3.8 Terminal A/B
Heat transfer area, m2 - 61648.3 61648
Global heat transfer coefficient, W/(m-°C) - 1537.90 1540 Rounded value
Volume of condensed water, m3 - - 17713 Required parameter inside module.

Condenser volume is reduced to a min. value by reducing

volume of condensed water, being calculated.

PCS feedwater pump

Prim. Medium Water Water Water
Cross section area, m2 - - 0.16 Inlet A / Outlet B terminal

Abbreviations

PCS - Power Conversion System
PH - Pre-heater

SG - Steam generator

SH - Super-heater

SR - Steam Re-heater

Table A6.3: DEMO Power Conversion System design parameters.
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Table A6.4 Beginning

Quasi-stationary Dynamic
Parameter simulation simulation
Ref. [100] Ref. [84] Value Comment
Gross power (pulse/dwell), MW - 808/730 Start phase: Defined using power sensor after load coupled to HP and LP
(downstream 651/560 steam turbines.
5HP/4 LP Stable operation: One HP and LP steam turbine is considered.
steam turb.) 563/548
Net power (pulse/dwell), MW - 659/713 -
- 36.5/30.7 30-35 Rankine Cycle efficiency

Gross/Net efficiency,%

Model

Module provides fluid properties to attached two-phase fluid
network. Fluid property tables are two-dimensional arrays in
which the rows correspond to normalized liquid internal energy
vector or normalized vapor internal energy vector, and the
columns correspond to pressure vector. Saturated liquid specific
internal energy vector and saturated vapor specific internal
energy vector are one-dimensional arrays with same length as
pressure vector.

Water/steam properties

Minimum valid specific internal energy, - - 25

kJ/kg

Maximum valid specific internal energy, - - 4000
kJ/kg

Pressure vector, bar - - 0.01-1000
Critical pressure, bar - - 220.64
Thermal transport properties near critical - - Peak values are clipped
point, -

Fraction above and below critical pressure - - 0.12

for clipping, -

Atmospheric pressure, bar - - 1.013
Dynamic pressure threshold for flow - - 0.01

reversal, Pa
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Liquid properties

Model - - Source code
Normalized liquid internal energy, - - - -luptoO Vector
Liquid specific volume, m3/kg - - 0.001 -0.00102  Table
Liquid specific entropy, ki/(kg-K) - - 0.091 - 0.544 Table
Liquid temperature, K - - 279.097-796.167 Table
Liquid kinematic viscosity, mm/s - - 1.474-0.127 Table
Liquid thermal conductivity, W/(m-K) - - 0.569 - 0.376 Table
Liquid Prandtl number, - - - 10.871-0.930 Table
Saturated liquid specific internal energy, - - 29.297-2240.407 Vector
kJ/kg

Steam properties
Model - - Source code
Normalized vapor internal energy, - - - 1-2
Vapor specific volume, m3/kg - - 129.178 - 0.006  Table
Vapor specific entropy, kd/(kg:K) - - 8.974- 6.790 Table
Vapor temperature, K - - 280.119-1353.073  Table
Vapor kinematic viscosity, mm?/s - - 1181.750 - 0.347 Table
Vapor thermal conductivity, W/(m-K) - - 0.017 - 0.257 Table
Vapor Prandtl number, - - - 1.005 - 0.663 Table
Saturated vapor specific internal energy, - - 2384.488 - Table
kJ/kg 2240.407

H20-MS-SG2-PH

Model Heat Heat Customized thermal liquid pipe module. Module design is
exchanger exchanger simplified where heat transfer is applied only through
convection. Pipes contain a constant fluid volume and operating
temperature/pressure are based on liquid compressibility and
thermal capacity.
Prim. Medium water (lig.)  water (lig.)  water (lig.)
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Sec. Medium HITEC (lig.) HITEC (lig.) No circulation of HITEC
Prim. Work pressure (inlet/outlet), pulse 130.5 (130.7/ 125.697/ 126 Prim. Work pressure is 121 bar/126 bar
operation, bar 129.71) 125.37
Prim. Work pressure (inlet/outlet), dwell - - 139 Prim. Work pressure is 134 bar/139 bar
operation, bar
Prim. Work temperature (inlet/outlet), °C 235.47 258.78/ 259/323 Rounded values
/1325.04 322.95
Sec. Work temperature (inlet/outlet), °C 339.48/304.2  336.0/309.67 336 Secondary inlet temperature of HITEC is assumed as heat input
(-/304.21) source for SG 2 PH.
Sec. Work temperature difference, °C 35.21 26.33 20 Temperature difference is calculated using sensor data.
Prim. Medium mass flow (pulse/dwell), kg/s 842.06/ 718.88/ 710/710 After 30 s
421.03 821 597/578 At 3500 s (stable)
Prim. Medium density (inlet/outlet), kg/m3  829.36/ 795.26/ f(T,p) Calculated at inlet of PH using mass flow rate sensor.
657.88 662.54 Dependent on water/steam properties module.
Heat flow, MW - - 104 At 3500 s
Calculated using heat flow sensor.
Heat losses through convection are considered.
During dwell time heat flow in PH is not considered.
H,O-MS-SG2
Model block Heat Heat Customized steam boiler type with one fluid in two phases
exchanger exchanger (water and steam) that are not mixed together
with with Simscape module includes a heat transfer sensor and a
Prim./Sec. Prim./Sec. temperature input source.
fluids fluids Fluid in SG exists as a saturated, homogenous mixture of steam
and water at uniform pressure.
SG module has a constant volume of saturated fluid in a two-
phase fluid network, whereas volume is divided into saturated
vapour and saturated liquid.
Liquid volume fraction, - - - 0.7 Liquid level inside SG2 is given as volume fraction inside
saturated chamber.
It is equal to quotient between water amount and total fluid
volume.
Liquid volume fraction levels between 0.4-0.9 are studied.
Prim. Medium Water/steam \Water/steam No circulation of HITEC
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Sec. Medium HITEC (lig.) HITEC (lig.)

Prim. Work pressure, pulse (inlet/outlet),bar 130.3 (131.71

125

Prim. Work pressure is 121 bar/125 bar

Prim. Work pressure, dwell (inlet/outlet),bar -

138

Prim. Work pressure is 134 bar/138 bar

325.04/331.04 322.95/328.04
330.68/330.66

Prim. Work temperature (inlet/outlet), °C

323/328

Sec. Work temperature (inlet/outlet), °C 426.67/339.48 425.89/336

426

Sec. Work temperature difference, °C

114

Secondary inlet temperature of HITEC is assumed as heat input
source for SG 2. No outlet temperature is required explicitly.
Temperature difference is calculated using measuring sensor.

Prim. Medium vol. flow (inlet/outlet), m3/s

1.085

Heat flow, pulse/dwell, MW

1424/1395

3500 s/7300 s : Calculated using data from heat flow sensor

H>0O-MS-SG2-SH

Customized thermal liquid pipe module. Module design is
simplified where heat transfer is applied only through
convection. SH is used for generation of steam with respect to
power production. Unidirectional flux exchange is considered.
Pipe contains a constant fluid volume and operating
temperature/pressure are based on liquid compressibility and
thermal capacity.

Prim. Medium

Steam

Sec. Medium HITEC (lig.) HITEC (lig.)

No circulation of HITEC

Prim. Work pressure (inlet/outlet), bar 125.37/125.12

129.68/124.69

125

Prim. Work pressure is 121 bar/125 bar

Prim. Work pressure, dwell (inlet/outlet),bar -

138

Prim. Work pressure is 134 bar/138 bar

Prim. Work temperature (inlet/outlet), °C 331.04/445.82 328.04/448.48

328/448

Sec. Work temperature (inlet/outlet), °C 465.22/426.67 465.22/425.89

465

Sec. Work temperature difference, °C

17

Secondary inlet temperature of HITEC is assumed as heat input
source for SG2 SH. No outlet temperature is required explicitly
Temperature difference is calculated using measuring sensor.

Heat flow, pulse, MW

66

At 3500 s

Calculated using heat flow sensor.

Heat losses through convection are considered.

During dwell time, heat flow into SH is not considered.
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Steam-steam-SR1-HX

Model Heat Heat Customized, Module design is simplified where heat transfer is applied only
exchanger exchanger thermal two- through the convection.
phase fluid pipe  Module models a super-heater that increases temperature of
module steam beyond saturation. Fluid inertia is not considered.

Prim. Medium Steam Steam Steam

Prim. Work pressure (inlet/outlet), bar 11.88/11.57 10.75 10.7/10.5 Initial steam pressure

Prim. Work temperature (inlet/outlet), °C 187.51/251.04 183.031/250.40 185 Initial steam temperature

Sec. Work temperature (inlet/outlet), °C 329.68/272.33 336.71/271.02 336.71/271 Furnace temperature

Phase change time constant, s - - 0.1 Required parameter inside module

Steam-steam-SR2-HX
Model Heat Heat Customized, Module design is simplified where heat transfer is applied only
exchanger exchanger thermal two- through the convection.
phase fluid pipe  Module models a super-heater that increases temperature of
module steam beyond saturation. Fluid inertia is not considered.

Prim. Medium Steam Steam Steam

Prim. Work pressure (inlet/outlet), bar 11.57/11.25 10.49 10.4/10.2 Initial steam pressure

Prim. Work temperature (inlet/outlet), °C 251.04/307.15 250.40/306.64 250 Initial steam temperature

Sec. Work temperature (inlet/outlet), °C 441.11/328.46 441.87/323.33 441.87/323 Furnace temperature

Phase change time constant, s - - 0.1 Required parameter inside module

Steam turbines
Model Steam Steam Turbine module  Pressure drop and flow rate are scaled from specified nominal
turbines turbines in a two-phase operation condition. Pressure and temperature data are based on
fluid network compressibility and thermal capacity of vapour pressure.

Load - - Calculation of Mechanical conserving port of torque sensor is coupled to
mechanical conserving port of HP and LP steam turbines. Shaft speed is
power down- applied to physical signal port of an ideal angular velocity
stream HP and source. Torque relative to shaft speed is measured at sensor port,
LP steam turbine whereas the measured torque and shaft speed are converted into

mechanical power via conversion factor in gain block.

Prim. Medium Steam Steam Steam
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Number of HP/LP turbine stages 5/4 5/4 11 Single stage of HP/LP steam turbine is considered. Feedwater
heaters for partly extraction of steam are not considered

Work pressure, pulse (HP inlet/outlet), bar ~ 130/11.88 121.43/10.75 121/11 Pressure is rounded to a whole number

Work pressure, dwell (HP inlet/outlet), bar - - 134 Required parameter inside module

Work pressure, pulse/dwell (LP inlet/outlet), 11.25/0.049 10.75/0.046 11/0.046 Pressure is rounded to a whole number

bar

Inlet nominal volume, HP turbine, m3/kg - - 0.014 Required parameter inside turbine module

Inlet nominal volume, LP turbine, m3/kg - - 0.19 Required parameter inside turbine module

Medium mass flow, HP inlet/outlet, pulse,  842.06/ 718.88/763.1 660/597 Only at inlet of HPT: After 30 s/At 3500 s (stable). Inlet mass

ka/s 856.36 flow of 719 Kkg/s is inserted inside the module as boundary
condition. Calculated via mass flow rate sensor.

Medium mass flow, HP inlet, dwell, kg/s - 821 655/578 Only at inlet of HPT: After 30 s/At 3500 s (stable). Inlet mass
flow of 719 kg/s is inserted inside the module as boundary
condition. Calculated via mass flow rate sensor.

Medium mass flow, LP inlet/outlet, pulse, 808.69/739.39 724.25/666.65 Only at outlet of LPT: After 30 s/At 3500 s (stable). Inlet mass

ka/s 660/597 flow of 724 Kkg/s is inserted inside the module as boundary

Medium mass flow, LP outlet, dwell, kg/s - 638 condition. Calculated via mass flow rate sensor.

Max. PCS output, MWmech 1009 - 200 Theoretical output for each turbine

ST isentropic efficiency, - 0.88 0.88 0.88

ST mechanical efficiency, - 0.998 0.998 0.998

Feedwater pump

Manufacturer KSB KSB - Feedwater pump is replaced and simplified. Control mass flow
rate source with a PI controller. Module represents an ideal
mechanical energy source in a two-phase fluid network that can
maintain a controlled mass flow rate regardless of pressure
differential. No flow resistance and no heat exchange with
environment is supposed. When liquid level of SG achieves set-
point, controller forms the nominal mass flow rate signal, which
maintains liquid level through mass flow rate.

P1 Controller - - K, = 50000 Pump controller: Module implements continuous-time PI control

Ki=0.01 algorithm, includes advanced feature “anti-windup”. Varied

K,= 0.01,100, 50000 and K; = 0.01-50000 [225].
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Back-calculation coefficient Ky, - - - 1 Required parameter inside module
Prim. Medium Water (lig.)  Water (lig.)  Water (lig.)
Pump isentropic efficiency, - 0.85 0.85 - Isentropic, no value is required
Condenser
Model Not same Not same Heat exchanger  Module models a condenser that rejects heat from saturated
design as SG design as SG  with same steam and collects condensate. Condenser transforms dry steam
module design as coming from LP steam turbine to liquid in form of condensate.
steam generator ~ Steam is condensed over the tubes through which cold water
flows. Water is pumped through tubes with steam, which
condenses and is collected at bottom in a hot well. Water in tubes
flows back to cooling tower.
Prim. Medium Steam/water  Steam/water  Steam/water
Liquid volume fraction, - - - 0.2/0.01/0.99 Initial/Min/Max
Prim. Work pressure (inlet/outlet), bar 0.049 0.046 0.046 Considered as initial inlet, saturation pressure
(0.05/0.04)
Sec. Work temperature (inlet/outlet), °C 20 (32.52)/ 20 (26.90) 20 Secondary initial inlet temperature of water is used as coolant
27.52 (30.61) input source.
Total fluid volume, m3 - - 17713 Per second, taken from vol. flow
Prim. Medium mass flow (pulse/dwell), 739.39/ 667/677 710/710 After 30 s/At 3500 s (stable).
ka/s 369.70 597/578 Calculated at outlet of steam condenser using sensor data.

Abbreviations:

HX — Heat Exchanger
MS — Molten Salt

PH — Pre-heater

SG — Steam Generator
SR — Steam Re-heater

Table A6.4: DEMO Power Conversion System operational parameters.
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A.7 MATLAB®/Simulink Custom Library: Rankine Cycle model

The sketch of the model of a steam turbine system, which is based on the Rankine Cycle, is
presented in Fig. A7.1. It includes super-heating and re-heating, which are used to prevent
condensation at high-pressure and low-pressure turbines, respectively. The schemes of
feedwater pre-heater, steam boiler, condenser and re-heater modules from

MATLAB®/Simulink Custom Library are presented in Fig. A7.2-A7.5, correspondingly [215].
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Fig. A7.1: Sketch of MATLAB®/Simulink Rankine Cycle model [215].
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