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1 Introduction

Humanity needs more energy as it develops in time. However, the current energy
mix predominantly utilizes fossil fuel burning, which produces carbon dioxide. This gas
is not toxic, but it is one of the greenhouse gases responsible for global warming.
Therefore, the usage of the same fossil fuel technology is not sustainable. Alternative
fossil-free sources already provide us with cleaner energy but not all of them can cover
the rising demand and substitute fossil fuels at the same time. One of the ways could be

the use of nuclear energy. Nowadays, only nuclear fission power plants generate energy.

Nuclear fusion is the process in which two light nuclei are forced together to form
a larger nucleus, releasing a large amount of energy (the process powers the stars). This
process can be replicated on Earth in a device known as a tokamak. A toroidal vessel and
powerful magnetic fields are used to confine a hot plasma, allowing it to be heated to the
conditions required for fuel fusion (currently these are Deuterium and Deuterium

or Deuterium and Tritium, isotopes of Hydrogen).

JET, the Joint European Torus, is the world's largest operational tokamak and is
based in Culham, Oxfordshire. JET and its successor ITER, International Thermonuclear
Experimental Reactor (currently being built in Cadarache, France), provide critical steps
toward developing a Fusion Power Plant DEMO (DEMOnstration power plant), which is
expected to be completed in 2060'".

Tokamak plasmas, which lack the huge pressures generated by gravitational forces
in stars, require extremely high temperatures (typically 100 to 200 million °C) to achieve
the necessary conditions. When these conditions are combined with the output fusion
power, heat fluxes of up to 10 to 20 MW/m? must be dissipated in both the tokamak and
the auxiliary heating systems. The tokamak's divertor and first wall, are among the most
heavily loaded components in a fusion reactor. To put this in context, these heat fluxes

are typically an order of magnitude greater than those experienced in fission reactors.



2 High Heat Flux Cooling in Nuclear
Fusion Reactors

2.1 First Wall

The first wall (Figure 1) has one specific feature compared to other cooling systems.
Unlike original tokamaks, the breeding material for tritium production will have to be
present for a sustainable fusion reaction. This makes the Primary Heat Transfer System
(PHTS) even more complicated. The function of the coolant and the breeding material
cannot be fully separated, as the breeding material also absorbs thermal energy and still
needs to be cooled. The heat contained in the coolant is then transferred through Energy
Storage System (ESS) to Power Conversion System (PCS) via a steam generator or heat

exchanger to the medium that powers the turbine and generates electricity.

Several breeding blanket (BB) concepts have been proposed for future applications.
Though, only two of them, HCPB (Helium Cooled Pebble Bed) and WCLL (Water
Cooled Lithium Lead) are developed for the EU DEMO power plant [1] and will be tested
in ITER. Both use reduced activation steel, EUROFER97, as a structural material [2].

First Wall
Divertor @) EUROfusion

Figure 1: First wall and divertor in 2015 EU DEMO design [3].



2.1.1 HCPB

HCPB, Helium Cooled Pebble Bed (Figure 2), uses helium for cooling. The
breeding part consists of LisSiO4 (breeder material) and Be (neutron multiplier) beds
which are separated by cooling plates. These are cooled by two parallel symmetric He

flows. Helium is operated at p = 8 MPa, Ti, =300 °C and Tou = 500 °C [4].

This design simplifies the previous HCPB concept (as described in [5]) and

improves performance [4].

Double Cooling Back Shielding
Cap_ Plates plate (EUROFER)

Upper port
shield plug

W-armor
&FW

;V\ 2—+=lls- 520 mm, OB
r 125 '95 (230 mm,IB)

Figure 2: DEMO HCPB design [2]: a) elevation view, b) blanket toroidal cross-section, and c) detail of
the breeding part.

2.1.2 WCLL

WCLL, Water Cooled Lithium Lead, uses water for cooling at Pressurized-Water-
Reactor conditions which mean p = 15.5 MPa and T = 295-328 °C. Its breeding blanket
is cooled by the first wall (Figure 3) and the independent breeding zone cooling systems.

The first-wall cooling system can safely remove the plasma heat flux of 1.17 MW/m?.



Breeding, neutron multiplication and tritium carriage are provided by Lithium-Lead

(PbLi) which slowly flows radially through the breeding cells (Figure 4) [2].

Tungsten layer

135
piich

Figure 3: WCLL design with the detail of the first wall [6].

BZ cooling water

BZ cooling
tubes

450mm 1B module
800mm OB module

PbLi Manifold
Inlet

PbLi Manifold
Outlet

Toroidal | Back supporting structure |

Figure 4: WCLL design — breeding zone detail [7].

2.2  Divertor

Divertor is a part of the tokamak that is subject to the highest loads in terms of heat
flux. This part removes impurities and thus helps to keep the plasma clean. The magnetic
field in this area directs impurities from the vacuum vessel to the vertical targets, where
they are trapped and further discharged away. It is assumed that the maximum power
density on the targets will reach approximately 20 MW/m? during transients in 2-3
seconds and 1-10 MW/m? during steady state operation [8]. The cooling of the divertor

is therefore much more complex than for the first wall.



The common cooling systems cannot manage these loads and therefore new cooling

methods are developed to increase the heat transfer coefficient.

Boiling is commonly mentioned in connection with heat flux removal. The simple
principle is to create obstacles in the water flow that locally slow down the flow and due
to the high heat flux, evaporation and subsequent condensation occur, which has a large
impact on the heat transfer. There are many geometries and ways to achieve this
phenomenon. Chang [9] lists (Figure 5): a round tube with a twisted tape insert (swirl
tape), a round tube with a helical coil insert, a ribbed tube and a rectangular channel with
a hypervapotron, which seems to be promising and will be described deeper in the

following part.

Twisted tape

(a) Round tube with a twisted tape insert

Flow —»

(b) Rectangular channel with a hypervapotron

e
T
" 'U J) .’

Helical coil
(¢) Round tube with a helical coil insert

(d) Ribbed tube

Figure 5: Chang’s examples of High Heat Flux technology, (a) round tube with a twisted tape insert is

also known as swirl tape [9]

Baxi [10] focuses on helium cooling and names relevant methods enhancing heat
transfer: micro fins, porous media, jet impingement, particulate addition, swirl tape, 2D

roughness, 3D roughness, swirl rod insert and swirl rod insert with 2D roughness. Helium



is a great coolant from the safety perspective as it is chemically and neutronically inert

but 10 MW/m? may be an upper limit for the gas.

The disadvantage of these systems is the increase in pressure losses and thus the
greater demands on pumping technology. Possibly the latest technology concept comes
from Schwartz [ 11] who presented his Spiral Plate Module design (Figure 6) and managed

to demonstrate a very low pumping ratio.

Backing Target

Spiral

Housing Plate

(a)

I

()

Figure 6: Schwartz’s Spiral Plate Module. (a) assembly view, (b) cross-sectional view [11]

ITER uses water-cooled tungsten monoblocs as the divertor cooling system [12].

According to the 2020 DEMO concept, the tokamak’s divertor (Figure 7) consists
of a cassette body, a shielding liner, two reflector plates, and two vertical targets (the
inner and outer ones). These are assembled from water-cooled tubes with swirl tapes
inside, which improve heat transfer [13]. The divertor for the DEMO power plant will be
water-cooled because the high heat flux conditions on the divertor surface are beyond

helium cooling capabilities [2].



Figure 7: 2020 DEMO Divertor Assembly consisting of a cassette body, a liner, two reflector
plates (RPs), an inner (IVT) and an outer vertical target (OVT) [13]

During the pre-conceptual research and development phase of DEMO, the five
water-cooled target designs (Figure 8) were developed. Four of them were made of
tungsten mono-block on a copper cooling pipe, while the last one had a tungsten flat tile

on a copper composite cooling block. The designs were as follows:

e W mono-block joined with a CuCrZr cooling pipe and a Cu interlayer (“ITER-
like™),

e W mono-block joined with a CuCrZr cooling pipe and a Cu thermal break
interlayer (“Thermal break™),

e W mono-block with a W wire-reinforced Cu composite pipe (“Composite
pipe”),

e W mono-block joined with a thin (20 um) or thick (500 um) functionally
graded W/Cu interlayer (“FGM interlayer”),

e W flat tiles with a W particle-reinforced Cu composite heat sink block
(“Composite block™) [14].



ITER-like Thermal break Composite pipe  Graded interlayer
(Cu interlayer) (bores, notch) (W wire/Cu) (W particle/Cu)

g‘f W25/Cu?s D

(0.4mm)

1a

s

I Flat-tiles +
. ~ W_/Cu composite block

Cu (Imm)

cuczr(1smm)

Figure 8: Design features of the DEMO divertor target concepts [14].

2.3 Hypervapotron

Hypervapotron (Figure 9) is one of the most promising devices among high heat
flux (HHF) technologies. It is a channel with internal fins perpendicular to the water flow
which allows water to boil and therefore intensifies the heat transfer [15].

Longitudinal
LROGVES

Figure 9: Hypervapotron channel design with a cutout showing fins [16].
2.3.1 Principle of operation

The hypervapotron’s design makes use of fins of various diameters and shapes
(Figure 10) that are positioned parallel to the coolant flow (e.g. water). The coolant

evaporates among these fins (Figure 11) and condensates as soon as it enters the main



flow. This is subcooled boiling, which means the main flow temperature is below the
saturation temperature. Heat transfer depends on the flow parameters, coolant choice,
subcooling temperature and channel geometry. The temperature profile on fins is limited
by the Leidenfrost temperature' at the root and allowed to exceed the initial boiling

temperature at the fin tip [15].

Like this, the hypervapotron outperforms other cooling systems that utilize single-

phase fluid flow in terms of efficiency [17].

Number Fin shape Configuration
1 Sin curve W\
2 Rectangle with

fille WWU
3 Rectangle

4 Triangle o the (w/wvwwwwwvm

flow direction

5 Triangle i
against the "J\N R IRV ANAUANENENAVANAS AN AN AN AN AN

flow direction

6 Right  -angle

triangle W

Figure 10: Table of various fin shapes [18].

! The temperature when the evaporation time is the longest and the boundary between transition
boiling and film boiling of liquids.



Figure 11: Evaporation in HV-like groove [19].

2.3.2 Material

So far, copper has been used as the basic material in hypervapotron, which appears
to be suitable in terms of properties, particularly because of its high thermal conductivity.
The most common building material is CuCrZr, a hardened copper alloy with high
strength and hardness as well as the previously mentioned high electrical conductivity.
Copper is the most abundant element in this material (more than 99 %), with chromium
(0.8 %) and zirconium (0.08 %) being the least abundant. According to Ciric [20], the

maximum surface temperature load for this alloy is 450 °C.
2.3.3 History

The origin of hypervapotron is in vapotron technology, which was industrially
applied since the 1950s. Beutheret [21] described the Vapotron Effect (1-2 in Figure 12)
as a stabilized boiling process along a non-isothermal wall with fins, where the fin tip is
below the boiling temperature and the fin root has a temperature safely below the
Leidenfrost temperature. He further proposed a supervapotron design with fins located
parallel to the main flow. For this design, the fin root temperature is close to the

Leidenfrost limit and the fin tip exceeds the boiling temperature (3-4 in Figure 12).
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Figure 12: Boiling Curve of Vapotron (1-2) and Supervapotron (3-4) [15].

As it seems, the supervapotron’s fins were parallel to the flow which did not enter
the grooves. For that reason, Beutheret proposed to orientate the fins perpendicularly to

the flow and a hypervapotron was born.

It was further developed and only in 1980 appeared in a fusion-related report for
the first time. A French company Thompson CSF studied a rectangular design for the

JET’s actively cooled beam dumps of Neutral Beam Injection system [22].

2.3.4 Advantages compared to others

The hypervapotron seems to be one of the potential methods for removing the high
heat fluxes from fusion reactor components. Compared to so far examined cooling
devices (swirl fins, swirl tapes, porous coatings, ...), the hypervapotron has a greater

critical heat flux limit and lower pressure drop which means lower pumping power [15].
2.3.5 Experiments with HV

This chapter presents previous publications on hypervapotron experiments. The
goal is to get to know the experimental devices and specifically the heating methods

which were used.
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Cattadori G. (1993) — Hypervapotron Technique in Subcooled Flow
Boiling CHF

The work focuses on the hypervapotron effect and the related heat transfer
phenomena as a function of geometry and fluid thermal hydraulic conditions. The

geometry of the hypervapotron itself is tubular with external ribs and it is placed in a

transparent tube allowing camera use.

The circuit diagram of the test loop is shown in Figure 13.
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Figure 13: Scheme of Cattadori’s test loop

Heating applied to the hypervapotron works on the ohmic heating principle. The
direct current source is connected to power lugs as shown in Figure 14 and provided a

maximum of 50 kA and 160 V.
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Figure 14: Drawing of the test section

The achieved peak critical heat flux in this hypervapotron was 29.4 MW/m? for 7
mm high and 2 mm wide fins with 2 mm gaps. The used pressure was 0.9 MPa, velocity

9 m/s, inlet temperature 60 °C and subcooling temperature difference 115 °C [23].

Escourbiac F. (2003) Experimental optimisation of a hypervapotron
concept for ITER plasma facing components

This thesis checks the dependence of critical heat flux on the hypervapotron channel
width (to help the research of plasma-facing components for ITER). An important finding

is that critical heat flux decreases with increasing width.

Samples were manufactured from Glidcop AL25 (AlxO3) and tested in various

conditions [24].
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Figure 15: Section view of the tested design
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Figure 16: Opened hypervapotron channel HV40-1

As a heating source, a 200kW electron beam gun at European high heat flux facility
FE200 is utilized for this experiment. It was built in 1991 to test the plasma-facing
components under heat fluxes from 0.1 MW/m? to more than 100 MW/m?. A vacuum
testing vessel allows analysing devices connected to a cooling system — a water
pressurized loop operating at 0.2-3.3 MPa, 50-230 °C. More details are available in ref.
[25].

A removed peak heat flux of up to 25-30 MW/m? with an axial velocity of 4-6 m/s

was observed during these experiments [24].

Chen P. (2007) Heat transfer characteristics in subcooled flow boiling

with hypervapotron

Chen conducted an experimental study of subcooled boiling heat transfer with R-
134a in a cartridge-heated hypervapotron device. The hypervapotron fins he used are
consistent with Baxi’s [26] and Cattadori’s [23] design - fin height 3 mm, fin width 3
mm, fin pitch 6 mm. For heating, Chen used seven cartridge heaters (Figure 18) with a

total power of 5.25 kW which were inserted from the bottom of the test section.

Two characteristic boiling zones were identified during the boiling process in the
hypervapotron. Compared to the flat channel, the hypervapotron design increased the
critical heat flux by 40-50 %. The maximum achieved heat flux was approximately 850

kW/m?2[27].
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Figure 17: Scheme of Chen'’s test loop [27].
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Figure 18: Test section diagram [27].
2.3.6 Experimental loop

Gleitz [28] designed and built an experimental loop in the Energetics laboratory at
Czech Technical University (CTU) in Prague to analyse real subcooled boiling

mechanisms in hypervapotron. This thesis is mostly based on the need for sufficient
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heating of that hypervapotron and therefore the geometry and boundary conditions that

result from it.

The loop scheme is pictured in Figure 19. It starts with the hypervapotron channel
(1), which is heated by the heat flux source (2). Behind the channel, there is a safety valve
(3), followed by an expansion tank (4) and an induction flow meter (6). In the lowest
point of the loop, a filling/draining valve (5) is located. After the valve, water goes
through an electric boiler (7) which ensures the desired water temperature in the loop.
Then, a water pump (8) with a reverse bypass regulates the water flow. Before water
enters the hypervapotron channel again, it is cooled by a cooler (9) to precisely reach the

desired temperature.

L
Hypervapotron (000)
2 Cooler
+
o| 2 [
Heat flux source

Flow meter

7 Water Pump 8

6

Feed/outlet

Figure 19: Gleitz’s hypervapotron experimental loop with highlighted heat flux source

The loop operation is controlled by pressure, temperature, and flow at the inlet to

the channel.

Hypervapotron channel parts are manufactured from the stainless steel AISI 304,
1.4301 because of its low thermal conductivity (~10-30 W/(m.K)) and corrosion
resistance. Sealing and thermal insulation between the hypervapotron and the channel is

secured by plates of Klingersil C4400.
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The hypervapotron itself is made of CW106C (CuCrZr) alloy whose material

properties are very similar to pure copper.

Figure 20: CAD design: Section view of hypervapotron channel test section without the coil.
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3 Assignment Analysis

3.1 Description

The goal is to provide high heat flux to the hypervapotron sample instead of the
high heat flux coming from plasma. Some of the tokamak’s components are expected to
be exposed to up to 20 MW/m? heat flux which is a good reference and the best target for

the heating.

3.2 Heating methods

In common laboratory conditions, a working fusion reactor is not available, but a

few different heating methods listed below could be used instead.

3.2.1 Ohmic heating

insulator cap Heating
plate electrode

: |/

| —— —]

power ‘ current

Figure 21: Ohmic heating diagram

The ohmic heating method generates heat by current flowing through a heating

plate. The following formula describes the heating power:
P =1 (Va - Vb))
where P is power, [ is current and Vi, — Vy is the voltage drop across the plate.

SIET labs achieved heat fluxes of up to 30 MW/m?
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Graphite heater

Graphite heating works on the same principle; however, graphite is used as a
resistor generating lower heat fluxes — about a few MW/m?.
TC2-2
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Figure 22: Graphite heater diagram

This system has been demonstrated in the BESTH facility, TW3 and in Korea on a
KoHLT-1 project [29].

Cartridge heating

Cartridge heating makes use of the ohmic heating principle. The heating loop is
incorporated into a cartridge. This method can reach heat fluxes up to 1 MW/m?. One of

the studies which used this design is briefly described in chapter 2.3.5.
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Figure 23: Cartridge heating diagram [27].
3.2.2 Ion and electron beam guns

Ion and electron beam guns emit charged particles which generate heat while
colliding with the surface. Their heating power ranges from watts to a few megawatts.
Out of the mentioned methods, it dominates. On the other hand, the availability of beam

guns is limited.

Many facilities with beam guns operate for years and some of them were specially
built for testing plasma-facing components. One of those is the HELCZA facility (Figure
24) which was built to test the first wall panels for ITER by an electron beam. This
specific beam gun can generate up to 40 MW/m? heat flux (20 MW/m? for unlimited
cycles) [30].
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Figure 24: Main parts of HELCZA facility [30].

3.2.3 Induction heating

AC (Alternating Current) source supplies an alternating voltage to the coil and
creates an alternating magnetic field surrounding the target object. That causes the object

to heat in two ways: magnetic hysteresis losses and eddy current losses.

Figure 25: Scheme of an induction heating system in a longitudinal flux configuration

An eddy current is induced when there is a change in a magnetic field. This
produces heat by Joule effect thanks to the current flowing through the core and it is the
main heat source in induction heating. Hysteresis losses come from energy used for

magnetic particle positioning in magnetic materials [31] [32].

Induction heating is fast, efficient, controllable, consistent, repeatable, clean, and

safe. These advantages lead to wide industrial, domestic, and medical applications [32].
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The maximal reported heat flux of 2 MW/m? generated by induction heating for the
HYV experiment was achieved while analysing an HV mock-up for EAST tokamak [18].

3.3 Analysis result

An induction heating method was selected because it seems to be a promising

approach in our conditions. Also, it is easily available, unlike ion or beam gun machines.

The chosen system consists of an induction heater (Figure 26 and Table 1), a cooled

induction coil and a core which will be heated. The used coil is displayed in Figure 28.

1s/S0LID |-

Figure 26: Induction Heater (U.S. Solid 15 KW High Frequency Induction Heater 30-80 kHz)

Table 1 Induction Heater — Main Characteristics

Input Voltage Single Phase; 220 V or 110V
Max. Output Power 15 kW

Output Power 7 kW

Max. Heating Temperature 1200°C

Fluctuating Frequency 30 - 80 kHz

Fluctuating Heating Current 200 - 600 A

Thermal Insulation Current  |200 - 600 A

Cooling Timing

1 - 99 s(Auto)

Thermal Insulation Timing

1 - 99 s(Auto)

Heating Timing

1 - 99 s(Auto)

Flow Rate of Cooling Water

7.5 I/min; 0.06 — 0.12 MPa
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Lift of Cooling Water >30m

Water Temp. Protection Point |40 °C

Net Weight 25 kg

Dimensions 550 x 220 x 470 mm

Initially conducted induction heating tests with a copper alloy block did not appear
to be a working method. Therefore, the investigation started to simulate the induction and
generated heat flux in the original geometry. Later, the copper alloy block will be altered

and suggestions for improvements will be made.
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4 Multiphysics simulation

This chapter describes the multi-physics simulation software including EM
(electromagnetic) and CFD (Computational Fluid Dynamics) simulations. Ansys

programs are used since CTU in Prague provides students with its license.

Ansys offers a huge variety of programs for most fields of engineering, e.g.
programs for structure simulations (strength, elasticity, fatigue), fluid and gas flow
analysis (heat transfer, particle flow, freezing/fogging simulations), optics, acoustics and

other multiphysics calculations.

4.1 Ansys Electronics Desktop

Ansys Electronics Desktop is a platform that combines Ansys' electromagnetic apps
into a single graphical user interface. The program connects high-frequency (Ansys
HFSS, Ansys Savant, Ansys EMIT, Ansys Q3D), low-frequency (Ansys Maxwell, Ansys
RMxprt, Ansys PExprt) and circuit (Ansys Nexxim, Ansys Simplorer and Ansys Twin
Builder) simulation programs. The interconnection of programs also extends to the field

of cooling, specifically the Ansys Icepak program.

Ansys Electronics Desktop's unified environment combines accurate
electromagnetic analyses with frequently quite in-depth circuit-system simulations into a
simple yet effective whole. Individual programs' wide range of solvers makes it possible
to simulate extremely specific tasks and produce reliable results. It is possible to use
simulations from Ansys Workbench, Ansys Simplorer, or Ansys Twin Builder for multi-

physics solutions with other Ansys products.

Each program contains extensive libraries of materials and components that are
constantly expanding. Script creation using Python or Visual Basic provides complete

flexibility in design and resolution.

A program for making calculations in the area of low-frequency electromagnetic
fields is called Ansys Maxwell. Simulations are run using the finite element method
(FEM), which is generated adaptively. Both 2D and 3D can be used to solve problems
involving rotating and non-rotating machinery. The software supports simulations in the

time and frequency domain. Either a stationary or a non-stationary solution is possible.
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The tool can be used to generate the solved geometry using predefined elements or
it can import the geometry in CAD (computer aided design) format. Another approach is
to link directly to the Ansys Maxwell license's Ansys RMxprt and Ansys PExprt
programs. Solvers for electrostatic or electromagnetic simulations are available. The
definitions of the materials used in the library consider their nonlinearities, temperature,
and frequency dependences, eddy current effects, skin effects, demagnetization,
magnetostriction, or amorphous features. The library supports any type of data export and

import.

The program permits the solution of rotational and translational motion using time-
dependent simulations. The program's Circuit Editor module is used to build a particular
power supply. You can use the application to solve optimization problems by altering the
input settings. The program can be used as an input for multi-physical calculations of an
object's cooling or strength as well as for the design and solution of a specific machine

[33].

4.2 Ansys Fluent

Ansys Fluent is a 2D / 3D computer fluid dynamics (CFD) simulation tool. Its
characteristic feature is its versatile use from basic to physically complicated applications.
It offers physical models focused on modelling flow, turbulence, heat transfer and
chemical reactions for industrial applications — from airflow through aircraft wings and
furnace combustion to bubble columns on oil rigs, from bloodstream simulation to
semiconductor production or from the well-being of housing up to wastewater treatment
plants. Fluent covers a wide range, including specialized models with aero-acoustics
modelling capabilities, combustion in engine chambers, paddle machines and multiphase

systems [34].

4.3 Ansys Workbench

All customers of Ansys products can use the free Ansys Workbench environment,
which houses the full range of Ansys simulation programs. These include software
applications like Ansys Fluent, Ansys CFX, Ansys Mechanical, Ansys Maxwell, etc. as

well as specific tasks like geometry development, heat calculation, static analysis, etc.
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The block architecture makes it very simple to connect individual blocks, share
common data, generate different versions, and ultimately construct the full automated

process out of various blocks in this environment.

The various technologies are shown here as blocks that may be readily engaged and
connected by dragging the mouse. Flowcharts are then used to show projects as
interconnected systems. Because of this, the purpose of the simulation, the connections
between the data, and the stage of the project's analysis are all immediately clear. The
structure of blocks and mouse dragging enables the user to create multidisciplinary
analyses quickly and clearly while also guaranteeing automatic data flow, i.e. This
transfer is automatically ensured between the pertinent simulations, such as between

structural and current analysis.

All Ansys applications and solvers within this environment have access to the

Ansys Workbench's ability to parameterize individual blocks [35].
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5 Workbench setup

5.1 Workflow preparation

Geometry, Maxwell 3D and Fluent (with Fluent Meshing) systems are
consecutively added to the blank canvas. Geometry acts as a source of CAD data for
Maxwell 3D geometry and Fluent Meshing. Once Maxwell 3D analyses the simulation,
the Maxwell 3D solution is connected to the Fluent setup to transfer the EM losses. Fluent
maps them to its volumetric mesh and analyses the temperature profiles. The feedback
Iterator tool is then used to create a loop between Fluent and Maxwell 3D. Fluent sends
the simulated temperature data to Maxwell 3D which recalculates the losses according to
the received temperature conditions and sends the updated EM losses to Fluent for another
simulation. This loop runs until the average delta temperature of the geometries in Fluent

between the two consecutive iterations gets below 5 %.
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Figure 27: Workflow scheme in Ansys Workbench

5.2 Geometry

The hypervapotron sample is a part of the experimental channel and just the bottom
part, is accessible to the heating source. It appears to be the easiest to manufacture a
heated core with the hypervapotron sample as one piece but due to technical reasons, the
heated core is connected by silver brazing. That should offer negligible heat transfer

changes.
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Three similar core geometries are going to be simulated with the same 3turn coil
surrounding them. The heating coil is made of a 6mm tube which is bent to a rectangular
shape creating inner space with dimensions 65x30 mm. Geometry #1 consists of an HV
part and a core element. The HV part design comes from [17]. Geometry #2 has been
improved by additional steel plates on the sides of the core which are expected to boost
the total electromagnetic loss. Geometry #3 reflects the simulation results presented later.
As both Geometry #1 and #2 had accumulated most of the EM loss on the bottom, the
third geometry keeps the plates on the core and the entire core assembly is elongated in

the vertical direction. CAD renders and dimensions are provided in the figures below.

Figure 28: CAD design of Geometry #1 with the coil
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Figure 29: Geometry #1 dimensions
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Figure 30: CAD designs of Geometry #2 and Geometry #3 without the coil
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Figure 31: Dimensions of Geometry #2
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Figure 32: Drawing of Geometry #3
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6 Maxwell setup

After importing the geometry, a region surrounding the objects is created so that a
magnetic field has space to develop during the simulation. The region has 50% offset
padding in all directions except for the one where the coil ends. There it has 0% padding

because of the excitation which will be assigned later.

6.1 Solver type

The purpose of the simulation is to simulate excitation by an alternating current in
the coil creating a magnetic field. Therefore, the “Eddy Current” solver will be used.
This solver computes steady-state, sinusoidal magnetic fields at given frequencies from

the equation

V X - (V x H)] = jouiyH (6.1)

o+ jwe

where:

o is the conductor's conductivity [S/m].

w 1s the angular frequency [Hz].

¢ is the conductor’s permittivity [F/m].

H is the average magnetic field [A/m].

Uo 1s the permeability of free space (4E-7 H/m).

[, 1s the conductor's average relative permeability [H/m)].

Magnetic flux density, forces, torques, losses, and other derived quantities may be
calculated from the magnetic field. Ohmic losses in the structure are computed from the

induced current [36].

P, = I’R (6.2)

where:

P; is the power loss in a structure [W].
I; is the induced current in the structure [A].

R is the ohmic resistance [Q].

31



6.2 Material Assignment

The coil is for high conductivity reasons made of copper. The heated core is
manufactured from CuCrZr (CW106C), which is the same as the hypervapotron sample
material. CuCrZr alloy has a strength limit at 450 °C [20]. The side plates are made of
S235] steel. The surrounding region was defined as a vacuum because air parameters are

nearly identical.

For both CuCrZr and S235] materials bulk (electrical) conductivity is set as

temperature dependent — see Figure 33 and Figure .

Except for CuCrZr, all material properties are taken from Maxwell’s internal

material library.

Table 2: Material definition of copper.

Name Value Unit
Relative Permittivity 1
Relative Permeability 0.999991

Bulk Conductivity 58 000 000 | S/m
Mass Density 8933 | kg/m’
Composition solid

Table 3: Material definition of CuCrZr [37].

Name Value Unit
Relative Permittivity 1

Relative Permeability 1

Bulk Conductivity 43 000 000 | S/m
Mass Density 8910 | kg/m’
Composition solid

Cp (Specific Heat) 370 | J/(kg.K)
Thermal Conductivity 310 | W/(m.K)
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Figure 33: Temperature Dependence of CuCrZr Bulk Conductivity

Table 4: Material definition of steel S235J

Name Value Unit
Relative Permittivity 1

Relative Permeability 1

Bulk Conductivity 5434520 | S/m
Mass Density 7 849.9 | kg/m’
Composition solid

Cp (Specific Heat) 469.89 | J/(kg.K)
Thermal Conductivity 47.917 | W/(m.K)
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Figure 34}: Temperature Dependence of S235J Bulk Conductivity

Table 5: Material definition of vacuum

Name Value Unit

Relative Permittivity

Relative Permeability

Bulk Conductivity S/m

Dielectric Loss Tangent

Magnetic Loss Tangent

S |o || |O |

Mass Density kg/m?

6.3 Boundary conditions, excitations

There are no restrictions to the magnetic field generated by the coil on the structure
and there is no need to simulate the field going infinitely far. Therefore, the default
boundary conditions (Natural and Neumann) are kept. The natural boundary on the
structure interfaces means that a magnetic field is continuous there. Neumann boundary
on the outer faces of the region surrounding the structures forces the field to be tangential

to the boundary and flux cannot cross it [36].

Current excitations of 600 A are assigned to the coil terminals (one of the
assignments shown in Figure 34) which are connected to the induction heater. This

current is equal to the maximal stated current of the induction heater.
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Figure 34: A current excitation assignment on one of the coil terminals

6.4 Mesh definition

As mentioned previously, Maxwell generates the mesh autonomously but accepts

mesh construction guidance.

The first mesh operator “On Selection — Skin Depth Based” helps refine the mesh
right under the surface where eddy currents are expected as it is visible in Figure 35. Skin
Depth is a measure of current concentration at the surface of the selected subject. It is a
function of permeability, conductivity, and frequency. This operator is applied to the core
surface of Geometry #1 and to the uncovered core surface of Geometry #2 and #3. Also,

it is assigned to the steel plates’ surface in Geometry #2 and #3.

Figure 35: Demonstration of “On Selection - Skin Depth Based” Operator
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To increase the density of mesh elements in the whole vacuum region the “Inside
Selection — Length based” operator is used and limiting the maximal element size to 60

mm in all geometries.

Figure 36: Demonstration of “Inside Selection — Length Based” operator

Surface Approximation control is applied to the coil in all geometries because the

mesh would be unnecessarily fine while approximating the rounded shape [36].

6.5 Analysis setup and calculation

In the analysis setup, the simulation frequency of 30 kHz was set. Convergence is
controlled by a target Percentage Error of 1 %. It is a delta of energy between two

subsequent iterations.

First, Maxwell generates the coarse mesh and calculates the magnetic field, refines
the mesh, and calculates the field again. Then it compares the percentage error between
two calculations and if the target error is not met it continues with refining and

calculations.
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7 Fluent Setup

In Ansys Fluent, only the core part and hypervapotron sample are subjected to
further analysis. The coil is heating up during the induction heating but has an internal
cooling system and therefore does not affect the heating. The water flow in the
hypervapotron will be substituted by convective boundary conditions because the

simulation of subcooled boiling is not a focus of this work.

7.1 Meshing

The mesh quality significantly affects the accuracy and stability of the computation.

The observed attributes are skewness, orthogonal quality, and aspect ratio.

Skewness describes a deviation from a regular cell shape on a scale from 0
(excellent) to 1 (unacceptable). Maximum skewness values should be significantly lower

than 0.95. Cells with higher skewness might cause convergence issues and inaccuracy.

Orthogonal quality is an evaluation of angles among the face normal vector, the
vector connecting centres of two adjacent cells and the vector from the cell centre to each
of the faces. It ranges from 0 (unacceptable) to 1 (excellent). The minimum orthogonal

quality of mesh should be substantially higher than 0.02.

Aspect ratio is a measure of the stretching of the cell. Specifically, it is a ratio of
the longest cell edge and the shortest cell edge. The value ranges from 1 (excellent) to o

(unacceptable). For stable energy solutions, it should be kept below 35 [38].

It was recommended to generate mesh manually through the Outline view mode of
Fluent Meshing by Ansys’ technical support partner TechSoft Engineering. This common
procedure was initially followed but resulted in an unsuccessful electromagnetic loss
mapping. Due to that, the simpler Watertight Geometry workflow was applied because it
works for simple CAD geometries not requiring mesh clean-up or modifications. The
mesh type is polyhedral for all geometries. Above mentioned parameters of generated
meshes are listed in Table 6. The meshes seem to be of good quality as they reflect the

recommended values.
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A notable cell number increase in geometries #2 and #3 is caused by refinement

around the added plates.

Table 6: Main parameters of generated meshes

Geometry

Number
of cells

Maximum
skewness

Minimal
orthogonal
quality

Aspect
ratio

#1

44 573

0.26 0.20

9,5

#2

160 173

0.37 0.28

5.8

168 064

0.32

0.36

1,1

O]
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[

Figure 37: Section view of Geometry #1 mesh
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Figure 38 Section view of Geometry #2 mesh
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Figure 39 Section view of Geometry #3 mesh

7.2 Model

This simulation needs only an Energy transport equation. Ansys Fluent solves it in

the following form:

a 2 2 -2 - -
E[p[eﬂ’?]]+V-[pv(h+%)]=V-(keffVT—Zhj]j+reff-v]+5h (7.1)
j

7.3 Material assignment

The same materials as were used in Maxwell were assigned to the geometries in

Fluent. The core is CuCrZr and metal plates in Geometries #2 and #3 are defined as steel

S235J. Detailed material properties were presented in chapter 6.2

7.4 Boundary conditions

The following tables describe boundary conditions set to the hypervapotron sample

and heated geometry. The heated core surface is exposed to room temperature and
radiating. For simplification, the convection boundary condition was used with a

predefined heat transfer coefficient which approximately corresponds to the radiation.
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Table 7 Radiation boundary condition on core surface simplified to convection

Thermal Condition Convection
Heat transfer coefficient [W/(m2.K)] 20
Free stream temperature [K] 293.15

The outer faces of hypervapotron are insulated from the surroundings and therefore,

there is an adiabatic condition.

This thesis is solely focused on the heating and the heat conduction to HV. For that
reason, water was substituted by convective boundary conditions on the inner walls of

geometries.

The inner part of the hypervapotron consists of surfaces where the water is boiling
and where is not. The boiling occurs only on the walls among the fins. The boundary
condition setup is in Table 8 and is using heat transfer coefficient of 20 000 W/(m.K)
from Milnes’ thesis (Figure 40) [15]. The remaining wet surfaces cool down the
hypervapotron geometry too but the non-boiling convection (Table 9) is not that efficient
in comparison to the subcooled boiling. Thus, 500 W/(m.K) was set as the estimated local
heat transfer coefficient. This value will not significantly affect the heat flux from the
heated core to HV because it is by two orders of magnitude smaller compared to the one

for subcooled boiling.

Heater transfer coefficient (W/im-C)
L}
T

| L L 1
% Z00 400 800 800 1900
Local wall temp (C)

Figure 40 Heat transfer coefficient on the hypervapotron fins while boiling (Milnes [15] assumes

there is a typo on the vertical axis and the numbers are 10 000 times higher).
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Table 8: Wall boundary condition with boiling.

Thermal Condition Convection

Heat transfer coefficient [W/(m2.K)] 20 000

Free stream temperature [K] 432
Table 9: Wall cooling condition without boiling.

Thermal Condition Convection

Heat transfer coefficient [W/(m2.K)] 500

Free stream temperature [K] 323.15

The last but very important “boundary condition” or input information for the

simulation is the already calculated EM losses which are imported from Maxwell.

7.4.1 Sensitivity analysis for variable heat transfer coefficient

Due to uncertainties about the correct value of the heat transfer coefficient, a simple
sensitivity analysis was conducted for Geometry #2. There is a minor heat flux difference
between heat transfer coefficients 10 000 and 40 000 W/(m.K) of 2.6 W/m? (0.25%
increase for higher heat transfer coefficient (HTC)). This means that the exact heat flux

coefficient does not have to be known during subcooled boiling with a heat transfer

coefficient in the range from 10 000 to 40 000 W/(m.K).

Table 10: Sensitivity analysis for variable HTC

HTC Free stream Heat flux | Wall temperature
[W/(m.K)] | temperature [°C] | [W/m?] K]
10 000 432 1040,6 512.44
20 000 432 1042,7 477.37
30 000 432 1043,1 464.92
40 000 432 1043,2 458.44
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Figure 41: Sensitivity analysis for variable HTC in a plot

7.5 Calculation and convergence monitoring

During simulations energy equations residuals and average temperatures of whole
geometries were monitored. It was found that the solutions safely converge in about 25
iterations and the average temperature of the whole geometry was steady too. For the
feedback iterator calculations, a buffer of 100 iterations per individual calculation was set
up. An example of the residual monitoring from Geometry #1 calculation is in Figure 42.
It is also visible that Fluent was calculating only the energy equation. Other residuals
were of zero value at all times. That reveals Fluent is not able to provide any calculations

for the inviscid flow model and it calculates the heat transfer only with the laminar model.
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Figure 42: Energy equation residuals of Geometry #1 with three visible feedback iterations.
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Figure 43: Levelling out of the average temperature of Geometry #1 during the first iteration
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8 Results and comments

This chapter presents the key results of simulations for all three geometries. The
chapter is divided into two parts, the first showing EM losses in figures, the latter

presenting temperature gradients. The results are summarized in Table 11.

Table 11: Overview of losses and heat flux for all geometries

Geometry Flectromagnetic Heat ﬂ121x
oss [W] [KW/m?*|

#1 321.44 458.41

#2 683.71 997 34

#3 753.24 1103.76

8.1 EM Losses

45} shows the EM losses on Geometry #1 which appears to be the biggest (2.91.10°

W/m?) on the bottom and are almost non-existent (1.95 W/m?) on the upper core part. In

total, the EM loss on Geometry #1 is 321.44 W.

EM-Loss
[Wim*3]

2.9120E+09
l 2.7178E+09
2.523TE+09

2.3296E+09
2.1354E+09
1.9413E+09
1.7472E+09
1.5530E+09
- 1.3589E+09
1.1648E+09
9.7065E+08
7.7652E+08
5.8239E+08
3.8826E+08
1.9413E+08
1.9525E+00

Figure shows Geometry #2, which was improved by additional steel plates on the

Figure 45): EM losses on Geometry #1

sides. EM loss in the entire core part is 683.71 W.

44




EM-Loss
[Wim*3]

6.3358E+09
l 5.9134E+09
5.4910E+09

5.0686E+09

4 6462E+09
4.2239E+09
3.8015E+09

- 3.3791E+09
2 9567E+09

2.5343E+09

2. 1119E+09
1.6895E+09

1.2672E+09
8.4477E+08
4.2239E+08
9.8739E+00

Figure 46}: EM losses on Geometry #2

The last design, Geometry #3, has been lengthened by 11 m to make use of the
magnetic field below Geometry #1 and #2. It is visible in Figure that the improvement

helped and the total loss also improved by almost 70 W to 753.24 W.
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EM-Loss
[WimA3]

3.2747E+09
l 3.0564E+09
2.8381E+09

2 6198E+09
2 4014E+09
2 1831E+09
1.9648E+09
1.7465E+09
1.5282E+09

1.3099E+09
1.0916E+09
8.7325E+08
6.5494E+08
4 3663E+08
2 1831E+08
1.0654E+01

Figure 47}): EM losses on Geometry #3

8.2 Temperature gradients

Figure 44 and Figure 45 capture the resulting temperature gradient from Fluent
simulation in section views of Geometry #1. It is visible the highest temperature is in the
bottom part of the core where the losses were the largest. The heat flux transferred from
the core to the HV is 458.41 W/m?. It is calculated on the surface where the core and HV

are soldered — the pink line is marking the connection in 28}.
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g1-perpendicular
Static Temperature

4.80e+02
477e+02
473e+02
4.70e+02
4.66e+02
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4.5%e+02
4 56e+02
452e+02
4.49e+02
4.45e+02
[K]

Figure 44: Geometry #1 — Temperature gradient on section view perpendicular to water flow

g1-parallel
Static Temperature

4.80e+02

4.77e+02
4 73e+02
4.70e+02
4.66e+02
463e+02
4.59e+02
456e+02
4.52e+02

4.49e+02

4.45e+02

[K]

Figure 45: Geometry #1 — Temperature gradient on section view parallel to water flow

Geometry #2 temperature gradient in Figure and Figure 46 is similarly spread but
the temperatures are higher. Also, the plates helped to generate more heat. The total heat

flux going to the HV is 992.34 W/m?.
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g2-perpendicular
Static Temperature

547e+02
5.39e+02
530e+02
5.22e+02
513e+02
5.05e+02
4 96e+02
4.88e+02
4.79e+02

4.71e+02
4.62e+02
[K]

Figure 50): Geometry #2 — Temperature gradient on section view perpendicular to water flow

g2-parallel
Static Temperature

547e+02

539e+02
530e+02
5.22e+02
5.13e+02
5.05e+02
4.96e+02
4.88e+02
479e+02
471e+02
4.62e+02
[K]

Figure 46: Geometry #2 — Temperature gradient on section view parallel to water flow

Last, Figure and Figure 47 capture the temperature gradient in Geometry #3. These
figures clearly show how the core part is heating more than the shorter Geometry #2. The
resulting heat flux is the highest from all geometries, 1103.76 W/m?.
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g3-perpendicular
Static Temperature
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5.38e+02
5.29e+02
5.20e+02
5.11e+02
5.03e+02

4.94e+02
4.85e+02
4.76e+02
4.67e+02
[K]

Figure 52): Geometry #3 — Temperature gradient on section view perpendicular to water flow

g3-parallel
Static Temperature
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[K]

Figure 47: Geometry #3 — Temperature gradient on section view parallel to water flow
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All simulated geometries created almost even temperature gradients below HV fins
which is practical for accurate HV channel measurements and validation with other

researchers.

8.3 Verification with experimental measurements

The original purpose was to simulate and find the best geometry for the induction
heating system so that it could be manufactured, installed, and verified on the real
experimental hypervapotron sample. Unfortunately, that was not managed until the time

of the thesis submission and will be done later.

8.4 Further optimization

A few possible optimization approaches emerged from the research and above-

presented results:

1. Eddy-current loss depends on the size and shape of the core. The larger the
core, the bigger losses. It would be interesting to scale up the geometry and

observe differences because there is still some space under the channel

which could be used [31].

2. Eddy-current loss also depends on the resistivity of the magnetic core
material. Lower resistivity better allows the needed current flow. Therefore,
any future work can take that into account and give a chance to other

materials [31].

3. As seen in the figures, losses mostly appear where the coil and its magnetic
field are located. To make better use of the magnetic field, the core should

be mostly covered by the coil.

Aside from the thesis outcomes, it was proposed to the author to run further research

with electrical steel which is used in transformers.
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9 Summary

The objective of this thesis is an investigation of the heating system for the

experimental sample of hypervapotron.

The research part explains the current technologies for high heat flux cooling in
nuclear fusion reactors and how the hypervapotron might be applied as one of the
solutions. Hypervapotron is then described in detail including the principle of its
operation, history and directly related previous research. Also, the experimental loop is

characterized.

The introduction to this topic is followed by an analysis of the thesis assignment.
Out of the possible heat sources instead of hot plasma, induction heating was selected and
was further simulated using the Ansys software pack. The simulation flow consisted of
electromagnetic simulation in Ansys Maxwell, import of EM losses to Ansys Fluent
which simulates the heat conduction and a feedback iterator which takes the Fluent results

and uses them as input conditions for further iterations of the same simulation steps.

Geometry #1 was initially proposed and therefore simulated as the first. It resulted
in 321.44 W EM loss and 458.41 kW/m? heat flux conducted to hypervapotron. The first
improvement in creating Geometry #2 was the addition of steel plates on the Geometry #1
core sides. This helped and generated a total of 683.71 W in EM loss on the core assembly.
The heat flux delivered to the hypervapotron was 992.34 kW/m? which is a 116.5%
improvement compared to the first geometry. Both Geometry #1 and #2 simulation results
showed that most of the heat is generated at the bottom of the designs and therefore
Geometry #3 was designed. It is Geometry #2 assembly lengthened by 11 mm to cover
possibly unused magnetic field below the geometry. This geometry generated 753.24 W
of EM loss and 1103.76 kW/m? of heat flux which improved the second geometry heat
flux by 11.2 %.

This data will be validated by the real experiment later in a future thesis. In the end,

a few optimizations for further research were proposed.
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