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Spostovani bralci revije Journal of energy technology (JET)

Vetrna energija predstavlja enega izmed najbolj zanimivih in okolju prijaznih nacinov pridobivanja
elektri¢ne energije s pomocjo obnovljivih virov. Tehnologija pridobivanja - tako horizontalnih, kakor
tudi vertikalnih vetrnih turbin, je dobro poznana in se Se izboljSuje. Po podatkih iz leta 2017 je bila
svetovna proizvodnja elektri¢ne energije s pomocjo vetrnih turbin 515 GW; vsako leto kapaciteta
proizvodnje naraste za priblizno 10 %. V letu 2017 so s pomocjo vetra pridobili 1120 TWh elektri¢ne
energije, kar predstavlja 4,4 % svetovne proizvodnje elektri¢ne energije. V mnogih drZavah pred-
stavlja proizvodnja elektri¢ne energije s pomocjo vetrnih elektrarn zelo pomemben delez. Tako
na primer na Danskem s pomocjo vetrnic pridobijo kar 48 % vse elektri¢ne energije. Tudi nekatere
druge drzave, kot na primer Litva, Nem¢ija, Portugalska in Spanija, pridobijo na ta nacin ve¢ kot 15
% vse elektri¢ne energije. Najvecje vetrnice na svetu so prave velikanke, s premeri rotorjev preko
160 m in z elektricno mocjo blizu 10 MW. V Sloveniji imamo delujoci dve vegji vetrnici in manjse,
ki delujejo za lastno uporabo tam, kjer je tezko napeljati elektroenergetsko omrezje. S pomocjo vo-
dikovih in metanolovih tehnologij bi lahko uporabili vetrnice tudi za ogrevanje in hlajenje poslopij,
kakor tudi pridobili energijo potrebno za transport. V prihodnjih letih bi bilo potrebno v Sloveniji
bistveno povecati izrabo vetrne energije.

Jurij AVSEC
odgovorni urednik revije JET
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Dear Readers of the Journal of Energy Technology (JET)

Wind energy is one of the most interesting and environmentally friendly ways of generating elec-
tricity through renewable resources. The technology for the production of both horizontal and
vertical wind turbines is still improving. According to data from 2017, the global production of
electricity with wind turbines was around 515 GW; production capacity increases by approximately
10% each year. In 2017, wind power generated 1120 TWh of electricity, representing 4.4% of global
electricity production. In many countries, electricity generation from wind farms is essential; for
example, in Denmark, 48% of all electricity is generated by wind turbines. Some other countries,
such as Lithuania, Germany, Portugal, and Spain, acquire more than 15 % of their electricity from
the wind. The largest wind turbines in the world are giants with a rotor diameter over 160 m and
with an electric power close to 10 MW. In Slovenia, there are two larger wind turbines and smaller
ones operating for personal use where it is difficult to install electrical grids; there are far too few
of these. On the basis of hydrogen and methanol technologies we could use wind turbines also for
heating and cooling of buildings, and to obtain energy for transport. In the coming years, the use of
wind power in Slovenia should be significantly increased.

Jurij AVSEC
Editor-in-chief of JET
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NUMERICAL OPTIMIZATION OF BRAKE
DISCS FOR RAILWAY VEHICLES

NUMERICNA OPTIMIZACIJA ZAVORNIH
DISKOV ZA TIRNA VOZILA

Uro$ Grivc!, Simon Muhi¢3%

Keywords: Divided brake disc, computational fluid dynamics, brake disc temperature,
fluid-structure interaction, finite element analysis

Abstract

In this article, a systematic numerical optimization of brake discs for railway vehicles with comput-
er-aided engineering tools is presented. The main design parameters of brake discs were defined.
One-way fluid-structure interaction analysis was performed. Computational fluid dynamics soft-
ware tools were used to calculate heat transfer coefficients, which were transferred into thermal
transient finite element method analysis to predict brake disc temperatures during different brak-
ing scenarios. Systematic analysis of defined design parameters was made. With the help of com-
puter-aided engineering and numerical parametric design, it was possible to design and analyse
several innovative designs for brake discs, which enables energy and material savings.

® Corresponding author: Simon Muhi¢, University of Novo mesto Faculty of Mechanical Engineering, Na Loko 2,
SI-8000 Novo mesto, Slovenia, Tel.: +386 7 393 019, E-mail address: simon.muhic@fs-unm.si

1 KOVIS d.o.o0., Brezina 102, SI-8250 Brezice, Slovenia
2 University of Novo mesto Faculty of Mechanical Engineering, Na Loko 2, SI-8000 Novo mesto, Slovenia

3 SIMUTEH s.p., Sti¢na 113, SI-1295 Ivanc¢na Gorica, Slovenia
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Povzetek

V ¢lanku je prikazana sistemati¢na numeri¢na optimizacija zavornega diska za tirna vozila s
pomocjo orodij za racunalnisko podprt inZeniring. Definirani so glavni parametri za naértovanje
zavornega diska. lzvedena je bila analiza enosmerne interakcije stena-tekocina. Orodja za
numeri¢no dinamiko tekocin so bila uporabljena za dolocitev toplotne prestopnosti, ki je bila
prenesena v termi¢no simulacijo po metodi konc¢nih elementov za doloCitev temperature
zavornega diska v razlicnih scenarijih zaviranja. Narejena je bila sistemati¢na analiza vpliva
definiranih parametrov nacrtovanja zavornega diska. S pomocjo racunalnisko podprtega
inZeniringa in parametri¢ne numeri¢ne analize smo naredili ve¢ inovativnih oblik zavornih diskov,
ki isto¢asno omogocajo prihranke energije in materiala.

1 INTRODUCTION

Brake discs are a critical component found in almost all moving vehicles. Safety and reliability
are crucial for braking systems. Several types of brake discs are used in rail vehicles, which are
mainly divided into two groups: axle-mounted brake discs and wheel-mounted brake discs. Brake
discs are usually made from grey cast iron, nodular cast iron or steel, depending on the loads to
which they will be subjected.

The use of brake discs prevents the surface of the rolling wheel itself from braking, which is
significantly better for the wheels. This increases the lifespan and reduces stress on the wheels,
which are also among the most crucial components in rail vehicles. Divided brake discs were
developed to facilitate replacement of the brake discs, making the process less time consuming
and less expensive.

Brake discs used for rail freight vehicles are subjected to large fluctuations in temperature and
must accumulate and dissipate large amounts of energy due to high thermal and mechanical
loads. During braking, lower maximum temperatures and temperature gradients are preferred.
These are the main cause of brake disc deformations and stress. The stress caused by
temperature gradients is far greater than the stress caused by the braking moment as observed
from structural, finite element method (FEM), simulations. At the same time, it is also preferable
that ventilation losses due to drag be reduced. Ventilation losses are caused by the rotation of
the brake disc in the atmosphere. Air circulation is necessary for dissipating heat into the
environment, but high ventilation losses can cause high energy use only for air circulation.
Unfortunately, most of these parameters are contradictory. Low ventilation losses while
obtaining high thermal dissipation or low temperatures while having low mass are very hard to
achieve. This is where design parameters described in this paper come into consideration. With
an improved design, material and power savings are possible.

Computer-Aided Engineering (CAE), which covers the extensive use of computer software to
assist in engineering tasks and analyses, is increasingly evolving in engineering practice. It
includes software for the analysis of solids using the finite element method and software for
analyses of computational fluid dynamics (CFD), [1, 2, 3]. Current software packages enable
studies of coupled physics, known as one or two-way fluid-structure interactions (FSI). The CAE
software can also include add-ons to automatically optimize the analysed products, [4, 5, 6, 7,
8]. CAE analyses are critical in the development of products for achieving an optimized design of
the product in the virtual environment.

12 JET



Numerical Optimization of Brake Discs for Railway Vehicles

As described in [1], CFD and FEM analyses are appropriate for predicting real properties of the
brake disc. CFD and FEM simulation setup and loading conditions are described in [1, 2, 3, 4, 9,
10]. All these papers describe numerical analysis and comparison with real tests. There is also a
numerical comparison of full and ventilated brake discs in [2].

2 METHODOLOGY

The main subject of the presented research is an axle-mounted brake disc. There are two of
these brake discs mounted per axle of a freight rail vehicle with an axle load of 25 t per axle. The
goal of systematic optimization with CAE tools is an improvement of the brake discs efficiency
while lowering the mass of the disc. The mass of the brake disc is critical, as a lighter brake disc
has less rotational and translational inertia. Lower mass also means smaller production costs
because less energy and material are needed for the production of the brake disc.

Figure 1 presents a brake disc cutaway for easier presentation of parameters described in the
paper. The initial design of the brake disc before the CAE optimization process is presented in
the figure. The brake disc has a width of 170 mm, an outer diameter of 590 mm and the inner
diameter of 325 mm and 10 mm of wear material. These dimensions were fixed throughout the
optimization. The initial weight of the brake disc assembly was 145 kg. The top speed of the
analysed vehicle is 160 km/h.

Figure 1: Rail freight vehicle brake disc (initial design)

2.1 Governing equations

The CFD model is solved using the finite volume method with the Reynolds-averaged Navier-
Stokes equations (RANS) modelling approach. The computational domain is divided into small
volumes where the conservation equations for each volume are integrated. A system of discrete
algebraic equations is iteratively solved. The mathematical model used to describe a given
physical problem is a set of integral-differential equations and constitutive relations and initial
and boundary conditions. Conservation of mass in the general form of the mass conservation
equation could be written as [11]:
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dp .
% +V-(pv) =S, (2.1)
Conservation of momentum is defined with [11]:
I . _ .
a(pv) +V:-(pov) =-Vp+V-X) +pg +F (2.2)
Conservation of energy can be defined with [11]:
d - - R
5 PE) V- (V(PE +p)) = V| kepfVT — Z HiJj + (Teprv) |+ Sh (2.3)
Jj
For transient FEM analysis, the linear system could be defined with [11]:
[CHT} + [KI{T} = {Q(0)} (2.4)

3 DESIGN PARAMETERS AND NUMERICAL MODEL

. width =dW

Figure 2: Presentation of design parameters
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Figure 2 presents the main design parameters of the brake disc, which were varied and studied
in the presented research. Some of these parameters, such as dW and dD, are usually fixed by
the end-user. Other parameters (1 to 7) could be changed by the designer of the brake disc to
achieve the required performance of the brake disc. Parameters 1 to 7, represented in Figure 2
are:

1  Friction plate thickness: it can affect temperatures as heat input is located on it. With
increased thickness, lower temperatures are observed as a result of increased thermal
capacity. Although high thermal capacity is good, higher plate thickness causes higher
mass of the braking plate.

2 Additional net system cooling ribs: it was observed that thermal heat conduction is
increased with increasing height and width of these ribs.

3 Radius in the root of the main cooling ribs: it can increase the heat flux from the friction
plate towards the centre of the brake disc. The number of ribs itself is a design
parameter, but the number must be sufficient to carry the structural loads.

4 Small cooling ribs: they were developed using parametric design optimization.
Dimension parameters of cooling ribs are tuned by the use of transient thermal FEM
simulation. These small ribs increase the thermal capacity, and they were patented
during the design process, because of the large improvement in efficiency. They
combine low mass while lowering maximum temperature on the friction surface. These
can also be positioned with precision on the spots where they are needed based on
transient thermal simulations.

5 The number of mounting brackets: it was observed that maximum stress and
deflections are caused by temperature gradients and not by the actual braking torque
itself. Phenomena such as thermal banding, hot-spotting and thermal cracking are
thought to be the main reasons for disc failure, [6]. In fact, braking torque of around
8000 Nm per brake disc loads the brake disc only slightly. That is why the number of
mounting brackets could be reduced from 12 to 6 as there were some great weight
savings made by this reduction. There is another benefit of reducing the number of
mounting brackets. That is the increased flow of air through the brake disc, but it caused
larger ventilation losses. Some of the cooling ribs are designed for lower air resistance
to obtain preferred properties.

6 Some additional weight savings were made by reducing the size of the bracket which
connects two halves of the brake disc.

7  Wear limit is presented. It was fixed at 10 mm.

The ANSYS CFX commercial software package was used for CFD simulations. CFD analyses were
used mainly to determine wall heat transfer coefficient values and ventilation losses. Previous
research proved that prediction of ventilation losses corresponds with real measurements [1, 9].
The material of the brake disc is EN-GJL-250 grey cast iron which has a relatively high thermal
conductivity of 60 W/(mK), but it has a relatively low density of 7.2 kg/dm?. There are also other
material choices, such as nodular cast iron or CrMo steel, [7]. The choice of material is based on
its mechanical properties, cost, and thermal diffusivity.
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Numerical mesh, used for CFD simulations, represents the surrounding air and a rotating domain.
Domain size was proven to be large enough not to have any effect on the results. The mesh has
fine inflation layers on the walls to capture high-pressure gradients and heat transfer. The
domain was decomposed into six subdomains for better control over the mesh, [1]. The
innermost domain was meshed with tetrahedral and other domains with hexahedral elements.
By continuous refining of the mesh, we found that the solution, independent of the
computational mesh, could be calculated with the mesh with 13.8 million elements.

Figure 3: Numerical mesh for CFD simulation

Results from CFD simulations were then used as boundary conditions in transient thermal FEM
simulations (one-way Fluid-Structure Interaction simulations). Figure 4 presents the heat
transfer coefficient (HTC) contour transferred from CFD software for one of the analysed cases.
The heat input of 550 kW peak at a braking time of 2 s was set on friction surface where brake
pad touches the brake disc for an emergency brake scenario: 89% of the total energy was set to
be absorbed by the brake disc, and 11% by the brake pad, [1]. The total breaking time for the
emergency brake scenario was 40 s. The drag brake scenario is a longer type of braking, which is
based on constant heat inputs of 20, 30, and 40 kW. This scenario simulates a train braking
downbhill, maintaining a constant velocity of 70km/h. This braking scenario takes 34 minutes from
start to finish in which the velocity of the disc remains constant. Both braking scenarios were
simulated on new and worn-out brake discs. The worn-out brake disc model had 10 mm thinner
braking plates, which resembled a brake disc that is at the end of its lifecycle and should be
changed. Meshes were tested for all cases, and the results are independent of the computational
mesh.
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4
41

Figure 4: Model used for transient thermal analyses

PRELIMINARY STUDY OF PARAMETRIC DESIGN STRATEGIES

Net pattern cooling ribs

Figure 5 represents parametrized net cooling ribs. Net cooling ribs are small ribs that connect
larger load-bearing ribs. These are arranged as a net pattern, which explains their name. The
temperature chart represents maximum emergency brake temperatures on the friction surface.
On the figure, the left-most cooling rib has no net rib. On the right-most cooling rib, the net rib
is optimized based on the mass-to-heat flux ratio. The cooling rib had a fixed width, but the
height and radius were variables. This simulation was done on a very small subsection, so
numerous different designs were analysed.

— Without net
—6 mm

— 12 mm

—20 mm

— Eliptic net

—— 6mm Eliptic net

Is]

0 50 100 150 200 250 300

Figure 5: Net cooling rib design

It was observed that small intermediate cooling ribs like those presented in Figure 5 could
increase heat flow from the friction plate towards the centre of the brake disc. This helps to
lower the maximum temperatures given the same power input and material properties.
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4.2 Cooling rib height parameter

Figure 6 presents the average and maximum temperatures of the cooling rib during emergency
stop braking. It was observed that cooling fin length does not affect temperatures during short,
powerful braking scenarios. The difference is negligible because heat does not have enough time
to be conducted towards the centre of the brake disc. It is seen that a longer cooling rib has a
lower average temperature and stays cooler after the braking is already over.

[°C]

213

2125

. ’ ‘ V

[°C]
280,00
— 64 mm
230,00 — 54 mm
— 44 mm
— 34 mm
— 24 mm

— 14 mm

— avg. temp 64 mm
— avg. temp 54 mm
——avg. temp 44 mm
— avg. temp 34 mm
5 / —avg. temp 24 mm

//\K 13000 ——avg. temp 14 mm
60 +—ff A~ :

180,00

100

40 1

20 80,00
0 50 100 150 200 250 300 [s]

Figure 6: Height of the cooling fin as a parameter, this parameter corresponds to the width of the
disc

4.3 Root filet of the cooling ribs

The radius in the root of the cooling ribs was set as a parameter. As observed in Figure 7, an
elliptic radius was placed in the root of the large cooling ribs. Figure 7 represents four different
designs; the left-most model has no radius, and the right-most model has a large radius in the
root. All models were simulated in new and worn condition and both for emergency and for drag
brake scenarios. The worn condition represents a braking plate thickness that is 10 mm worn
away. It was observed that a large root radius of the cooling rib lowers the maximum
temperatures of the friction surface during emergency braking. Lower temperatures are
desirable, but the use of large fillets makes the weight go up so a compromise must be made.
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Lower temperatures are a consequence of area A for the heat conduction increasing, which
increases heat flow towards the centre of the brake disc away from the heat input surface.

r°cl e

Drag brake Emergency brake e
100 9 [S] us [S] 150 [s]
° 0 1000 1500 e o . 10 150 200 250 00

Figure 7: Root filet parameter

4.4 Intermediate cooling ribs

It was observed from our previous parametric studies that it is preferred to have the distribution
of mass more towards the brake plates where heat input is located. From the structural
simulation, it was observed that the number of large load-bearing cooling ribs could be reduced
and that the mass could be “moved” more towards the brake plates, so this was examined more
closely. Figure 8 represents three designs, although much more designs were tested out.
Parameters were, in this case, concentrated more on the intermediate cooling ribs. Effects on
temperature during emergency and drag brake were examined. We can conclude that huge
difference in maximum temperatures can be made during short breakings with the use of
intermediate cooling ribs while reducing mass greatly. These small cooling ribs also have great
thermal dissipation properties. Intermediate cooling ribs were isolated, and separate simulations
were done to optimize the shape of these ribs, and a patent was made. The optimization was
done with the multi-objective genetic algorithm (MOGA) which is a variant of a popular non-
dominated sorted genetic algorithm-Il (NSGA-II) based on controlled elitism concepts. Figure 9
presents this small rib and its effect on the temperature field. It simulates the larger one in short
breakings but heats up more during long braking due to lower thermal capacity.
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Figure 8: Number and size of intermediate cooling ribs

T=376°C

Figure 9: Optimized intermediate cooling rib during an emergency stop scenario att =20s

4.5 Cooling rib shape parametric optimization

With the use of computational fluid dynamics software, a simulation was set up so that the cross
section of the cooling rib itself was determined by seven parameters. Figure 10 presents how the
shape parameters were set. With this type of settings, all the designs from Figure 11 were
created automatically. Parameters were varied from a set minimum, and maximum values and
a central composite design was used for the design of experiments. About 520 random shapes
of cooling rib vents were simulated, with an automatic, intermediate update of geometry.
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= LOW DRAG DESIGN HIGH VENTILATION DESIGN ="

Figure 11: Parametric optimization of cooling rib
With results of the systematic disc parameters analysis, it was possible to create and analyse

different brake disc designs. Throughout the process, designs were also evaluated to determine
whether they were fit for metal casting, as that is the process of making brake discs.
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Figure 12: Rail Freight vehicle brake disc development

Figure 12 presents six designs created with the help of parametrical numerical simulations. Brake
disc 1 is the initial design of the brake disc. Brake disc 2 is optimized for low ventilation losses.
Brake disc 3 is optimized for heat conduction. Brake discs 4 and 6 are optimized for low mass and
high thermal dissipation. Brake disc 4 is the best mix of all previous design parameters.
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[°c
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Figure 13: Emergency brake temperatures of 6 brake disc designs

Figure 13 shows emergency brake temperatures for six analysed designs of brake discs. As is
observed from the chart, the lowest temperature during emergency braking was achieved with
Design 4, despite it being 21.4% lighter than initial design and having 21% less ventilation loss.
Design 2 has the lowest air resistance. Low ventilation losses also save energy during operation,
as there can be around 180 brake discs in a train composition. In this case, if the composition is
travelling at 160 km/h, it is possible to reduce the power needed to run it by 36 kW. With the
optimized shape of the cooling rib, it is possible to save energy and increase the efficiency of the
moving vehicle.

5 CONCLUSION

The performed parametric design analysis again confirmed that, with the use of computational
fluid dynamics simulations and structural simulations, using the finite element method, CAE
analyses are a very important tool in the development of products. The performed complex
study of coupled physics, one-way fluid-structure interaction simulation, was done by systematic
parametric optimization, which enables the study of novel ideas and optimized design of the
product in the virtual environment.

Parametric design optimization was used at the beginning of the study to optimize the shape of
cooling ribs. With newly defined geometry parameters we could change specific properties of
brake disc parameters, which are essential during braking, which was confirmed with two types
of braking scenarios simulations. It was confirmed that defined design parameters affect
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maximum and average temperatures obtained during braking and that optimal brake disc design
depends on the loading type.

Based on the parametric study new designs of the braking disc were studied. All new designs are
significantly better than the initial design. It was observed that all novel designs achieve lower
maximum and average temperatures obtained during an emergency braking scenario, but they
are at the same time significantly lighter than the initial design.

It was also observed that all designs have fewer ventilation losses due to the drag of brake disc
in a real environment. Low ventilation losses save energy during operation. With the optimized
shape of the cooling rib, it is possible to save energy and increase the efficiency of the moving
vehicle. With 180 brake discs in a train composition and speed of composition at 160 km/h, it is
possible to reduce the energy use by 0.225 kWh/km. In case of electric composition and if
emission for electricity production is 315 g CO, per kWh [12] we could expect 71 g lower
emissions of CO; per every km, which could lead to significant reduction of emissions.
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Nomenclature

A Cross-section area
[C] specific heat matrix
ab disc diameter
aw disc width
E energy
F gravitational body force and external body forces
g standard gravity vector
Jj diffusion flux of species j
[K] thermal conductivity matrix
Kerr effective conductivity
p static pressure
{o®)} time-dependent heat flow rate vector
Sh volumetric heat sources.
Sm mass added to the continuous phase
t time
{13} temperature vector
{T} time derivative vector of temperature
v velocity vector
p density of the fluid
Ds density of the solid
Teff stress tensor
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VISUALIZATION OF ELECTRIC ENERGY
PRODUCTION IN POSAVJE IN A MIXED
REALITY ENVIRONMENT

VIZUALIZACIJAV POSAVJU
PROIZVEDENE ELEKTRICNE ENERGIJE
V OKOLJU MESANE RESNICNOSTI

Jure Jazbin$ek®, Gorazd Hren'

Keywords: 3D visualization, electric energy production, Microsoft HoloLens

Abstract

New technologies for visualization enable new possibilities for data visualization. This paper deals with
the challenge of presenting the production of electric energy in a specific geographic area for a specific
period. Old-fashioned x-y graphs have been surpassed by using holographic mixed reality technology,
with the Microsoft HoloLens device. The production of electric energy of multiple power plants was
visualized with 3D columns that represent the volume of energy production. 3D columns representing
each power plant are correctly scaled to match nominal energy output and dynamically present energy
output. Each 3D column is correctly positioned on the heightmap of the Posavje region and gives volu-
metric visualization of local energy production in the region. Visualization is developed for mixed reality
smart-glasses and enables the presentation of energy production anywhere.

Povzetek

Novodobne tehnologije omogocajo nove nacine vizualizacije podatkov. Prispevek obravnava izziv
za predstavitev proizvodnje elektricne energije na dolo¢enem geografskem obmocju v dolo¢enem

¥ Jure Jazbinsek, ZEL-EN, razvojni center energetike d.o.o., Vrbina 18, 8270 Krsko, Tel.: + 386 7 49 10 233, E-mail address:
jure.jazbinsek@zel-en.si

! Faculty of Energy Technology, Hocevarjev trg 1, KrSko

27



Jure Jazbinsek JET Vol. 11 (2018)
Issue 3

¢asovnem obdobju. Starodobna vizualizacija z x-y grafi je bila presezena z uporabo holografske
mesane realnosti, ki jo omogoca tehnologija Microsoft HoloLens. Proizvodnja elektri¢ne energije
elektrarn v Posavju je vizualizirana v mes3ani realnosti s 3D stolpci, ki predstavljajo koli¢ino
proizvedene energije. Velikost 3D stolpcev, ki predstavljajo posamezne elektrarne, je ustrezno
prilagojena tako, da ustreza nazivnim mocem elektrarn in dinami¢no predstavljajo proizvedeno
energijo v Casovnem obdobju. Vsak 3D stolpec je ustrezno umescen na 3D zemljevidu Posavja in
hologramsko prikazuje prostorsko vizualizacijo lokalne proizvodnje energije v regiji. Vizualizacija
je razvita in se uporablja za o¢ala mesane realnosti in omogoca predstavitev proizvodnje energije
v katerem koli prostoru.

1 INTRODUCTION

How to merge real and virtual worlds has been a subject of debate and research for decades.
Futuristic GUIs have been envisioned in science fiction movies, such as Iron Man in 2008. The
success of the game Pokémon Go makes the potential of augmented and virtual reality in many
domains of everyday human life believable. By changing the traditional 3D geographic
information carrier from a 2D computer screen perspective to mixed reality glasses using the
HoloLens 3D holographic perspective, it changed the traditional vision, body sense, and
interaction modes, which enables geographic information systems (GIS) users to experience real
3D GIS. Virtual reality (VR), augmented reality (AR), and mixed reality (MR) headsets are common
3D perspective carriers.

A multitude of papers and studies can be found about different ways of merging reality and
virtuality. Many people have heard of the terms ‘virtual reality’ (VR) and ‘augmented reality’ (AR).
Let us define those terms and discuss taxonomies to understand how they relate.

The most frequently used taxonomy is by Milgram et al., [1], later extended by Ridel, [2],
representing the Reality-Virtuality Continuum (Figure 1), which is considered to be the primary
reference to classify experiences mixing real and virtual environments.

 — MIXED REALITY (MR)-———-——-—-—-I

Mixed Reality (MR) } {
1 1
I p—— 1 REAL AUGMENTED AUGMENTED VIRTUAL
Real Augmented Augmented N e ENVIRONMENT REALITY (AR) VIRTUALITY (AV) ENVIRONMENT

Environment  Reality (AR) Virtuality (AV) Environment
. SPATIAL SEE-THROUGH
Reality-Virtuality (RV) Continuum AUGMENTED REALITY AUGMENTED REALITY

Figure 1: The original RV continuum by Milgram et al., [1], and the extended version by Ridel, [2]

Virtual Reality (VR) describes a computer system with which the user is immersed in a three-
dimensional virtual world and can interact with it. The usual equipment for VR experiences
involves, from head-mounted displays to big screens and CAVE, with a controller (wand, glove)
navigating and interacting with the virtual world. In Figure 2, Oculus VR and a recent setup of a
corner-CAVE at the Faculty of Energy Technology, University of Maribor, are presented.
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Figure 2: Virtual Reality technology: Oculus VR, [3], and a corner-CAVE.

Augmented reality (AR) is a type of interactive, reality-based display environment that takes the
capabilities of computer-generated display, sound, text and effects to enhance the user's real-
world experience. Augmented reality combines real and computer-based scenes and images to
deliver a unified but enhanced view of the world, [4].

The simplest types of AR are non-immersive, with which the augmentation occurs on a screen,
such as a TV or a smartphone. The display is treated as a window to the augmented world, with
many applications in sports broadcasting, for instance (Figure 3). The mentioned Pokémon Go
also is an example of monitor-based AR as it takes place on smartphone screens.
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Figure 3: Augmented Reality used at European swimming championships 2018, [5], and
Pokémon Go, [6], from lkea application, [7]
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More complex AR experiences allow the user to see the real world from his own perspective (no
screen) via see-through displays augmented with virtual information. Head-mounted displays,
(HMDs) known as VR technologies for decades, are nowadays also extensively used in AR. It is
possible to project virtual elements on a transparent surface in front of the user, which is called
‘optical see-through’; the Microsoft HoloLens is an example of it.

VR places the user in a digital scene with an adequate immersion experience, but it cuts off the
physical world. AR presents a real physical world to a user and overlays digital content over it in
real time. Mixed Reality (MR) requires that the system can correctly handle the relationship
between virtual objects and real objects. MR adopts the advantages of both VR and AR. It
achieves a symbiotic blend between reality and virtuality. MR results in real and virtual
information merged system in real time. MR allows a user to experience depth, spatial
persistence, and perspective, while AR cannot, [10].

1.1 MR head-mounted display (Microsoft HoloLens)

To address the problem of accessing 3D geospatial information contention, the MR platform, a
typical MR head-mounted display: Microsoft HoloLens (Figure 4), is utilized as an example in this
paper to show how to express and visualize 3D geographic information. The Microsoft HoloLens
is a pair of 3D perspective holographic glasses with a central processing unit (CPU), a graphics
processing unit (GPU) and a holographic processing unit (HPU), [11]. The HPU is a proprietary chip
that handles real-time spatial mapping and processing. The HoloLens has more advanced
functions than those of traditional AR devices, including stereoscopic 3D displays, gaze design,
gesture design, spatial sound design, and spatial mapping, [12].
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Figure 4: Microsoft HoloLens [13]
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2 HEIGHTMAP CREATION

A heightmap is a raster image to store surface elevation data and used in displacement mapping
to displace the geometric position of points over terrain where the heightmap is converted into
a 3D mesh. The geographic scene model is a 3D geographical model that is merged from basic 2D
geographic data and height map. The third-party 3D model is a model built on the basis of
measured data from multiple power plant electric energy output power.

2.1 Heightmap Data Source

The heightmap of the Posavje region used as the foundation for the visualization of electric
energy was exported from the online tool TerrainParty, [13]. The extraction of height maps with
TerrainParty is a straightforward task and gives multiple output files from various sources. It also
combines inputs and merges them into a single file.

2.2 Heightmap Terrain Import

A basis for the visualization of energy production in the game engine Unity [16] is the heightmap,
which is the foundation map on which data are visualized. The heightmap was exported from
TerrainParty, from which the appropriate area was selected and exported in .png format, as
shown in Figure 5.

®
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Figure 5: Export of height map from TerrainParty, [13]

The heightmap is exported in a condensed format, so it needs to be scaled to the appropriate
size, formatted, and imported into Unity Assets. To assemble a 3D map, a screenshot image of
the Posavje map was also the Unity game engine in Assets.

To assemble a complete 3D map in the Unity game engine, a HeightmapFromTexture script, [14],
was used to combine a Heathtm map and a screenshot of the Posavje area map. In Unity software,
we import the texture of the heightmap obtained from the terrain.party and its variable text type
(within the Untiy texture inspector menu) into an advanced texture.

After changing to the advanced texture, we create a new 3D object in Unity, which is determined
by the appropriate size. Next, we connect the newly built terrain with the script and the texture
by selecting a height folder and the HeightmapFromTexture on the Terrain to create a 3D object
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with the shape of the field. In this way, a basic model is obtained, which is further "normalized"
by terrain object and terrain settings. After changing the Terrain Width, Terrain Length, and
Terrain Height, Heightmap Resolution is obtained.

The texture of the suitable map with the markings of the places was copied from the map service
found at najdi.si, [15]. The texture was scaled into the same size to match the size of the
generated heightmap from terrain.party. The map image has been saved and transferred to
Unity. In Unity, the terrain object is selected on the left, in Inspector, "Paint texture" is selected
and then "Edit Textures ..." and lastly "Add Texture". The "Add terrain texture" option opens and
the texture above and the texture of the Posavje map needs to be selected. Finally, the "size" and
"offset" size can be slightly lowered below to fit correctly and the height map, which draws the
height of the area.

A view of the hybrid 3D map of Posavje, which is the combination of the black and white height
map and texture of map, during implementation phase within the Unity engine, [16], is presented
in Figure 6.
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Figure 6: Implementation of the Posavje 3D map within the Unity engine [16]

3 DATA TO BE VISUALIZED

From the GEN control centre, the central hub for steering the operation of power generation
facilities, data on the operation of power plants were obtained. For the visualization of the
production capacities of the power plants in Posavje, the data from the hydroelectric power
plants (HPP) of the lower Sava River, the Brestanica Thermal Power Plant (TEB), and the Krsko
Nuclear Power Plant (NEK), were used and the calculation of ratio between hourly energy output
and installed nominal power was performed.
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e HE Vrhovo with nominal power 34.00 MW
e HE Bostanj with nominal power 32.50 MW
e HE Arto-Blanca with nominal power 39.12 MW
e  HE Krsko with nominal power 39.12 MW
e TEB with nominal power 114.00 MW
e NEK with nominal power 696.00 MW

Data on the electricity generation were obtained in MS Excel format (XMS) and exported in CSV
format imported into Unity. The data represent the amount of the output power produced in
Megawatts (MW) for each hour of the one-week period. The period was selected because the
NEK was shut down and restarted during this period. The visualization shows the large energy
gradient change that occurs during the one-day outage of the NEK.

Hourly data on the produced output power of the following power plants are presented as
coloured 3D columns displayed in holographic mixed reality. Each column represents a specific
power plant, where the size of the column ground plan is calculated on the basis of installed
output nominal power.

4  VISUALIZATION METHOD

Data energy output from multiple power plants located in Posavje is visualized on a 3D map,
which is used for the realistic layout of objects in the space. The produced energy of each power
plant is represented by a 3D column (cylinder), whose coloured volume represents the current
output power with which the power plant operates. The surface of the ground plan (circle
diameter) reflects the total installed power (the sum of all generators) of the power plant. The
height of the coloured part of the cylinder shows the current production of the power plant, and
for the rated (100%) power for all cylinders is equally high. For a more explicit display, the height
of the column is additionally colored with grading between three base colours. If current output
power of power plant is 0%, the column is coloured red; the column is coloured yellow at 50% of
nominal output and at 100% of output production the column is coloured completely green.

In the Unity engine, all objects (full and empty cylinders) need to be properly defined with the
given size, position and dynamic texture of the texture. Optimizing the display of positions and
size requires a complex calibration procedure to achieve the appropriate size and layout on the
map, as well as the correct inscriptions with the name and power above the cylinder, which
illustrates the individual power plant.

The installation and arrangement of cylinders representing various power plants and the
implementation of connections between them in the Unity engine is presented in Figure 6.

5 RESULTS OF DATA VISUALIZATION

The reason for the development of an interactive display visualization of electrical energy
production is the poor information of the public and visitors of the exhibition about the world of
energy. Despite the general knowledge about the type and number of power plants, the average
visitor still has no sense of the amount of energy that each power plant produces.
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Energy production is visualized by displaying the current power over a certain period, which
depends on the installed power, availability, and (in the case of hydropower plants) from natural
constraints.

By visualizing the energy production of power plants in Posavje with the help of mixed reality, the
developed application designed for Microsoft HoloLens enables spectacularly presenting real
data with the latest technology, using hologram techniques.

This paper describes the basic steps for developing energy visualizing application in Unity engine,
which allows the user to view visualized data of various power plant production located in Posavje
on 3D heightmap on the appropriate locations. The application is useful for displaying the balance
of electricity generation and leaves an extremely profound impression on the user, since
visualization illustrates the power of each power plant with cylinder volumes that are displayed
in the correct ratios. The height of the individual cylinder showing current power reflects the
percentage (in %) of the rated power displayed with the empty cylinder (representing nominal
installed power 100%) and equally high for all cylinders. The dynamically visualized heights of the
cylinders are further coloured to enrich the visualization and further to emphasize the gradient
change of energy output.
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Nomenclature

GIS geographic information systems

GUI Graphical User Interface

HMD Head mounted display

VR virtual reality — navidezna resni¢nost

AR augmented reality — obogatena resni¢nost
VR virtual reality — navidezna resni¢nost

AR augmented reality — obogatena resni¢nost
MR mixed reality

CPU central processing unit

GPU graphics processing unit

HPU holographic processing unit

TEB Brestanica Thermal Power Plant

NEK Krsko Nuclear Power Plant

HPP Hydro-Power Plant

Mw Megawatts
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CLEANING PROCESS OF FLUE GASES

PROCES CISCENJA DIMNIH PLINOV
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Abstract

The cleaning of flue gases in thermal power plants has been mandatory since the 1990s in the EU. The
most commonly applied process for flue gas cleaning is a wet calcite process that enables the high ef-
ficiency of cleaning flue gases with the usage of a reagent that is readily available in nature. This paper
presents the process of cleaning the flue gases on a wet basis, but using slaked lime with the content
of the magnesium as the reagent. This sort of cleaning process works very well, but the reagent is
usually very difficult to find in nature itself.

Povzetek

Cig¢enje dimnih plinov v termoenergetskih objektih je prisotno in obvezno v EU Ze vrsto let. Najbolj
razsirjen postopek za ¢iscenje Zveplovega dioksida iz dimnih plinov je tako imenovan mokri kalcitni po-

stopek, ki omogoca visoko ucinkovitost ¢is¢enja dimnih plinov, z uporabo reagenta, ki je v naravi lahko
dostopen — apnenec. Clanek predstavlja alternativni postopek ¢i$¢enja dimnik plinoy, je prav tako mo-
ker, a kot reagent uporablja gaSeno apno z vsebnostjo magnezija. Uporaba takSnega reagenta v postop-

ku ¢is¢enja dimnih plinov se je izkazala za zelo uspesno, a reagent kot taksen tezko najdemo v naravi.
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1 INTRODUCTION

With the combustion of fossil fuels, such as coal and oil, large amounts of sulphur dioxide are
emitted into the atmosphere. Sulphur dioxide emissions are well known as having a severe impact
on human health and the environment. The major health risks of exposure to high concentrations
of sulphur dioxide are breathing difficulties, respiratory iliness, and the aggravation of the existing
cardiovascular disease. Sulphur dioxide leads to depositions of this harmful substance in the
environment, causing serious problems, including the acidification of lakes and streams, and
damage to plants, trees and crops. Sulphur dioxide depositions are also responsible for decay and
damage on the monuments, buildings, and infrastructure. When particles of sulphur dioxide are
in the air (airborne), they might also cause difficulties with visibility.

2 MAGNESIUM-ENHANCED LIME

Magnesium-enhanced lime can be used as the reagent in the desulphurization process of raw flue
gases in thermal power plants, where high amounts of the sulphur dioxide are present.
Magnesium-enhanced lime is produced as a mixture of slaked lime, which contains calcium
hydroxide Ca(OH), and magnesium hydroxide Mg(OH),, [1].

TO THE ATMOSPHERE
ABSORBER

BOILER

PROCESS
REAGENT WATER

z 4|:|_>3T0 DISPOSAL

CRUSHING SLURRY REACTION TANK DEWATERING
STATION PREPARATION

FOR THE TANK

REAGENT

Figure 1: Desulphurization process with the usage of magnesium-enhanced lime as the primary

reagent. The system contains the following main equipment: a crushing station for the reagent,

slurry preparation plant, reaction plant, absorber, dewatering station and the wet stack through
which the clean flue gases enter the atmosphere.

The reagent with the proper formation of the two-component mixture is delivered to the
absorber into the bottom of it, where pH control is used to replenish the consumed reagent. The
fresh slurry is transported from the bottom of the absorber with the assistance of the
recirculation pumps to the spraying levels, where the full impact between the flue gases from the
boiler unit and the fresh slurry occurs. During the spraying of the slurry on the flue gases that rise
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from the inlet towards the outlet of the absorber, the chemical reactions between acid
components in flue gases and the neutral components in the fresh slurry happen.

3  MAGNESIUM-ENHANCED LIME & DESULPHURIZATION

Calcium hydroxide in the slurry reacts with most of the acid components, primarily with the
sulphur dioxide in the raw flue gases, and the calcium sulphates are formed (CaSO3¢1/2H,0).
Magnesium hydroxide reacts with the remaining acid components in the flue gases. During this
reaction, the soluble magnesium salts (magnesium sulphide MgS0O3; and magnesium disulphide
Mg(HSO3),) are formed.

The presence of the magnesium components in the slurry significantly increases the SO, capture
and enables the further reduction in the consumed power for the process, the reagent, and the
equipment costs. Its presence in the slurry also prevents the pH from sharply decreasing during
the operation of the flue gas desulphurization process, which means that this mechanism allows
higher and better performance of the flue gas desulphurization process, since there is increased
solubility of the sulphur dioxide in the slurry and this consequently means a lower liquid/gas ratio
in the absorber.

The presence of the salts that are formed with the help of the magnesium in the slurry prevent
the formation of the build-ups on the internal surfaces of the absorber and other essential
equipment of the absorber, such as pipes for the recirculation of the slurry or spraying nozzles on
the spraying levels.

The primary chemical reactions that occur during the flue gas desulphurization process with
magnesium-enhanced lime are shown hereinafter.

SO, + Ca(OH);, -> CaSOs ® % H,0 + % H,0 (3.1)
450, + 3Mg(OH), -> 2MgS03 + Mg(HSOs) + 2H,0 (3.2)
CaS03 ¢ % H,0 + % 0y + 3/2 H,0 -> CaSO4 ¢ 2H,0 (3.3)
MgSOs + % O, -> MgSOa (3.4)
Mg(HSO3) + O, -> MgSO, + H,S04 (3.5)

The portion of the slurry that is already present in the absorber has reacted with the acid
components of the flue gases. The slurry falls from the spraying levels (it is pumped to there from
the bottom of the absorber with the assistance of the recirculation pumps) back to the bottom
of the absorber. When the pH in the bottom of the absorber reaches the level of 5.5, some of the
existing slurry must be extracted from the sump of the absorber. The slurry with mentioned pH
level is further pumped to the external forced oxidation tank, where it contacts the air. Calcium
sulphite is converted to the gypsum (in crystalline form), magnesium salts are oxidized to the
MgSOy4 (in solution) as shown in chemical reactions (3) to (5). The slurry is from the external tank
transported to the dewatering station, where the by-product of the process is formed (i.e.
gypsum in the shape of the cake). The remaining liquid from the dewatering process, still
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containing the MgSQ,, is transported back to the absorber to help enhance the quality of the
slurry and to save the amount of the reagent that is needed for the efficient cleaning of the flue
gases.

CLEAN FLUE GASES

SPRAYING LEVEL WITH
RECIRCULATION PUMP

20 N W N W W W W WY
Raw Flue Mg5S03
Gases S02 absorbs S02
H
Lime addition 94
moles Ca(OH)2 &
AGITATOR 1 —_ I 7 6 moles Mg(OH)2
M - -

GYPSUM EXTRACTION

Figure 2: Magnesium enhanced lime process of cleaning the raw flue gases in the thermal power
plant. Raw flue gases and the addition of the fresh lime enter the process, gypsum suspension
and clean flue gases exit the process.

4 NEEDED REAGENT AND BY-PRODUCT OF THE MEL PROCESS

For the preparation of the reagent, calcium oxide and magnesium oxide are needed. The amount
of the calcium oxide can be up to 91% by weight, and the amount of the magnesium oxide can be
up to 8% by weight. The total amount of the oxides is equivalent to the sulphur dioxide
neutralizing value to about 94% CaO.

There are two possibilities for producing the magnesium-enhanced lime: to produce it from
limestone with suitable magnesium content, or to blend high-calcium and dolomitic limes
(containing approximately 40% MgO).

To properly prepare the reagent for the MEL process, the water must be mixed with the lime in
the tank, where the calcium hydroxide and the magnesium hydroxide are formed. The resulting
slurry is further added to the lower part of the absorber (i.e. theabsorber recycle tank). The slurry
pH 6 is kept in the recycle tank of the absorber to ensure that all of the lime reacts with the
sulphur dioxide.
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5 SULPHUR DIOXIDE REMOVAL PROCESS RESULTS

In general, we can conclude that the magnesium-enhanced limestone process achieves higher
sulphur dioxide removal results than, for example, the traditional wet flue gas desulphurization
process that uses lime as the reagent.

The level of efficiency that the MEL process can achieve is between 98% and 99% in thermal
power plants that utilize a variety of high- and low-sulphur coals. In the absorber, the liquid-gas
ratio is estimated between 40 and 30 to achieve 98% sulphur dioxide removal efficiency.

The MEL desulphurization process can be added to the existing or new thermal power plant
blocks, ranging from less than 100MW and up to 1000MW. The sulphur content in coal can be
between 2% and 5%, [2], to still achieve the sufficient effect of the desulphurization of the raw
flue gases from the boiler.

6 SYSTEM COMPONENTS

6.1 Reagent Handling and Preparation System

Lime is delivered to the site with the transportation truck, after which it is stored in a lime silo.
From there, the lime is pneumatically transported to the day silo. With the assistance of the
gravimetric feeder, the lime is supplied to the slaking system. When the slurry is ready and mixed,
the pumps transport the prepared slurry to the slurry tank. From the fresh slurry tank, the slurry
is transported to the absorber recycle tank.

6.2 Sulphur Dioxide Removal System

The primary sulphur dioxide removal process occurs inside the absorber tower. The absorber is a
vertical open spray tower in which the counter-current between the upward raw flue gases from
the boiler side, and the downward fresh slurry suspension from the spraying levels is achieved,
[3]. Inside the absorber, the primary chemical reactions of absorption of the acid components to
the freshly prepared slurry from the spraying levels is happening. When the acid components are
removed from the up-stream flue gases, they fall to the bottom of the absorber where they are
involved in the process of crystallization and further disposed from the system process to the by-
product and handling treatment plant. There, they are properly processed and forwarded to the
disposal area or further transported to the consumers of such by-products.

6.3 Flue Gas System with The Stack

The flue gas ducts are intended to lead the raw, untreated flue gases from the boiler exit side to
the absorber inlet. Acid protection of the flue gas duct system is not necessarily needed if the flue
gases do not condensate and the liquid acid condensate is not in the direct contact with the flue
gas ducts. To lead the treated flue gases from the absorber to the atmosphere, we can use the
existing chimney of the installation, or we can plan to build the new wet stack. Because of the
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absorber and the stack newly attached to the existing installation, the needed draft must be
overcome. The additional fan in front of the absorber should usually deliver 170 —2000 Pa, [4].

6.4 By-Product Handling and Treatment System

The by-product of the MEL process is gypsum. The used slurry from the absorber is transported
from the absorber recycle tank to the dewatering system. With the usage of the vacuum belt
filters, we can achieve the dewatered product in the shape of a cake, [5], that can be transported
to the covered storage area. From there, it can (if the by-product is of sellable quality) be sold to
the offsite user.

7  COST AND PERFORMANCE ANALYSIS OF THE MEL PROCESS

7.1 Cost Comparison Between LFOS and MEL Process

INVESTMENT COSTS COMPARISON OF LFOS/MEL SYSTEMS

AUXILIARY INSTALLATIONS

BY-PRODUCT DEWATERING AND HANDLING SYSTEMS

FLUE GAS NETWORK

Main equipment subsystems

DESULPHURIZATION UNIT

REAGENT FEED SYSTEM

0€ 5.000.000 € 10.000.000€ 15.000.000 € 20.000.000 € 25.000.000 €
BY-PRODUCT AUXILIARY
REAGENT FEED SYSTEM DESULPHURIZATION UNIT  FLUE GAS NETWORK DEWATERING AND INSTALLATIONS
HANDLING SYSTEMS
@ Magnesium Enhanced Lime Process 6.503.310€ 16.595.053 € 9.022.181€ 8.615.724 € 2.335.385€
@ Limestone Forced Oxidation Process 8.562.304 € 20.569.040€ 9.124.376 € 8.615.724 € 2.335.385€

Figure 3: The costs comparison of the magnesium-enhanced the lime process, and the limestone
forced oxidation process for cleaning of the flue gases in thermal power plants. The magnesium-
enhanced lime process requires lower investment costs, but its operational costs can be higher
than with the Limestone forced oxidation process.

The main difference in costs between the two mentioned systems are mainly in initial investment
costs and later the variable operational costs. When comparing the investment costs of both
systems, it can bee is seen in Figure 3 that the investment costs in flue gas network with ducts,
by-product dewatering and handling system and auxiliary installations, are almost at the same
level in both systems. The higher investment costs require the limestone forced oxidation system,
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since the reagent preparation system cost €2 million and the desulphurization unit is €4 million
higher, corresponding to the proposed systems for the magnesium-enhanced lime process.

To analyse the operational costs of the magnesium-enhanced lime-cleaning process, the fixed
and variable operational and maintenance costs must be analysed. Hereinafter are described the
operational and maintenance costs of such a cleaning unit, expressed as the percentage of the
total amount of the operational and the maintenance costs.

FIXED AND VARIABLE COSTS FOR MAGNESIUM ENHANCED DESULPHURIZATION PROCESS

ADDITIONAL POWER SELF-
CONSUMPTION COSTS SALARIES TO THE UP-KEEPING
16% PERSONELL
9%

MATERIAL FOR THE MAINTENANCE
15%

PROCESS WATER COSTS
2%
= SALARIES TO THE UP-KEEPING PERSONELL
= MATERIAL FOR THE MAINTENANCE
SALARIES TO THE MAINTENANCE PERSONELL
— | ADMINISTRATIVE AND SUPPORT PERSONELL
SALARIES TO THE MAINTENANCE R

PERSONELL = PROCESS WATER COSTS

10% = ADDITIONAL POWER SELF-CONSUMPTION COSTS

ADMINISTRATIVE AND SUPPORT
PERSONELL

REAGENT COSTS 0%

42%

Figure 4: The pie diagram shows the fixed and variable costs for the magnesium-enhanced
desulfurization process, in percentages of the total sum of costs.

The fixed operational costs of the magnesium-enhanced lime process are mainly the salaries for
the maintenance personnel (9%), costs of the material for the maintenance of the flue gas
cleaning plant (15%), salaries to the maintenance personnel (10%), and the costs of the
administrative and the support personnel (10%).

The variable operational costs are the costs that are dependent on the current price situation on
the market, the movement of which dictates the demand and possible supply. Among these costs,
we number reagent costs for the chemical reaction to successfully absorb acid components of
the untreated flue gases (42%), costs of the process water consumption (2%), and the costs
connected with the power self-consumption (16%).

From Figure 4, it is clearly seen that the main cost in operation of the magnesium-enhanced lime
desulphurization process is the consumption of the freshly prepared reagent. For that reason, it
is sensible to find the location of the lime quarry near the existing thermal power plant; this can
reduce the cost of the purchase, delivery and preparation of the reagent.

The power self-consumption of the magnesium-enhanced lime desulphurization process is better
than that of the limestone forced oxidation desulphurization process. The reason for that is
mainly in the size of the absorption unit, where the primary cleaning of the flue gases is achieved.
Because the MEL process uses an enhanced reagent, the reactivity of it is better, and the impact
time of the fresh reagent from the spraying level and raw flue gases from the inlet can be shorter,
resulting in savings on the expensive anti-corrosion construction materials. Lower construction
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of the absorber unit results in fewer spraying levels, which consequently means fewer
recirculation pumps and other equipment, which results in the savings of the consumed power
or electricity. In Figure 5, the consumption of the electricity for operation of the desulphurization
unit of the limestone forced oxidation process (green) and magnesium-enhanced lime process
(blue) is presented. Note that for the absorption of the acid components from the raw flue gases,
the LFOS process consume almost three times more electricity than the MEL process does.

POWER SELF-CONSUMPTION COMPARISON BETWEEN LFOS AND MEL SYSTEMS
©
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o]
G
&
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Figure 5: Power (electricity) self-consumption between limestone forced oxidation process and
the magnesium-enhanced the lime process. The most significant savings at MEL process are
available in the scope of the absorption of the acid components and the reagent grinding and
slurry preparation.

8 TECHNOLOGY APPLICATION CONSTRAINTS

There are some technical constraints of usage of the magnesium-enhanced lime desulphurization
process applications. The absorber size of the magnesium-enhanced lime desulphurization
process is limited due to engineering constraints and statical stability of the construction. In
praxis, the individual units for the MEL desulphurization can range up to 1000 MW per boiler unit,
for bituminous coals. The sulphur content in coal can range from 2% to 5% to still achieve the
sufficient cleaning efficiency of the MEL process, which can up to 98% removal guarantees of SO,
removal. The by-product of the MEL process can be disposed to the covered disposal area,
although it can also be further used in the cement and construction industry. The main constraint
of the usage of magnesium-enhanced lime desulphurization process is the availability of the
reagent. Although there are some concerns that limestone contains a sufficiently high percentage
of the magnesium in lime, it is very difficult to find a quarry of it in nature. As described previously,
we can enhance the usual lime by adding magnesium to it, but this is not cost effective for the
operation costs of the desulphurization process.
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9 CONCLUSION

This paper has presented the alternative process of the wet calcite flue gas cleaning. The process
presented uses magnesium-enhanced limestone as the reagent in the wet desulphurization
process of flue gas cleaning. The disadvantages and advantages of such a process have been
presented. The most favourable advantage of that process is its very reactive magnesium-
enhanced limestone slurry, which eliminates the acid components in the flue gases. Because of
the enhanced reactivity, the contact between the slurry and the flue gases can be shorter
regarding the time needed for chemical reaction to fully recover acid components from the raw
flue gases. That means smaller absorber unit, less spraying levels for the slurry, fewer
recirculation pumps and a smaller amount of needed expensive construction materials to build
the application. This directly results in smaller investment costs for such a desulphurization unit.
The biggest disadvantage is the difficulty to find the needed reagent (limestone with the addition
of the magnesium) in nature, i.e. at a quarry. If the reagent is not widely available in nature, such
as limestone, this composition must be prepared and mixed with the proper mixture in a
dedicated plant. That raises the operational costs of the magnesium-enhanced lime
desulphurization process and makes it economically less-favourable for the installation in the
existing thermal power plants. Nevertheless, the process is worth considering for the raw flue
gases desulphurization process if the quarry of the proper reagent mixture is available in the
surroundings of the existing thermo-electrical installation.
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Nomenclature

(Symbols)
MEL
LFOSs

pH
Pa
Ca(OH);
Mg(OH),
CaS0;-%H,0
MgSO;
Mg(HS03);
SO,
MgS0,
CaO
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(Symbol meaning)
Magnesium Enhanced Lime
Limestone Forced Oxidation System
Level of acidity or alkalinity
Pascal

Calcium hydroxide
Magnesium hydroxide
Calcium sulphates
Magnesium sulphide
Magnesium disulphide
Sulphur dioxide
Magnesium sulfate

Calcium oxide
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Abstract

Analytical analysis and calculation of factors relevant to the calorimetric power calibration method
in the TRIGA research reactor are given. The calibration of nuclear instrumentation in the TRIGA re-
search reactor is routinely done using a thermal power calibration method. The accuracy of the calo-
rimetric thermal power calibration method depends on the accuracy of the thermal properties of the
research reactor pool.

The most important properties of the reactor pool and the corresponding factors are reactor pool
heat capacity, factor describing heat loss to the concrete wall, and the factor describing heat loss
to the air above the pool. In this paper, these factors are first analytically calculated using only basic
physical principles. The calculated values are compared to experimental values reported in the litera-
ture, and good alignment is observed.

This paper also has substantial educational value; it demonstrates that simple and basic analytical
physics calculations can produce meaningful and useful results and can be validated against mea-
sured data obtained directly from experiments.
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Povzetek

Clanek predstavlja analiti¢en izradun faktorjev, ki se redno uporabljajo pri termiéni kalibraciji
jedrskih merilnikov raziskovalnega reaktorja TRIGA. V prispevku so obdelani naslednji trije
faktorji, ki opisujejo termodinamicne lastnosti raziskovalnega reaktorja TRIGA: toplotna
kapaciteta reaktorskega bazena z vsemi elementi v njem, faktor toplotnih izgub s konvekcijo v
zrak nad bazenom in faktor toplotnih izgub s prevajanjem skozi betonske stene reaktorskega
bazena. Za vse tri faktorje je prikazan postopek izpeljave izracuna iz osnovnih fizikalnih enacb in
principov brez uporabe numeri¢nih racunskih metod. Analiticno izracunane vrednosti so
primerjane z eksperimentalno pridobljenimi rezultati. Ujemanje je v vseh primerih relativno
dobro, $e posebej pri izracunu integralnega podatka, kot je toplotna kapaciteta bazena. Clanek
ima tudi veliko pedagosko vrednost, saj prikaze kako lahko uporaba osnovnih fizikalnih
principov in ustrezne poenostavitve pripeljejo do dobrih rezultatov.

1 INTRODUCTION

TRIGA? research reactors designed and supplied by General Atomics ([1], [2]) are an example of
small and popular open-pool research reactors used for education and research in many
countries. They are recognized as one of the most popular research reactor types worldwide, as
more than 30 reactors have been built around the world and more than 10 reactors are still
being regularly used. They are known for their inherent safety and versatility of use.

The purpose of this paper is to present and describe a reactor thermal power calibration
method using the analytical approach from basic physical equations to final results, using only
simple mathematical approaches and physical approximations without any numerical methods
or more complicated mathematical models. The results of analytical calculations are then
compared to recent experimentally determined and published results. The excellent
experimental team at the TRIGA Mark Il nuclear research reactor of the JozZef Stefan Institute
(1JS) in Ljubljana recently performed several experiments. They measured temperature fields
within the reactor pool for validation of different computational models and analysed the
experimental results. The results were published in 2017 in several publications [3], [4], and [5].

The second chapter in this paper gives a brief description of the TRIGA research reactor, limited
to details needed for an understanding of the analysis. This chapter also contains a short
background description of the thermal power calibration method, its purpose, and principles.
The third chapter describes the calorimetric power calibration method with the analytical
calculation of relevant constants and factors. In the final chapter, a comparison of calculated
results and experimental results are presented.

L TRIGA: Test Research Isotope General Atomics, http://www.ga.com/triga
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2 TRIGA RESEARCH REACTOR AND THERMAL POWER
CALIBRATION

2.1 Short description of TRIGA research reactor and its systems

The analysis was performed for the 250 kW TRIGA Mark Il reactor at 1JS. A detailed description
of the reactor with dimensions and other relevant data can be found elsewhere (the reader is
directed, for example, to [6] or [7] and references contained therein). Only a brief description of
the reactor needed for the understanding of this paper is presented here. The reactor is an
open pool light water type. The core is annular and surrounded by a graphite reflector. It is at
the bottom of a 6 m deep open aluminium tank with 2 m diameter containing approximately
20 m? of water. A general side view of the reactor with dimensions as built by General Atomics
is presented in Figure 1 (a more detailed picture of the reactor can also be found in [8]).

[ ] ] i |
| I I

'
_Ordinary concrete
-1m 2Zm _ Aluminum tank
6.55 m
| | — Water
CC ] e
i
— 7 m -~ 25m — =
Bulk-shielding Barytes concrete
experimental
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8 Reflector 37m
Concrete
door
Y — r

Barytes concrete

Figure 1: Schematic side view of the TRIGA Mark Il reactor at the JoZef Stefan Institute in
Ljubljana, [7].

The core is cooled by the natural convection and circulation of water within the tank. Heat
generated in the reactor fuel is transferred to the water in the reactor core. Hot water rises
from the core into the open tank water. Natural convection and circulation of the tank water
are schematically presented in Figure 2. The pool water is later cooled using the closed
secondary system presented in Figure 3. Water is circulated in a closed circuit through a heat
exchanger in the basement of the reactor building.
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Figure 2: Natural circulation of the water inside the reactor tank.
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Figure 3: Schematic diagram of TRIGA research reactor primary cooling system (natural
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2.2 Reactor Thermal Power Calibration

Reactor thermal power is an important parameter for every reactor. Reactor thermal power Q is
defined in terms of power released per fuel element, where P; is a thermal power of each fuel
element j. The power released per fuel element is the volumetric integral of the macroscopic
fission cross section S¢E,r) and neutron flux ¢(E,r) over each fuel element:

N N E
0=3"P=E [[Z,(E.r)x¢(E.r)dEdV

j=1 Jj=lo v, (1)
where N is the number of fuel elements in the core, and Er is the normalization factor
proportional to the fission energy released per each fission reaction, [9].

A direct method to measure reactor power based on the definition given above would be to
measure absolute thermal flux distribution across the core in all three dimensions. This is, of
course, highly unpractical and usually almost impossible to do. Flux distributions could be
measured with activation of cadmium-covered and bare foils irradiated by the steady reactor
power. However, it should be realized that this method is extremely time consuming and not
very accurate. This method is practical only for zero-power reactors and critical installations
with no thermal generation. In reality, this method is very seldom performed for other research
reactors and practically never for power reactors, [9].

In the case of power reactors and research reactors in which a temperature rise across the core
is produced and measured, a heat balance method is the most common and accurate method
of determining the power output of the core.

In the heat balance method or the calorimetric method, the reactor thermal power is generally
calculated from the measurements of the coolant temperature rise rates in the core or in the
cooling system. For larger pressurized water reactors, the thermal power is calculated from the
flow rate of the primary water and the temperature difference between water entering the
reactor (cold leg) and hot water leaving the reactor (hot leg). In large reactors, coolant flow
through the core is made by forced circulation driven by primary coolant pumps and is very well
defined, controllable and can be measured accurately.

The heat balance method for the pool type reactors is slightly different since the flow through
the core is driven by natural convection and is not so well constrained. Therefore, the thermal
calibration method has to rely on the conventional calorimetric approach, based on
temperature rise measurements of the entire pool structure.

The heat balance method based on a calorimetric method for the determination of the TRIGA
research reactor power level proposed by the reactor’s manufacturer (GA?) is performed
according to the following procedure:

o Pool water, concrete, and air temperatures should be equal.
o Operate the reactor at constant power with primary cooling system switched off.
. Record the temperature rise of the pool water.

2 GA stands for "General Atomic".
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U Determine the temperature-rise rate (AT/At).

o Calculate the reactor power as a function of the temperature-rise rate.

According to the procedure described above, reactor power Q depends only on the
temperature-rise rate:

AT
O=K—, (2)
At
where K is the reactor pool heat capacity constant. This is the first and most important factor,
which will be calculated in the next chapter.

The first two points of the procedure above should guarantee that pool water is well insulated
from the environment and that there are no heat losses to concrete or reactor building ambient
air. In reality, this is seldom the case, so we will also calculate two factors for correcting these
losses.

3  CALCULATION OF POOL HEAT CAPACITY AND HEAT LOSS
CONSTANTS

3.1 Reactor Pool Heat Capacity Constant Calculation

Reactor pool heat capacity constant K can be calculated rather quickly if we assume that the
reactor pool temperature is constant throughout the pool and neglect all heat loss from the
pool. In other words, we can approximate the reactor pool as an insulated "point pool" model.
We can treat the reactor pool as well insulated when the water temperature is equal to air and
concrete temperatures. Thus, the reactor heat capacity K can be simply calculated from wet
pool volume V,:

K=pxV xc, (3)

where p is water density and ¢, is water specific density. Heat capacity constant calculated using
equation (3) are presented in Table 1 below for two very similar reactors (TRIGA research
reactor at the Jozef Stefan Institute and the TRIGA research reactor at the University of Vienna).
The results for the TRIGA research reactor in Ljubljana are from recent experiments, while the
results for a research reactor in Vienna are from experiments reported some years ago, [10].
Note that all thermophysical properties of water in this calculation were evaluated for 20°C.

Table 1: Calculated and measured reactor heat capacity constants

v K calculated in K measured K given as a reference by
W this paper (as reported) manufacturer (GA)
[m3] [kWh/K] [kWh/K] [kWh/K]
Ljubljana 17.6 204 19.6 +0.3 [3] 19.05
Wien 16.5 19.1 19.2 +0.3 [10] 18.48
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The point pool model used for this approximation is valid only if very good mixing is present in
the pool. To analyse the speed and rates of pool water mixing, we used the TRISTAN software,
[11], which is designed for the steady-state thermal-hydraulic analysis of TRIGA research
reactors cooled by natural convection, operating at a low power level (below 1 MW) in open
pools. The software calculates the speed of water flowing through the cooling channels in the
core of the reactor for different conditions of the research reactor. The calculated flow
parameters and average coolant speed in the cooling channel are presented in Figure 4, in
which the average speed of water in the coolant channel against the reactor power is
presented. These results calculated using TRISTAN compare very well with a more detailed
thermal hydraulics computational model of the reactor tank and calculations performed
recently, in which the average calculated water velocity at full reactor power in the cooling
channels was in the range from 0.09 to 0.12 m/s, [5]. This compares well with a velocity of 97
cm/s, presented in Figure 4, calculated at full reactor power (250 kW).

The results show that the water speed in the reactor core is increasing with increasing reactor
power. However higher speed does not also produce better mixing. In the pool, mixing is
presented as a number of total wet pool volume V,, circulations through the reactor core before
the average temperature in the pool increases by 4°C. The rate of pool water circulation
through the reactor core was calculated on the basis of the average water speed in the coolant
channel and coolant channel cross section. This number is presented in Figure 4 as the number
of the entire pool volume circulation through the reactor core in the time of one calorimetric
calibration procedure. The time for one calibration is taken to be equal to the time in which the
bulk water temperature in the pool increases by 4 °C. As can be seen from this picture, the point
pool approximation can be acceptable only for very low calibration powers. For higher powers,
the temperature in the reactor pool increases too fast, and the pool is not at a homogeneous
temperature. For example, at approximately 140 kW, only half of the pool volume circulates
through the core before the calibration procedure is complete. The homogeneous point pool
model can be accepted as a good approximation only for low powers (e.g. 20 kW or less) when
the water circulation rate is big enough to promote good mixing in the pool. With higher reactor
powers the water circulation rate is becoming smaller, and the fluctuations are becoming
bigger.
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Figure 4: Calculated average water speed in cooling channel and the pool water circulation rate
through reactor core as a function of reactor thermal power.

3.2 Calculation of Heat Loss by Convection to Reactor Ambient Air

In many cases, thermal power calibration is not performed under ideal conditions. During
winter, concrete and air temperatures are lower than water temperature, and in summer they
are sometimes higher. In these cases, the reactor pool also loses heat to concrete walls and
ambient air, and thermal convection and conduction must be considered to estimate heat loss
from the reactor pool accurately.

When the air temperature Tg; is higher than bulk pool temperature Tyater , thermal conditions
above the reactor pool are stable, and there is no convection. In this case, the heat transfer
from air to water occurs only by convection through the air, which can be neglected. However,
in the opposite case, the heat transfer occurs from the pool to the open air by natural
convection. The rate of heat convection from pool surface to the air can be estimated according
to Newton's law of cooling, [12]:

q”:hX(T _Twater)' (4)

air
The average convection heat transfer coefficient h can be expressed in terms of the Nusselt
number:

Nu, =—, (5)
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where k is the thermal conductivity of air, and L is the characteristic length of the pool surface,
which is:

A
L=—. (6)
D
A is the surface area, and D is the surface perimeter. The Nusselt number for the horizontal
surfaceis, [12]:

Nu, = 0.15Ra2/3 for (107 < Ra, < 101). (7)

The Rayleigh number is a product of the Grashof number and the Prandtl number and can be
expressed as:

3
RaL = gxﬂx(nir Twater)xL ' o
axv

where g is gravitational acceleration, 8 is air volumetric thermal expansion coefficient, v is air
kinematic viscosity (also called "momentum diffusivity"), and a is air thermal diffusivity.

With these equations and with the thermophysical properties of air evaluated for 20°C, we
obtain the following results:

Ra, =3.4x10°xAT+ and h=1.8x AT'"* ey AT =T, ~T,,,,. (9)
Total heat loss to air is then:
= Axq", (10)
e =13.6x(T,, = T,,.,)" . (1)

Ik

3.3 Calculation of Heat Loss by Conduction to Pool Concrete

When concrete temperature Teoncrete is different from the bulk water temperature, some heat
transfer from or to the concrete occurs. The heat transfer can be estimated with heat
conduction through concrete:

.k
q = E X (T: - Tl'ancrete)’ (12)

where k is concrete thermal conductivity, d is the distance between the pool wall and concrete
temperature measuring position and Ts is pool wall temperature. Furthermore, with heat
convection from the pool wall to pool water:

q"=hx(T,

ater

~T), (13)

JET 55



Tomaz Zagar JET Vol. 11 (2018)
Issue 3

where h is the average natural convection heat transfer coefficient, which can be expressed in
terms of the Nusselt number given in equation (5). The Nusselt number for free convection on a
vertical surface in the turbulent region is:

Nu,, =0.10x Ra,,’. (14)

For vertical plates, the critical Rayleigh number is 10°. In our case, for water at 20 °C, the
Rayleigh number is:

Ra, =16x10° x AT x H*

J — _
K’ AT—Twater 7;'

(15)

where H is the vertical position on the pool wall. As can be seen from the result above, the
natural convection boundary layer is even for very small temperature differences in the
turbulent region, and equation (14) is justified.

From equations (12), (13) and (10), we obtain the final result for heat loss:

concrete __ 3799 X AT W

B —; AT = )
o (0.143+0.007XAT71/3K1/3) K concrete

-T

water *

(16)

For small temperature differences, this equation can be reasonably well approximated with the
equation:

et = 250 x (Yl(mcrete - Twater) % . (17)

loss

4 COMPARISON BETWEEN CALCULATED AND MEASURED
RESULTS

The analysis presented in the previous chapter was simple, but as we will see in this chapter, it
gives good results in comparison to measured values. Certainly, the calculations are easier to
perform than experimental measurements. Reliable experimental results can only be obtained
with well-defined and controlled experiments. Fortunately, a well-planned and well-prepared
experimental campaign was performed recently at the TRIGA research reactor at the Jozef
Stefan Institute, and the results were reported in a paper by Stancar and Snoj in 2017, [3].

During the experimental campaign performed by Stancar and Snoj, exact measurements of
several parameters were performed. Among the measured parameters, there were also three
parameters calculated in the previous chapter: heat capacity constant, values of convective
heat transfer to air, and values of conductive heat transfer to concrete. With this information,
we can make a direct comparison between calculated and experimental values, and this
comparison is presented in Table 2.

Experimental heat capacity constant results were presented in Table 1. The heat capacity
constant was calculated using equation (3) in this paper. Experimental values for convective
heat losses to air are taken from Table 3 in [3]. Convective heat losses to ambient air in reactor
hall were calculated with equation (11) in this paper. Experimental values for conductive heat
transfer to concrete are taken from Table 4 in [3]. Conductive heat losses from the pool water
to the concrete in the pool walls were calculated with equation (17) in this paper.
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Table 2: Comparison of the calculated and measured values

Parameter Calculated Calculated Measured Measuremen  C/E
values values values t reference
Heat Capacity Vi [M3] K [kWh/K] K [kWh/K]
Constant 17.6 20.4 19.6+03  [3] 1.04
equation (3) 16.5 19.1 192+03  [10] 0.99
Heat Convection to  Twater = Tair [K] Q" (W] Q™" (W]
Reactor Hall Air 38 81 33 [3] 2.45
equation (11) 75 200 76 3] 2.63
Heat Conduction to  Tuwater - Tconc [K] Qe [W] Q" (W]
Reactor Concrete
3.2 800 1100+100  [3] 0.73
Wall
6.2 1550 2100+300  [3] 0.74

equation (17)

Although the methods used were rudimental and we used a significant amount of
approximation, the results are relatively good, since all results are in general agreement. The
results are very good for an integral parameter (Heat Capacity Constant), for which the
discrepancy between calculation and experiment is less than 5%. Even for more complex and
smaller effects (on the scale of few watts and up to a kilowatt), the rudimentary approach gives
reasonably good results.

5 CONCLUSIONS

The analytical approach presented in this paper can be used to better understand the physical
processes during the calorimetric power calibration in the TRIGA research reactor. To measure
correct temperature-rise rates, the measurement should be performed at low reactor power,
with concrete and air temperatures equal to the bulk water temperature. Under controlled
conditions, corrections for heat losses are small and do not exceed more than 2 kW (this is less
than 1% of the reactor power, which is 250 kW). Even for such small corrections, the analytical
approach presented in the paper presents reasonable results, demonstrating our correct
understanding of the basic physical processes taking place in the reactor pool and its
surroundings during the reactor core heat up.

Based on the results of this analytical approach, we can also conclude that calorimetric power
calibration can be significantly wrong if it is performed under uncontrolled conditions. If the
calorimetric calibration is performed with high reactor power or with water temperature lower
than concrete temperature, the error can be as big as 30%.
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Abstract

The objective of this paper is to study the magnetic refrigeration process that makes use of solid
materials, such as gadolinium silicon compounds, as the refrigerant. This effect was observed many
years ago and was used for cooling to low temperatures. Recently, materials are being developed with
which sufficient temperature and entropy change are produced which makes them useful for a wide
range of refrigeration applications. Magnetic refrigeration is an emerging technology that utilizes this
magnetocaloric effect found in a solid state to produce a refrigeration effect.
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Povzetek

Namen prispevka je preuciti magnetno hlajenje, v katerem se kot hladilno sredstvo uporabljajo
trdni materiali, kot so na primer goldolinijeve silicijeve spojine. Ta ulinek je bil opazen pred
mnogimi leti in je bil uporabljen za hlajenje blizu absolutne ni¢le temperature. V zadnjem casu
se razvijajo materiali, v katerih se proizvaja zadostna temperaturna razlika in sprememba
entropije, zaradi ¢esar so uporabne za uporabo v Sirokem razponu temperature. Magnetno
hlajenje je nastajajoca tehnologija, ki uporablja ta magnetno-kalori¢ni ucinek v trdnem stanju,
da proizvede hladilni u¢inek.

1 INTRODUCTION

Modern society mostly uses vapour compression cycles and vapour absorption cycle processes.
Moreover, using refrigerants such as chlorofluorocarbons or hydrochlorofluorocarbons (CFCs
and HCFCs) have adverse effects on our environment. Recently, the developments of new
technologies such as magnetic refrigeration and thermoelectric refrigeration, have brought
alternatives to the conventional gas compression technique. One of the most important
researchers in this field was Prof. Emil Gabriel Warburg (1846-1931) [1], a German physicist and
a professor of physics at the Universities of Strasbourg, Freiburg and Berlin. In 1881, he
discovered the magnetocaloric effect in an iron sample. Magnetic refrigeration is a cooling
technology based on this effect. This method can be used to attain low temperatures, as well as
the ranges used in common refrigerators, depending on the design of the system.

2  WORKING PRINCIPLE OF MAGNETIC REFRIGERATION
SYSTEM

Magnetic refrigeration works on the principle of the magnetocaloric effect (MCE), which is a
magneto-thermodynamic phenomenon in which a reversible change in temperature of a
suitable material is caused by exposing the material to a changing magnetic field, [1-8].
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Figure 1: Magneto-caloric effect

MCE is the behaviour of a magnetic solid when it is exposed to a changing magnetic field: its
temperature may be appreciably increased or decreased, with both the sign and the extent of
the temperature difference between the final and the initial states of the material being
dependent on numerous intrinsic and extrinsic factors. The chemical composition, the crystal
structure, and the magnetic state of a compound are among the most important material
parameters that determine its MCE. Magnetic refrigeration is based on a fundamental
thermodynamic property of magnetic materials: the so-called magnetic effect, which causes a
temperature change if the material is subject to an applied magnetic field under adiabatic
conditions.

3 THERMODYNAMICS OF THE MAGNETIC REFRIGERATION
SYSTEM

The basic thermodynamic cycle of the magnetic refrigerator is the Ericsson cycle, which
operates between two adiabatic and two isomagnetic field lines. The magnetic refrigeration
system can be divided into four fundamental steps (Fig. 2, Fig. 3). The temperature of hot and
cold heat exchangers has agreat influence on the refrigeration performance, [1-8].
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Figure 2: Thermodynamic processes in magnetic refrigeration

1. Adiabatic magnetization: A magnetocaloric material, when placed in an insulated
environment(Q=0) and the external magnetic field is increased (+H), causes the magnetic
dipoles of the atoms to align, thereby decreasing the material's magnetic entropy and heat
capacity.

2. Isomagnetic enthalpy transfer: The magnetic field is held constant during this process (H=0)
and the heat added during the adiabatic magnetization is then removed (-Q) by a fluid or
gaseous substance to prevent the dipoles from reabsorbing the heat.

Apply field ( adiabatic magnetization )

Exchange heat

entropic transfer )

Remove field ( adiabatic
gnetization )

Figure 3: Thermodynamic processes in magnetic refrigeration
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3. Adiabatic demagnetization: The substance is returned to another adiabatic process (Q=0),
and hence the total entropy remains constant. However, this time the magnetic field is
reduced, the thermal energy causes the magnetic moments to overcome the field, and thus
the sample cools, i.e. an adiabatic temperature change.

4. Isomagnetic entropic transfer: The magnetic field is held constant to prevent the material
from heating back up.

The magnetic field sources that can be used in magnetocaloric devices are permanent magnets
and electromagnets. From the theory, we could divide magnetic refrigeration systems into
refrigeration systems with moving parts (rotary, linear) or without moving parts. This machine
uses as magnetocaloric suspensions working fluid.

Rotary valve
Permanent magnet

oo

Coolant flow Refrigeration
Magnetic working section
Water materials
tank

Water
pump

Figure 4: Components of a magnetic refrigeration system

Fig. 4 presents a rotational magnetic refrigeration system. Heat is exchanged by means of a
circulating coolant (water). Because the magnets rotate, the magnetic working material is
repeatedly heated and cooled. The well-timed switching of the direction of coolant flow in
coordination with the rotation of the magnets enables cooled coolant to be supplied to areas to
be cooled, [17].

Generally speaking, a compressor refrigeration system comprises two exchangers, with one
receiving heat from the environment (evaporator) and the other releasing heat to the heating
water (condenser) by means of a compressor, an expansion valve, and connecting copper pipes
(Figure 5). Naturally, a refrigerant is required for the operation of a compressor refrigeration
system. Refrigerants are working fluids, transferring heat from a lower temperature level to a
higher temperature level. Decades ago, chlorofluorohydrocarbons were widely used for
refrigerants in cooling and heating systems. As a result of stricter environmental laws and
measures and claims that these refrigerants damage the ozone layer, their application started
to be phased out. The use of new pure refrigerants and mixtures of more environmentally
friendly and degradable refrigerants has been increasingly adopted, in case they are
unexpectedly released into the environment.
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The coefficient of performance (COP) of a magnetic refrigerator is the measurement of the
thermodynamic quality of the apparatus under consideration; it shows how much (electrical)
power P is to be invested for cooling Q,, [16]

_ G
COP == (3.1)
. (Q.—00,A0>0
¢ = { 0,40 <0 } 52)
AQ = ch - Q;ia (3.3)

In refrigeration units applying superconducting magnets, the efficiency would be further
reduced due to the power demand of the magnetic field sources as well as of the supporting
cryogen system.

In this way, the compressor coefficient of performance (COP) in the cooling mode may be
defined (Figure 5):

m(hyi—hy)

L (3.4)

COP = Qevap —
P

4 COMPARISON BETWEEN MAGNETIC AND COMPRESSOR
REFRIGERATION SYSTEMS

In this chapter, we will analyse magnetic and compressor refrigeration systems for a family
house with the required cooling heat of 11 kW. As the refrigerant, we have used refrigerant R-
134a in an ideal compression refrigeration cycle. For the modelling of the compressor
refrigeration process, we have used the following boundary conditions:

e temperature in the condenser 40°C
e temperature in the evaporator —7°C.

The presented analysis is used for the 11 kW required refrigeration heat for summer house
cooling.

kJ kJ
h‘l = 574, h’ZS = 6006, h3 = h4 = 480@ (4.1)
With the isentropic efficiency of the compressor of 85% we obtain the enthalpy h.

hy, = hy +ni(h2 —hy) =574+ %(600 —574) = 606 kJ/kg (4.2)
S

The performance of refrigerators and heat pumps is expressed in terms of the coefficient of
performance (COP) defined as:

hi—hs
hi—h;

__ Desired output __ Cooling effect _

COP, =

_ |574—480

| =294 (4.3)
574—606

Required input Work input
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Figure 5: Ideal compressor refrigeration cycle

Table 1: Processes in compressor refrigeration cycle

saturated vapour

Process Description

1-2 Isentropic compression

2-3 Constant pressure heat rejection in the condenser
3-4 Throttling in an expansion valve

4-1 Constant pressure heat rejection in the evaporator

Compressor power can be calculated from the relation:

_ Qevap _ 11 _
Bromp = “or — 301" 3.74 kW
(4.4)

The energy consumed by the compressor per day

Weaay = 3.74 - 24 = 89.67 kW per day
(4.5)

The energy consumed by the compressor per month

Winonen = 89.67 - 31 = 2782 kWh per month
(4.6)

The cost of energy per month
C =2782-0.13 = €361.6

Cost per kWh —€0.13

(4.7)

(4.8)
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The magnetic refrigeration system

The most important characteristic’'s of a magnetocaloric device is its efficiency. It is usually
defined by the Coefficient Of Performance (COP). The COP presents a ratio between the
refrigeration energy and the total electric energy input. According to the literature [9] the
required electric power could be determined this way:

== =121 kW
cop 9.09

(4.9)

Where:

P,; — the energy consumed by the electric motor

The energy consumed by the motor per month

Wnonen =1.21-24:31=900.2 (4.10)
The cost of energy per month

€ =900.2-0.13 = 117.0€ (4.11)

Table 2: Compression Efficiency between classical heat pump and with magnetic heat pump

Efficiency for heat pump Efficiency for magnetic heat pump

2.94 9.09

Consumed energy for compressor [ Consumed energy for compressor

2782 kWh/month 900.2 kWh/month
The cost of energy/month The cost of energy/month
€361.6 €117

Table 3: Economic analyses for, cost of installation, energy, maintenance and equipment for
classical heat pump and magnetic heat pump [16]

Compressor Magnetic

refrigeration refrigeration
Initial cost system system
Cost of equipment € 10000 25000 Difference || 15000
Cost of installation € 3000 1500 Difference || 1500
Total initial cost € 13000 26500 Difference || 13500
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Magnetic heat
Annual operating cost Heat pump pump
Energy consumption kWh 25176 9816 Difference || 15360
Cost of energy € 3276 1276 Difference || 2000
Cost of maintenance € 1800 1200 Difference 600
Total annual cost € 5073 2476 Difference || 2597

From the analysis of Tables 2 and 3, it can be seen that the purchase of the magnetic cooling
system is still significantly more expensive, while the cost of the heating is considerably lower,
especially due to a better cooling number. The purchase of the magnetic cooling system pays
for itself after around six years. Some benefits and disadvantages of the magnetic refrigeration
system are as follows, [16].

Benefits:

1.

Environmentally friendly - Refrigerant used is solid and non-volatile and hence has no
greenhouse effect. Conventional refrigerators use refrigerants that contain CFC or
HCFC, which have been linked to ozone depletion and global warming. Some
refrigerants, such as ammonia, are toxic and flammable.

Low running and operating cost - There is no compressor, which is the most inefficient
and costly part, in magnetic refrigerators. This leads to less energy consumption and
hence low running costs.

Higher efficiency - Because it eliminates the need to expand and compress the liquid, a
magnetic refrigerator consumes less energy and can operate at 60% efficiency.
Reliability - High energy density and more compact device, fewer moving parts in
comparison to traditional systems and thus more reliable.

Quiet operation - This refrigerator unit is substantially quieter than traditional
refrigeration systems.

Compactness: - It is possible to achieve a high energy density compact device. This is
because in case of magnetic refrigeration the working substance is a solid material (e.g.
gadolinium) and not a gas as in the case of vapour compression cycles

Disadvantages:

The initial investment is very high in comparison to conventional refrigeration.

The magnetocaloric materials are rare earth materials hence their availability also
becomes a disadvantage. These materials need to be developed to allow larger
frequencies of rectilinear and rotary magnetic refrigerators.

Protection of electronic components from magnetic fields. However, it must be noted
that they are static, of short range and may be shielded

Permanent magnets have limited field strength, while electromagnets and
superconducting magnets are very expensive.

Temperature changes are limited. Multi-stage machines lose efficiency through the
heat transfer between the stages.

Moving machines need high precision to avoid magnetic field reduction due to gaps
between the magnets and the magnetocaloric material.
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CONCLUSION

This article presents thermodynamic and economic analysis between magnetic refrigeration
system and a conventional refrigeration system. From the analysis, it can be seen that the
purchase of the magnetic cooling system is still significantly more expensive, while the cost of
heating is considerably lower. The return period for the purchase of the magnetic cooling
system is approximately six years.
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t time
v specific volume
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Q heat released
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