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Large industrial boilers continue to grow in size. In the largest ones, the measurement
systems no longer reach the inner parts of the combustion chambers. In addition, new
measurement solutions are needed due to tightened regulations, new technology and use
of renewable energy sources, such as biofuels. To measure in the inner parts of
combustion chambers and to find new measurement methods, sensor ball propagating
inside the combustion chamber was invented and patented. This research focused on the
challenges in the implementation of such a sensor ball.

There are many technological issues to be solved before final use of the sensor ball. They
concern communication possibilities inside the combustion chamber, the hovering of the
sensor ball in different types of combustion, and the operating time of sensor balls in
harsh environments such as combustion chambers and flames.

The preliminary research done and documented in this thesis concerns the following
questions: What is the attenuation of radio and microwave signals inside the combustion
chamber? What kind of electromagnetic noise is present in the chamber? What could be
the operation time of a sensor in flames and what are the conditions for the hovering and
propagation of the sensor ball inside the combustion chamber? Important issues such as
receiving antennas, positioning of the sensor ball and feasible measurement solutions,
which, can be interlinked with this kind of sensor, are mainly excluded from the study
due to a lack of time and a need to limit the topic area.

The investigations done by calculations, modelling, simulations, and practical tests,
yielded a number of results. First, the operation time of sensors balls in the boilers can be
minutes. However, if the enclosure of the sensor ball is made from very good thermal
insulation and the dissipation power of sensor electronics is not limited, the sensor can be
destroyed more likely due to self-heating than an external high temperature. In addition,
wires through the enclosure to sensor electronics can dramatically shorten the operation
time of a thermally well-protected sensor. The hovering and free propagation of the sensor
ball is possible in CFB boilers. If an operation time of about tens of seconds can be seen
adequate, the sensor ball can also hover in many other types of boilers having adequate
upward flows and suspension densities. Further, it was stated that communication is
possible in the combustion environments, but demands special solutions. The main
limitations to the communication are noise for wideband communication systems and



attenuation for all wireless systems. It was theoretically observed that at least in the
combustion area of a kraft recovery boiler there exists weak plasma due to strong
ionization originating obviously from alkaline.

As a preliminary result, it was seen that due to the effects of flames and ionization on the
radio and microwave signals, the positioning methods and techniques, which are based
on flight times and signal strength indications, do not suit the mobile sensor operating in
the combustion area. In the combustion area, the sensor must position itself. The self-
positioning solution is one of most important future research topics in parallel to e.g. the
final communication solution and operating time extension.

Keywords: mobile sensor, combustion chamber, measurements, attenuation in flames,
noise due to black body radiation, operation time.
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Nomenclature

In the present work, variables and constants are denoted using italics, vectors are denoted

using bold regular font,

Latin alphabet

A
a
Bv

O
o

N<x§<<<;3:H—|m-1_o'c'03323—|—7\—?~—‘—-© TOTe O o0 o

area
thermal expansion coefficient
Spectral radiance

drag coefficient

diameter

permittivity

imaginary part of permittivity
permittivity of free space (absolute permittivity)
real part of permittivity

force vector

Gain

frequency

acceleration due to gravity
flux vector

heat transfer coefficient
Boltzmann’s constant
characteristic length

length

mass

number of particles

refractive index

unit normal vector

Power

pressure

heat flux

radius

total radiance

temperature

time

mass flow

volume

velocity magnitude

velocity vector

energy

x-coordinate (width)
y-coordinate (depth)
z-coordinate (height)

and abbreviations are denoted with

regular font.

m2

1/K

W/(m? Hz sr)
m

F/m

F/m

F/m

F/m

N

Hz

m/s?

m/s
W/(m?K)

m
m
kg
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Nomenclature

Greek alphabet

TNV R/AIMODT A T AN TTRIINM® AR Y™

(alfa)

(beta)

(capital gamma)

(gamma)

(capital delta)

(delta) notice the difference to @ (partial differential) symbol in equations
(epsilon)

(epsilon variant, Unicode 03F5, compare with equation symbol €)
(zeta)

(eta)

(capital theta)

(theta)

(theta variant, Unicode 03D1, compare with equation symbol )
(capital lambda)

(lambda)

(nabla) vector operator

(mu)

(capital pi)

(pi) = = 3.14159...

(rho) density

(rho variant)

(capital sigma)

(sigma)

(capital phi)

(phi variant, Unicode 03D5, compare with equation symbol ¢)
(oh with stroke, Unicode 00D8, comp. with “empty set” in eq. symbols: @)
(phi)

(capital omega)

(omega)

Dimensionless numbers

Re

Reynolds number

Superscripts

p

*

partial layer
dimensionless
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Subscripts

ds dry solids
eff effective
g gas

S solid

I liquid
max maximum
min minimum
tot total

Abbreviations

3D Three dimensional

6D Aix-dimensional (x,y,z, rotations)

AoA Angle of arriving

AD Analog to digital

BFB Bubbling fluidized bed

BT Bluetooth

CARS Coherent anti-Stokes Raman spectroscopy
CCs Carbon capture and storing

CFB Circulating fluidized bed

dB Decibel

dBm Decibels proportioned to mwW

ds Dry solids

EM Electromagnetic

FB Fluidized boiler or bed

GSM Global system for mobile communications
GPS Global positioning system

HF High frequency (band)

HHV Higher heating value
HRSG Heat recovery steam generator

IFRF International Flame Research Foundation
IF Intermediate bandwidth

10 Input - output

IR Infrared

ISM Industrial, scientific and medical
KRB Kraft recovery boiler

LDV Laser Doppler velocimetry
LHCP Left hand circular polarized
LHV Lower heating value

LIF Laser-induced fluorescence

LIP Laser-induced phosphorescence

Ltd Limited
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MCR Maximum continuous rating

MEMS Micro electrical mechanical systems
MoEMS  Micro opto electrical mechanical systems
NOx Nitrogen oxides

Np Neper

PC Pulverized coal, personnel computer
PCB Printed circuit board

PCF Pulverized coal firing

PFBC Pressurized fluidized bed combustors
RHCP Right hand circular polarized

PIV Particle image velocimetry

RBW Resolution band width

RDF Refuse derived fuel

REF Recovered fuel

RFID Radio frequency identification

RSSI Radio signal strength indication
RXD Received data

SAW Surface acoustic waves

SNR Signal-to-noise ratio

SOx Sulphur oxides

SPI Serial peripheral interface

SWR Standing wave ratio

TDoA Time difference of arrival

TEM Transverse electromagnetic

TOA Time of arrival

TOF Time of flight

TXD Transmitted data

uUsSB Universal serial bus

uv Ultraviolent

VBW Video bandwidth

VIS Visual light area

VHF Very high frequency (band)

WLAN

Wireless local area network
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1 Introduction

1.1 Background of the study

The research work and related theoretical study documented in this thesis started years
ago. The basis for the work was set when Kari Saviharju, Director, Technology, at Andritz
Oy Finland at the time, patented a mobile sensor for measurements in a closed space,
meaning combustion chambers in large power plants [Saviharju, 2006]. Many years after
the patenting, at a meeting considering measurement methods for combustion chambers,
the idea for the mobile sensor in a combustion chamber was introduced to the author of
this thesis. In the same meeting, the author was asked to start an investigation concerning
boundary conditions and possibilities to develop the mobile sensor discussed. The work
was to be a part of a comprehensive study concerning the behaviour and application of
radio and microwaves in a combustion environment. In the “one man research group”,
the work was in practice compelled to focus on issues concerning the operation of a
mobile sensor inside a combustion chamber.

Saviharju had discovered, as have many other combustion researchers after him, that
many measurements in even larger boilers have been, are and will in the future be
impossible to achieve with ordinary measurement solutions. These solutions are based on
reaching, cooled probe structures carried in the boiler, typically for rather short-term
usage (some hours) [Raiko, 2002; IFRF, 2009]. These types of cooled probes and suction
probes can carry many different in-situ sensors, such as temperature, pressure, flow and
ionization probes [Lackner, 2013; IFRF, 2009], and sampling devices inside the furnace
for taking chemical samples [Halpern, 1958]. The probes are cumbersome to use, heavy,
expensive and susceptible to damages. In addition, the water cooling of probes can be
risky; water leakages from the probe to e.g. the operating kraft recovery boiler can
generate a so-called smelt-water explosion. For combustion suspension, flow and other
measurements, there are optical measurement systems (laser Doppler velocity (LDV),
particle velocity velocimetry (P1V), coherent anti-Stokes Raman spectroscopy (CARS),
laser-induced phosphorescence (LIP), laser-induced fluorescence (LIF), pyrometry, etc.)
[Raiko, 2002; Kohse-Hoinghaus, 2002; Lackner, 2013; Webber, 2000; Rogalski, 2014].
Optical devices must be accompanied by measurement positions because with remote
measurements it is difficult to know which sampling positions the results actually
represent. An exception exists: in kraft recovery boilers, the infrared cameras enable
monitoring the shape of the char bed at the bottom of the boiler visually.

The behaviour of radio and microwaves inside combustion chambers has been very little
investigated. Still, there are some papers concerning the issue. Some of them deal with
the pre-treatment of fuels, e.g. coal by microwaves [Binner, 2014; Zuo, 2016]. There are
temperature sensing, flow and density measurement and tomographic profile
measurement applications. [Stephan, 2004; Hauschild, 1995; Williams, 2006]. However,
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most of research work has been done in a laboratory environment in test systems of very
small dimensions. So, all results are not directly scalable to measurements in industrial-
scale boilers.

There is one principal problem in all boilers concerning measurements, not only radio
and microwave based measurements: in the walls and roof of the boilers, there are very
little or no openings for measuring devices and antennas. The openings are typically very
small in size. This means that only microwave based measurements are possible in the
combustion chambers. The second problem is the harsh environment containing
aggressive chemicals causing corrosion and disturbing measurements. Further, grinding
particles cause erosion especially in fluidizing bed boilers.

As stated above, boilers are becoming even greater in size. The largest boilers have
bottom areas of many hundred square meters and their heights are varying from 60 to 90
meters. Regulations concerning emissions and pollution originating from industrial
energy production are tightening. Typical pollution monitored and controlled includes
carbon oxides (CO2, CO), nitrogen compounds (NOx and N20), ozone (Os), and sulphur
oxides (SOy) [Raiko, 2002, Lackner, 2013]. In addition, air toxics and trace metals in
ashes are under even stricter monitoring. [Lind, 1999; Ljung, 1997]. Considering owners
and investors, better economics or more profitable overall usage of boilers is called for.
Summarizing all technical and economical requirements, there is a clear need for new
measurement techniques. A mobile sensor ball could be one solution. Its idea is to
complement measurement techniques in use today and to extend measurements to all
parts of the furnaces.

1.2 The aim of the study

The scope of research work is to gather background information for understanding
microwave based measurements inside combustion chambers and developing a mobile
sensor or sensor ball capable of propagating, measuring and relaying measurement
information in a combustion area (flames) to a so-called base station outside of the
combustion chamber; see Figure 1.1.
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SENSOR BALL
IN COMBUSTION
CHAMBER

O

LAPTOP
or PC

COAXIAL

CABLE
C— RECEIVER §
1 UNIT

RIAL

ANTENNA(S) SIETERFACE
IN THE WALL

Figure 1.1: Principal elements considered in the study: combustion chamber, sensor ball and

communication link. In addition, data collection and analysis tools on a laptop or personal

computer (PC) are included to the system.

The sensor ball will be disposable. Consequently, it must be sufficiently low-cost so that
many sensor balls can be used to obtain holistic results for a measurement case. The
sensor ball consists of sensor electronics and a cover. The sensor electronics have active
microprocessor based core and interface circuits, a serial peripheral bus (SPI) bus and a
digital input-outputs (10) for sensors. The main sensors are internal and external
temperature sensors. In addition, the sensor electronics includes a radio module and an
internal antenna for communication. For positioning, the sensor electronics will include
a 6D Micro Electrical Mechanical Systems (MEMS) element capable of measuring
accelerations and rotations in three directions (axes). The sensor electronics is powered
by a battery. The duty of the cover is to delay the rise in temperature of sensor electronics
in a high temperature environment and to protect sensor electronics from dust, sand and
other particles. The cover also protects the sensor electronics from mechanical shocks.

The sensor is led to the combustion chamber where it propagates and measures process
parameters, such as the temperature, pressures, flows, and perhaps one day in the future,
chemical compounds and e.g. ionization. The sensor sends the information it is collecting,
including position data, by radio link to an antenna or antennae in the walls of the
combustion chamber. The antennae are connected to receiver units, which decode radio
messages and send information to a laptop or PC via a serial or Ethernet link. The software
running on the laptop or PC stores the information and shows it in a format later defined.
The information contains both process values and positioning data.

Before a mobile sensor capable of operating in furnaces can be physically implemented,
many issues must be investigated in detail. These are communication in a fire
environment, starting from noise and attenuation, hovering conditions for the ball in
different boilers, the operation time of the sensor and thermal insulators suitable to protect



20 1 Introduction

the sensor ball in the combustion environment, and positioning the sensor ball. In
addition, measurement methods and techniques must be defined and implemented.

The greatest challenge in developing the mobile sensor depicted above cannot yet be
defined. At first glance, it seems that all issues in the background present a great
challenge. Whatever the truth, this study discusses some of the current technical
challenges relating to the sensor and gives preliminary solutions with theoretical and
experimental data to most of them.

The lifetime or operation time of the sensor is a key issue in the research. The extreme
conditions inside boilers demand solutions which differ from ordinary sensor and
measurement technologies. High temperatures have a great impact on the lifetime of the
sensor. Corrosive and erosive flows and chemical compounds have their own effects on
the solution, although corrosion itself is not such a significant issue for short-term sensor
operation. The research explores background issues related to the sensor’s operation,
from introducing boilers and fuels to the modelling and experimental testing of the
lifetime of prototype sensors. One of the main issues studied was the capability of
technical insulators to protect sensor electronics.

Combustion chambers are problematic for measurements and communications not only
due to their high temperatures. A mobile sensor should send all measurement information
or process values and position information to the base station. A radio or microwave link
is used for the purpose. The chemical suspension and flows in the chambers strongly
affect the radio and microwaves used inside the chambers. Especially alkaline originating
from biomass and equivalent fuels strongly impacts communication due to ionization.
The study determines limitations of wireless communication inside combustion
chambers.

To connect the measured process values to the locations where they were taken inside the
combustion chamber, the sensor ball must positioned. This thesis does not deal with the
positioning. However, as a preliminary research result, the positioning of the sensor ball
cannot be based on positioning techniques typical of mobile sensors in ordinary
environments. These methods, based typically on the flight time of the signal or signal
attenuation on the propagation path, will in the combustion environment suffer from
unstable, intangible signal path properties introduced later in this document. Furthermore,
Global positioning system (GPS), which is the most common way to position mobile
devices outside and globally, is completely non-operational in a closed,
electromagnetically noisy combustion chamber. The positioning must be based on self-
positioning or on anchor techniques suitable for the indoor positioning of small mobile
devices [Savarese, 2002]. The latter is not discussed in this thesis.

The electronic solution to the sensor platform poses no exceptional challenge to the
research. There are many possible platforms available for prototyping. However, the
electronics sensors capable of operating in connection to a mobile sensor platform raise
interesting research and practical questions, which this thesis will briefly discuss.
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Last, but not least, are issues relating to the propagation of a sensor ball inside a
combustion chamber. The sensor ball will have no active means to control its trajectories
inside the chamber. The flows in boilers and the consequent drag forces, and to some
extent buoyage or the buoyant force, will define the propagation of the sensor ball.

1.3 Structure of the study

This thesis starts with a theoretical study of issues relating to the research of mobile
sensors operating in a combustion chamber.

Chapter 2 presents typical boiler types and some details of their technical implementation,
focusing on boiler properties and operation. In addition, chapter 2 includes a short
description of fuels, mainly pointing out features which impact first and foremost the
propagation of radio and microwaves inside the combustion chamber.

In the chapter 3, the electromagnetic theory is introduced as the basis for studying the
communication, measurement and positioning means of the sensor. Study of propagation
of electromagnetic waves in lossy materials prefaces the behaviour of electromagnetic
waves in combustion area. The electromagnetic studies focus on radio and microwaves.

Chapter 4 examines the behaviour of radio and microwaves inside the combustion
chamber. The aim is to understand the communication possibilities inside the chamber.
The chapter includes both attenuation and noise related information based on the theory
and measurements in a Kraft recovery boiler (KRB).

In chapter 5, operating time issues are discussed. First, the possibilities to use high
temperature electronics in sensor solution is studied. Operation time of a sensor in
combustion area is strongly related to high temperatures in combustion chambers and
properties of insulating materials used to protect sensors and extend the operating time of
the sensors. Some insulation materials are introduced, and operation times of sensor balls
made from them are modelled, simulated and tested in a small combustor. Hovering issues
are partly included in this chapter because the mass of the enclosure insulator of the sensor
ball plays an important role in hovering questions. In the chapter, the test sensor and its
electronics used in the first tests are introduced, too.

Chapter 6 studies the propagation of the sensor ball inside a combustion chamber. The
main issues are the hovering conditions. If the ball does not hover in a combustion
chamber or parts of it, it cannot propagate inside the chamber. The hovering of the sensor
is closely related to the mass and cross-section of the sensor ball and to the conditions
inside the combustion chamber, such as flows and suspension densities. The hovering
was studied by modelling and calculating the hovering conditions of similar sensor balls
used in operating time tests and modelling.
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1 Introduction

In chapter 7, the next generation of the sensor electronics is tentatively outlined based on
information gathered from the research work. In addition, new measurements with sensor

ball are surveyed.

Chapter 8 discusses the research of radio and microwaves and the implementation of the
sensor ball. Finally, in chapter 9, conclusions are drawn.

1. INTRODUCTION

2. INDUSTRIAL
BOILERS & FUELS

THESIS
WORK

4. RADIO &MICROWAVES
IN COMBUSTION

5. OPERATION TIME
OF SENSOR IN FLAMES

6. HOVERING OF
SENSOR BALL

3. ELECTROMAGNETIC
RADIATION

BACKGROUND

AIM OF THE STUDY

STRUCTURE OF THE STUDY
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GENERATION

PROPAGATION

ATTENUATION IN COMBUSTION
NOISE IN COMBUSTION

HIGH TEMPERATURE ELECTRONICS
SENSOR FOR FIRST TESTS
OPERATION TIME INSIDE INSULATOR

HOVERING THEORY

PRACTICAL CONSIDERATIONS

7. SENSOR IMPLEMENTATION < NEXT GENERATION SENSOR SOLUTION

& FUTURE VIEWS

8 & 9. DISCUSSION AND
CONCLUSIONS

Figure 1.2: Structure of the book

MEASUREMENT VIEWS
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2 Industrial boilers, fuels and combustion processes

There is various industrial boilers for power and recovery usage. Because conditions in
combustion chambers strongly affect sensor ball propagation and measurements, the next
sections provide an overview of boilers and fuels.

2.1 Boilers

Many types of combustion boilers are available for industrial or district heating usage.
The main purpose of these boilers is power production by changing chemical energy
bound to fuels into thermal energy. [Raiko, 2002]. Recovery boilers have dual duties.
They are intended for both power production and chemical recovery. Figure 2.1 provides
a classification of combustion based power plant types:

GRATE

| BOILERS

[ BURNER

| BOILERS

RECOVERY
/ BOILERS

Figure 2.1 : A classification of combustion based power plants. The thesis focuses on elements
marked with yellow.

Steam BOILERS
Power
plants

L

Combustion
Process
PowerPlants

The most common industrial thermal power source is the steam boiler. Steam is generated
in grate and fluidizing bed combustors using gas, oil, (pulverised) coal, peat, wood and
biomass in many forms as an energy source. In kraft recovery boilers, black liquor is the
main fuel. Many combinations of fuel supply and combustion techniques are available.

Most boilers have water-steam loops for cooling the boilers and transporting thermal
energy forward from the boiler. Steam or hot water is used e.g. to energise turbines or to
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heat the industrial process around the power plant or for district heating. Further, all
boilers have high combustion temperatures up to 1400 °C; see Figure 2.2. Temperature
profiles differ slightly from one boiler type to another. [Teir, 2003]. In addition, all
combustion processes contain aggressive gas mixtures causing corrosion and slagging of
the boilers and structures inside the chambers due to sticky particles in gas suspensions.
Because different boilers have their special structures and combustion processes, they are
each briefly described below.

800 °C 100 - 300 °C
iyl 500 - 600 °C )
(600- 700 °C) - 5" LB ) e |

mi
Combustion chamber _ || . : i - Economizes” 350-400°C
<1200°C —— | N
(850°C) [ Air heater ‘
Limestone ‘ o -
I L
AV AV o Dust collector
-JL--‘-« > ‘\
800-1400°C - \ — el \ ‘ )
Steam outlet LIl Fiy ash [ I ] I \
|4 . ___'
Betinavach L@'l 0 Secondary air fan
" = Q., £=2  Primary air fan
To ash silos ==

Figure 2.2: Example of modern steam boiler (circulating fluidizing bed or CFB) with auxiliary
equipment. Temperature values typical to boilers, except CFB boilers, for which temperature
values are given in brackets. Modified after [Hultgren, 2014].

2.1.1 Grate boilers

Grate boilers represent the oldest boiler type. Grate boilers typically have a fixed or
moving grate onto which the fuels are supplied for combustion. Only solid fuels, such as
biomass and coal, can be burned in grate boilers. The air for the combustion process is
blasted through the grate. Grate boilers are quite common in small municipal power
plants. Because the operation of grate boilers is not very dependent the material size and
size distribution, they are quite often used in waste combustion. [Cyranka, 2016]

2.1.2  Fluidized bed boilers

Fluidized bed boilers burn fuels in a particular mode of solid-gas contacting. Therefore,
fluidized bed combustors efficiently combine a combustor and heat exchangers, enabling
a highly controllable and intrinsically stabile combustion process.
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The idea of fluidizing combustors is based on the usage of a bed consisting of granulate,
small unburning particles, typically sand particles. In the combustor, the primary air
supply is at the bottom of the boiler vessel. When the air supply is started and increased,
the bed sand will become thinner. The voidage of the bed is increasing. When the air
supply is increasing, the sand bed starts to bubble and then fluidize. Behaving as a fluid,
it no longer has exact forms and directions. When the air supply is sufficient, the sand
rises tens of meters and returns to the bed on the walls of the combustion chamber or in a
back-loop intended to restore the circulating sand (Figure 2.3).

Figure 2.3: Fluidizing degrees: static bed, void bed, bubbling bed and circulating bed. [Raiko,
2002]

The usage of sand evens the combustion process by acting as a buffer of energy e.g. when
variations in the moisture or heat values of the fuels vary. According to the behaviour of
the sand bed, the fluidized bed combustors are divided into two classes: bubbling
fluidized bed (BFB) and circulating fluidized bed (CFB) boilers. In BFBs, the heat is
transported to the boiler walls mainly as hot gas convection and heat radiation. In CFB
boilers, heat is transported by circulating sand and ash, which also even out the
combustion temperatures and processes in the riser area of the combustion chamber; see
Figure 2.2. Temperature values of about 850 °C in the riser area mean less NOx and N2O
pollution compared to higher or lower temperatures.

Figure 2.4 and Figure 2.5 show the bed and suspension density profiles inside the
combustion chambers.
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Figure 2.4: Flows in CFB boiler and suspension density profile inside the CFB boiler. [Tourunen,
2013]

In CFB boilers (Figure 2.4) in the middle parts of the riser area, the suspension flows
containing sand, ash and fuel fractions go upwards (red arrows in Figure 2.4). In the flows,
suspension densities can rise up to 10-30 kg/m? in riser top areas and much more at lower
levels. The sand/ash returns to the bed area through a back-loop and near and along the
walls of the riser area (blue arrows). On the bed, the density is about 10-100 kg/m®. The
mean gas velocities in the boilers are 4-6 m/s [Basu, 2006]. Some give wider velocity
areas, such as 3-10 m/s [Huhtinen, 2004].
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Figure 2.5: Suspension density profile inside the BFB boiler.
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In the free board area in BFB boilers, the amount of sand particles is quite small, and so,
the suspension density is of the order of gas mixture densities, 0.4- 0.6 kg/m®. The density
of the bed is about 1200-2400 kg/m?; see Figure 2.5. The suspension flow rate is about
0.5- 2.5m/s in BFB boilers. [Basu, 2006; Huhtinen, 2004]

The circumstances inside the CFB and BFB boilers are extremely harsh for both the boiler
structures and measuring devices assembled or existing inside the chambers. In addition
to extremely high temperatures and aggressive chemical gases and substances typical to
all boilers, the fluidizing material or sand particles in all densities cause grinding of
structures inside the chamber.

2.1.3  Pulverized coal firing (PCF)

Pulverized coal is undoubtedly the most common solid state fuel. Coal has traditionally
been burned in grate boilers and is still burned in small volumes. At present, most of the
coal is burned in pulverized form. After grinding and drying, the pulverized coal is fed
with air into the combustion chamber by special burners. The pulverized coal is in small
granulate form about 75-95 um in diameter. [Yeh, 2007; Teir, 2003].

The thermal power of PCF boilers exceeds 1000 MW [Franke, 2003]. The net plant
efficiency of supercritical coal boilers is up to 42-44 %. The amount of PCF boilers is
still increasing [Hachenberg, 2014].

2.1.4  Recovery boilers

Recovery boilers recover chemicals or inorganic elements from fuels and produce energy
from organic parts of fuel. The most common recovery boiler is a kraft recovery boiler,
which is a significant element in chemical wood processing. KRBs use black liquor as
fuel. The water content of black liquor, when dried for spraying into combustion, is quite
high: 15-30 % [Teir, 2003]. The lower heat value (LHV) of the material is around 12-13
MJ/kg in dry solids (ds) [Teir, 2003]. Despite that, recovery boilers produce most of the
steam and power needed in pulp and paper mills.

The gas suspensions in KRBs differ substantially from those e.g. in CFB and BFB boilers
burning coal, peat or wood chips. The main difference is in the alkaline originating from
black liquor, which contains potassium (1.0 % ds) and sodium (19.9 % ds). The high
alkaline and sulphur (4.8 % ds) concentrations cause severe slagging, fouling and
corrosion [Vakkilainen, 2007]. Alkaline content is important because it increases
chemical ionization due to low activation energies [Boan, 2009]. This, in turn, can have,
as will be stated later in this document, a strong effect on signal attenuation inside the
combustion chamber.
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The suspension densities in the middle parts of kraft recovery boilers are not well defined
in literature. They consist of gas mixtures, fume particles and unburnt char bed particles.
The fume particle densities in the top areas are 16- 35 g/m® according to Samuelsson
[2012] or 14-32 g/Nm? according to Mikkanen [2000]. Added to gas mixtures, the total
densities in the top parts of KRBs are about 296-318 g/m®. The density of the char bed
area varies from top to bottom: active zone 290-496 kg/m?®, inactive zone 480-1330 kg/m?,
molten smelt 1923 kg/m®, and solidified smelt 2163 kg/m?®. [Adams, 1988]

2.1.5 Summary of boilers

There are numerous types of boilers in the world. In addition, many cross-technologies
combine the best features and benefits of each basic type; see Table 2.1.
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Table 2.1 Summary of basic boiler types [Basu, 200; Utt, 2011; Vakkilainen, 2007]

efficiency %

ITEMS Grate BFB CFB hoilers | PCF KRB boiler
boilers | boilers boilers

Height of the bed of 0.2 1-2 15-40 27 - 45 40-~80m

the fuel zone (m)

Flue gas velocity 1.2 15-25 4-8 4-6 3-5

m/s

Excess air % 20-30 | 20-25 10-20 16 - 30 15-20

Grate/bottom heat| 0.5- | 0.5-1.5 3-5 4-6 2.7- 4

release rate MW/m? | 1.5

Temperature area | 800- 800- 850-900 1300- 1100-1300

(°C) 1100 1000 1400

Fuel “chip” /droplet | 32-6 6-0 6-0 <0.1 5-12

size mm

Turn down ratio 4:1 3.1 3-4.1 2.1 2:1

Nitrogen  oxides | 400 - 300 - 50 - 200 400 - 200- 400

(NOx) ppm 600 400 600 mg/Nm?

Sulphur  dioxide | None 80-90 80 -90 >90 99

capture in furnace

%

Combustion 85-90 | 90-96 95-99 99 98

All combustion chambers have metallic walls, which limit the combustion area and
exchange thermal energy. The walls collecting thermal energy are typically so-called tube
walls. The metallic walls can be partly or completely covered with concrete or brick
structures that provide protection against excessive heat.

The circumstances inside combustion chambers are extreme. High temperatures, strong
chemicals and grinding suspensions wear the metallic and other structures in combustion
chambers. Slagging and fouling decrease heat exchange and coat small structures, such
as sensors and antennas, on the walls [Basu, 2006; Zbogar, 2004]. Consequently,
combustion chambers in any boiler are a challenging environment for measurements and

Sensors.
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2.2 Fuels

The burning processes are characterized by boiler technologies and fuels used in burning.
Because the properties of fuels affect measurement and communication techniques used
inside the combustion chamber, fuels are briefly examined here.

Fuels are classified into two main groups: fossil fuels and renewable fuels. Fossil fuels
have accumulated into the ground millions of years ago. Renewable fuels are produced
from renewable sources, such as plants, the sun or wind. Combustion in industrial boilers
is mainly based on reactions of hydrocarbons, which consist of carbon, hydrogen and
oxygen elements. In addition, fuels contain varying amounts of elementary compounds,
such as nitrogen (N), potassium (K), sodium (Na), and sulphur (S), and trace metals, such
as chrome (Cr), mercury (Hg), nickel (Ni), and cadmium (Cd) [Vouk, 1983]. The usability
of fuels in terms of environmental and boiler reliability is defined by additives and trace
materials. The combustion of any fuel produces carbon monoxide (CO), carbon dioxide
(CO2) and nitrogen oxides (NOx). Some elements, such as sodium and potassium, and
many alkaline compounds, such as K.O, Na.O and CaO, can cause erosion and corrosion
in the boilers [Khan, 2009]. They can also impact the behaviour of electromagnetic waves
in combustion area significantly. In addition, moisture has an impact on electromagnetic
waves in the form of absorption at certain wavelengths.

2.2.1  Elementary compounds in fuels

In addition to elementary coal sulphur, coal and its derivatives contain nitrogen, hydrogen
and oxygen. Ash and trace metals in coal make the exploitation of coal difficult [Vouk,
1983]. Also other fossil fuels, such as crude oils, shale oil and gases, contain additives.
As an example, oils contain sulphur ranging from 0.5 to 6.0 % [Demirel, 2012].

Natural gas is mostly methane (CH4) — up to 96 %. In addition, it may contain nitrogen
(N) in amounts varying from 0.7 to 5.6 %. The content of counterproductive compounds
is very low in the gas.

Renewable fuels are biomasses, liquids produced from them and directly from plants, and
gases produced from biomass. The ash of biomasses contains many free and bound
elements. They are, in decreasing order, C, O, H, Ca, K, Si, Mg, Al, S, Fe, P, CI, Na, Mn
and Ti [Vassilev, 2013]. The ash content of biomass can vary from 1.37 weight-% in
willow (Salix) tree to 5.7 weight-% in wheat straw [Hurskainen, 2013] and 7.7 % in
foliage of Scandinavian trees [Werkelin, 2005]. There are also species with a very high
ash content, such as rice straw with an ash content of 19.17 % ds [NREL, 1997]. The
percentages of these elements vary greatly between biomasses: for example, the sodium
contents can be about 0.5 % ds and potassium content up to 3.4 w.-% of the dry weight
[Hurskainen, 2013]. Further, according to Wang [2013], the CaO content of wheat straw
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is 6.10 % ds, the K20 content 29.9 % ds and the Na,O content 1.10 % ds, and the figures
for saw dust are 26.13 % ds, 14.47 % ds and 11.37 % ds, respectively.

In domestic tree species, such as pine, spruce, birch and aspen, the calcium (Ca) content
can be 410-1340 ppm in the wood part and 4800-19100 ppm in the bark. The potassium
(K) content varies from 200 to 1310 ppm in the wood part and from 7100 to 25000 ppm
in the young foliage. Chlorine (CI) can vary between 30 and 110 ppm in the wood part
and 330 ppm in the bark part. Sulphur (S) amounts can vary from 50 to 200 in the wood
and from 5000 to 11300 in the needles. [Werkelin, 2005]

Apart from alkaline, sulphur (S) and chlorine (CI) compounds, small amounts of trace
metals, such as arsenic (As) and cadmium (Cd), are present in the tree species. Alkaline
and trace metals can cause both severe air pollution and strong corrosion and slagging in
combustion chambers. Small concentrations of cadmium in wood ash prevent the
spreading of ashes back into the nature. [Hansen, 2001]

Biofuels can be cultivated oils, such as turnip, rape or palm oil, or wood based residuals
and original wood oils [Batidzirai, 2013]. The most frequently used residual liquor is
black liquor, which is a by-product of pulp cooking. Black liquor comprises a diverse set
of organic and inorganic elements and compounds; see Table 2.2.

Table 2.2: Consistence of black liquor made from birch. [S6derhjelm, 1994]

Element/compound % of dry solids | Element/compound % of dry solids
ORGANIC COMPOUNDS 78 % INORGANIC 22
COMPOUNDS
Lignin 375 NaOH 2.4
Hemicellulose 22.6 NaHS 3.6
Aliphatic acids (lignin, 14.4 Na,COsz, K,COs 9.2
carbohydrate)
Fatty acids, resin acids 0.5 Na,SO. 4.8
Polysaccharides 3.0 Ns,S,0 and Na,S 0.5
NaCl 0.5
Other elements (Si, Ca, 0.2
Mn, Mg, etc.)

The organic part of black liquor is burned for energy, and the inorganic parts, such as
potassium and sodium, are recovered for a new pulp cooking cycle [Vakkilainen, 2007].
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Peat contains quite an amount of heavy metals and other harmful elements [Tulonen,
2012].

All fuels made from waste are challenging to burn because of variations in the significant
moisture and foreign matter contents between waste lots [Steenari, 1999]. The ash
composition of wood waste is rather constant, which is typical of woods, but e.g. waste
from sewage sludge has different compositions: silicon dioxide (SiO2) 26.36 % ds,
aluminium trioxide (Al.O3) 31.74 % ds, calcium trioxide (CaO) 13.08 % and phosphorous
pentoxide (P20s) 16.96 % ds. Especially chlorine, originating from plastics, in RDF
demands good burning conditions and monitoring of flue gas contents. The chlorine
content can be about 5.8 % of the RDF total mass [Penque, 2007].
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3 Electromagnetic radiation

Electromagnetic waves, especially radio and microwaves, can be used in two ways in
combustion area measurement techniques: First, electromagnetic waves can be used in
the direct measurement of fire operation or in the indication of e.g. special chemical
elements and compounds. This happens e.g. in all optical measurement techniques used
in combustion measurements [Rogalski, 2014; Kohse-Hgdinghaus, 2002; Webber, 2000].
Some studies and applications are based on radio and microwaves to direct measurements
on combustion phenomena [Stephan, 2004; Stockman, 2009]. Secondly, radio and
microwaves as part of electromagnetic waves can be used for communication and for the
positioning of the sensor inside combustion chamber. This thesis studies the use of radio
and microwaves in communication inside a combustion chamber. This chapter introduces
electromagnetic waves and their behaviour in free air and a free medium. The main topics
of the chapter are the noise and attenuation of an electromagnetic wave. The focus is on
the microwave frequency area.

Electromagnetic radiation is a ubiquitous phenomenon which appears in the form of self-
propagating waves in the matter and vacuum. Electromagnetic radiation can be
conceptually described as waves or particles. The waves consist of a series of crests and
troughs, ups and downs, sequentially. The distance between adjacent crests or adjacent
troughs is called the wavelength (A) of the radiation. The frequency (f) defines the
repetition rate of crests or troughs. These two parameters are in close relation to each
other:

v=Af (3.1)

The propagation speed v of the electromagnetic wave in a free space (air) is ¢ = 300 000
km/s. Substituting v by c in the equation above, we get absolute values between the
wavelength and frequency in a free space.

When electromagnetic radiation is described in the form of particles or as small energy
packets, they are typically called photons or quantum [Woodhouse, 2006]. The energy of
a quantum is

W=hf (3.2)

in which h is Planck’s constant 6.6256 * 1074 Js.
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In a free space, electromagnetic radiation propagates as a transverse-electric-magnetic
(TEM) wave, in which the vectors of electric and magnetic fields are perpendicular to
each other and the direction of the propagation.

The spectrum of electromagnetic radiation is very wide, ranging from a few thousand
hertz at a low radio frequency and extending up to the 10'® hertz frequency of gamma
rays (Figure 3.1). In the middle of the logarithmic scale of electromagnetic waves, there
is a very narrow area of visual light. Near the visual light (VIS) band, at slightly lower
frequencies, exists the area of infrared light (IR), the other area of the electromagnetic
spectrum, which human senses (skin nerves) can observe. Between microwaves and
optical spectrum areas (IR, VIS and ultraviolet (UV) areas) there is the rarely applied, but
very interesting terahertz area. This area is under intensive research, and some products
are already available for use at this band.
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Figure 3.1. Electromagnetic spectrum. The black body radiation (see 3.2) area is shown in the
middle of the figure. Original picture [Coworker, 2017].

In the combustion environment, the electromagnetic spectrum emphasizes the infrared
(thermal radiation), visible light, ultraviolet area. However, it can be seen that the total
spectrum is much wider because of many molecular and atomic level phenomena present
in the flames. The electromagnetic spectrum inside the combustion chamber caused by
external sources appears quite small because the metallic and concrete based structures
strongly attenuate the electromagnetic radiation in both directions: inward and outward
from the combustion chamber. However, this information must be considered merely
preliminary because of the lacking measurement and research information.
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3.1 Electromagnetic field in free space and medium

The relationship between time-varying magnetic and electric fields and the medium are
described by Maxwell equations. In the following, they are introduced in time-harmonic
form, in which the angular speed w= 2 = fand jo = o/ ¢t.

veB= L (3.3)
V+«B =0 (3.4)
V*xE= —jwB= —juwH (3.5)
Vx H=]+jwD =]+ jweE (3.6)

where E is the electric field ( V/m), H is the magnetic field (A /m), B is the magnetic flux
density (T), D is the electric flux density (C/m), J is the electric current density or
displacement current, p is the electric charge density (C/m?®), ¢ is the permittivity of the
medium ( F/m or C/ Vm) and [ is the permeability of the medium ( H/m or Vs/A).

Equation (3.3) describes with divergence operator “V*” that the electric field is source
based and it has a tendency toward divergence. The electric field is charge density divided
by permittivity €, which in free space equals 1. Equation (3.4) in turn claims that the
magnetic field is sourceless or there exist no magnetic charges. Therefore, the divergence
of the magnetic field is zero. Equation (3.5) shows that a changing electric field generates
a changing magnetic field, and the fields are diagonal. The curl operator “x” describes the
curling of the magnetic field. Equation (3.6) means that a changing magnetic field
generates the electric field and displacement current J. It describes the change of the
electric displacement field.

Permittivity & describes the ability of a dielectric material to polarize as a response to the
electric field. It thus defines how the electric field is affected by the material and vice
versa. The greater the permittivity is, the lower electric field inside the material is as
response to the external electric field. The value of the permittivity varies inside the
material with the temperature, moisture, orientation and pressure. The medium, in which
permittivity depends on applied field, is called nonlinear material.

Complex permittivity is defined to describe the frequency dependence and behaviour of
permittivity in the material. Complex permittivity is defined in equation (3.7.)

= g(w) — e (w) (3.7)

The real part (er) describes the storage properties of the material and the imaginary part
(¢”") absorption or loss related properties of the material. Consequently, for the lossless
dielectric medium, the permeability is real (). The frequency dependence of complex
permittivity is shown in Figure 3.2.
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Figure 3.2: Complex permittivity as a function of frequency [Agilent, 2006].

The real part of permittivity remains stable up to frequencies of about 10° Hz. At higher
frequencies, at the gigahertz level, atom or molecule resonance related peaks are detected.
At even higher frequencies, electron or orbit level resonances are detected. The imaginary
part describes losses, which decrease from small frequencies up to megahertz. At higher
frequencies, strong peaks are detected. At frequencies of about 10™ Hz, the UV region
and further, the electromagnetic energy is fully absorbed by atoms, exciting electrons to
upper the energy levels. Consequently, ionization and ionizing radiation occur at these
frequencies.

The permeability of material describes the capability of the material to support the
formulation of the magnetic field in the material. It defines the magnetization of the
material as a response to the magnetic field.

Generally, permittivity and permeability | define the refractive index (n) of a material. In
non-magnetic material, in which W = o, the refractive index in defined by permittivity

n(w) = n(w) — in;(w) = &w) (3.8)

€o

Velocity (v) of the electromagnetic wave in the material depends on the refractive index
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v= (3.9)

c
n

3.2 Generation of electromagnetic waves

Electromagnetic (EM) radiation is generated when the unit of charge is accelerating.
However, not all accelerating particles generate EM waves. For example, an electron
circulating the atom nuclear generates no EM radiation even though it should do so
according to classical electromagnetic theory. The quantum mechanical phenomena
inhibit the radiation. However, the electron radiates due to motion between the energy
states or orbits. When the electron “jumps” to the outer orbit e.g. due to external energy,
and the state releases, the electron radiates electromagnetic radiation. There are some
atom level phenomena which cause EM radiation such as nuclear magnetic resonance and
electron-spin resonance.

EM radiation can be generated both naturally and artificially. Natural ways include, for
example, radiation from flames, the sun, and space. In addition, electromagnetic radiation
can be generated due to phenomena in the nuclei of the atoms. Gamma radiation is
generated due to radioactive decay. Rontgen or X rays are generated more by external
impactions, such as collisions by high energy (high speed) electrons with the nuclei of
atoms. [Halliday, 1997].

All materials with a temperature over the absolute zero point 0 K, or -273.16 °C, emit
electromagnetic radiation. This radiation can be described by black-body radiation.
Radiation due to a temperature rise can be seen a basis for background noise at micro and
radio wave frequencies in the combustion chamber.

The spectral radiance By or radiation flux of electromagnetic radiation, as a function of
absolute temperature T, is described by Plank’s law.

2hf3 1
BV(T) Z?hfi [W/ (mzsr HZ)], (310)

ek —1

where h is Planck’s constant (6.63 *103Js) and k is Boltzmann’s constant (1.38*10-23
J/IK). The function gives the emitted power per unit frequency, unit area of emitting
surface and unit solid angle.

The radiance values were calculated as an example for furnace conditions at frequencies
1-21 GHz, a bandwidth of 1IMHz and a temperature of 1000 °C; see Figure 3.3.
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Figure 3.3: Radiance from 1 to 21 GHz at bandwidth 1 MHz and temperature 1000 °C.

The radiance level, which can be seen as the background noise level, starts from level of
about - 3 *10°%° mwW/(m? sr) or -95 dBm/ (m? sr) at frequency about 1 GHz and reaches
the value of about 1.52 *107 mW/ (m? sr) or -68 dBm/ (m? sr) at frequencies over 20
GHz.

The actual radiation from the surface of an object (a particle) depends on the emissivity
of the surface. This describes how effectively an object radiates energy at a certain
frequency compared to the black body. Emissivity e is defined as the brightness of an
object at temperature T to the brightness of a black body at temperature T. [Woodhouse,
2006]

B
g — I -Creybody (3.11)

B f _ Blackbody

The emissivity of flames depends mostly on the transparency or the thickness of the
flames. For a thin layer of flames, the emissivity can be 0.48 or 0.72, depending on the
measurement method. For thick layers of flames, as in large combustion chambers, the
emissivity is near the black body emissivity or 0.9. [Agueda, 2010]

If the equation of black body radiation is integrated over the whole frequency band, we
obtain total radiance (S)

S=oT* (3.12)
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The formula is known as the radiation law of Stephan-Boltzmann and o is known as the
Stephan-Boltzmann constant, (5.6697 * 10 W/m?K?).

At the lowest end of the frequency bands or microwaves and radio waves under 300 GHz,
where hf << kT, the Rayleigh-Jeans limit can be used. This reduces Planck’s function to
[Woodhouse, 2006]

2
B,(T)~ (2; k)T [Wm?sriHz]. (3.13)

This formula shows that the radiation is linearly related to the absolute temperature. From
that, we can define the microwave brightness temperature Tg as

c’ A2
T.(f)~| ——|B. =| =— B, [K]. 3.14

0~ o oo =[5 e 1 (314)
Related to microwaves, it is practical to speak of thermal radiation. The radiation is
produced by thermal energy, which can impact at the electron or molecule levels. When
the thermal energy is high enough, the electrons are knocked to upper energy levels and
return back. These movements can be seen as changes in the positions and velocities of
electrons or accelerations of charges. At slightly lower levels of heat energy, only
molecule level vibrations and rotations take place, similarly causing radiation due to
accelerations of charges packed in the molecules [Woodhouse, 2006].

Electromagnetic waves can be generated artificially. The process encounters in many
ways depending on the frequency band. At radio and microwave frequencies, an
electronic oscillator is used to generate alternating current, which is fed to an antenna.
The antenna sends radiation and receives signals transmitted by other objects.

When an electromagnetic field is generated, three areas can be identified around the
source (Figure 3.4): a reactive near-field, a radiating near-field and a far-field
[Rahmat_Samii, 1997].
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Figure 3.4: Fields around radiating source [Rahmat-Samii, 1995].

The boundaries of the fields are defined by the size (D) of the radiating object and
wavelengths used. In the reactive near-field, the magnetic field dominates. The field
supresses with factor 1/r%. In the radiating near-field, from distance r > A, the magnetic
field still dominates and the wave front starts to take shape. In the far-field, the electric
and magnetic field propagate with the radial distance and field takes its final form. The
field is decaying due to geometric dispersion and other attenuation mechanisms. In the
far region, the real intrinsic impedance (Zo) in free space conditions is

Zo= [®=1207 ~ 3774, (3.15)

€o

where po and g are permeability and permittivity, respectively, of the free space.

3.3 Propagation of radio and microwaves

The propagation of electromagnetic waves propagate as consecutive magnetic and
electric fields. The antenna generates an alternating electric field, which produces an
alternating magnetic field, and so forward. The propagation wave consists of electric and
magnetic field pointers, which are contrary to each other and the direction of radiation.
Also in the free space and lossy medium, this type of wave is called the transversal
electromagnetic mode or wave (TEM); see Figure 3.5.
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Figure 3.5: Electromagnetic TEM wave. E stands for electric field, B for magnetic field. The wave
is propagating into the direction of z. Original picture [Lumen].

The time harmonic wave travelling in the far-field into the positive z direction can be
described with wave equations unique to electric (E) and magnetic (B) fields based on
Maxwell’s equations

Ey = Ege /% = E,cos(wt —kz); E,=0; E,=0; (3.16)
B,=0; B, = % Ege ik = %cos(wt —kz); B,=0: (3.17)
where ¢ = o/k = 1/(€ollo)*® = speed of light in free space (3.18)

k = wave number and ® = angular frequency or 2xf.

In the equations, the term ot stands for a momentary phase due to the angular speed and
the term kz for the phase relating to a haul of signal from the starting point.

The relation between the electric and magnetic field of the propagation wave is called the
intrinsic impedance or wave impedance (n) of the medium. It can be defined as

S v (3.19)

H ot+iwe '

where ¢ = conductivity (Q).

The antenna structure defines the polarisation. It is defined by the direction of the electric
field in the propagating wave. There exists linear polarisation, which is vertical or
horizontal, and circular polarization, where the sum angles of electric and magnetic fields
are rotating. The circular polarized signal is generated for example by a two-pole antenna,
which is fed by two signals having a phase shift of 90 degrees.

Propagation and scattering of electromagnetic waves take place in many ways, depending
on how the electromagnetic wave interacts with particles. If the frequency of the
electromagnetic wave changes in collision, the scattering is called inelastic scattering, and
in other cases, elastic scattering. In radio and microwaves, the frequency does not change
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in scattering. That is why all scattering at those wavelengths is elastic. Figure 3.6 displays
the detached propagation of radio and microwaves in a free space, a lossy medium,
conductors and plasma.
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Figure 3.6. Radio and microwaves propagate and scatter in a free space, a lossy medium,
conductors and (weak) plasma in different ways. vo stands for signal velocity in the free space, v
for actual velocity in the medium, o for the angular speed of the signal and w, for the angular
speed of the plasma or plasma frequency ( wp = 2xfp).

In the following, the attenuation and mechanisms are studied for the free space, lossy
medium and plasma cases. Plasma is also taken under consideration based on many
research results stating that at least weak plasma exists in combustors. Plasma conditions
prevail if the amount of free charges, in practise electrons, is more than 10%° — 102 /cm?.
[Mphale, 2008]. Weak plasma conditions, prevailing e.g. in an ionosphere, contain more
than 102 — 10° electrons/cm?® [Aikio, 2011]. The presented limits differ slightly depending
on the source. Plasma conditions have a great impact on radio and microwave propagation
[Fitzpatrick, 2013].
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3.3.1 Attenuation in free space

When a radio signal propagates in a free space, the signal is attenuated in several ways:
due to (geometric) spreading, due to reflections causing summing of signal of different
phases, and due to polarization.

The attenuation due to spreading takes place according to the Friis law, which defines the
signal spreading as a function of the second order of distance and wavelength of the
signal. The law describes the relation of received power of signal to transmitted power of
the signal

Pr _ 2 2
py = GelOr (57) (3.20)

where

Pr = received power in the antenna output port without internal dissipations of antennae
(W), Pt = transmitted power in the antenna port without internal dissipations of antennae
(W), Gt = the gain (~ directivity) of the transmitter antenna, G = the gain ( ~ directivity)
of the receiver antenna, A = wavelength (m) and D = distance between the transmitter and
receiver antennae (m).

The formula is typically written in a more practical form of a link budget (3.21)

AP = Pp — Pp= Gp+ Gg+20 log(ﬁ)—Gs, (3.21)

All parameters are given in decibels (dB). Pr is the lowest possible received power for
adequate signal-to-noise ratio (SNR) for receiving. AP is link attenuation. The typical
allowed link attenuation or path loss, depending strongly on the system, is from 90 to 130
dB, and in special cases, much more [Hernando 1999; Braasch, 1999]. Gs describes the
so-called system gain, which means signal processing, e.g. coding or other digital
handling, which is used to improve signal quality for receiving and decoding.

The combustion chambers are closed spaces with walls of metals, typically iron
compounds, and stone or cement materials as bricks or casted. The propagation of the
radio and microwave signal is affected by several mechanisms related to the walls and
other objects inside the combustion chamber. These mechanisms are reflection,
diffraction, refraction and scattering; Figure 3.6 and Figure 3.7.
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Figure 3.7: Diffraction, reflection, refraction and absorption of EM wave in collision with an
object.

Reflection occurs when radio or microwave or generally the EM wave falls on an object
having large dimensions compared to the wavelength. If the wave falls to a dielectric
surface, part of it is reflected back and part is transmitted or absorbed. The reflection is
dependent on the angle of the incident wave direction (wave vector) and the normal of
the surface (0). If the diffraction factors are different in the mediums, the signal will be
refracted or the angle of the propagating wave will be different to the incident angle. If
the wave falls on a metallic surface, all wave energy is reflected back. The reflection of
energy also depends on the polarization of the wave.

Diffuse reflection is a consequence of reflections from a coarse surface. Each unique
mode of a wave will reflect uniquely depending on the angle of incident to the surface
normal.

Reflections pose great challenges to communication due to interferences of sent and
reflected waves. In the interferences, signals propagate different paths and path lengths.
Different paths cause a phase difference between partial signals. When partial signals of
different phases are summed, the signal can be attenuated and will increase in power. This
means that the strengths of signals propagating between objects are experienced varyingly
and phases of signal components fluctuate. This phenomenon is called multi-path
attenuation or fading. The variations in strengths of sum signals can be tens of decibels.

Electromagnetic wave can travel behind an object due to phenomenon diffraction. The
phenomenon is described as Huygen’s principle [Halliday, 1997). According to it, every
point of a wave front acts as a new source of radiation, producing wavelets which
according to the time of arrival are delayed, and when combined, form a new propagation
wave front.



3.3 Propagation of radio and microwaves 45

3.3.2 Attenuation due to polarization

Polarization means the direction of the electric field vector in a free space. There are
linear polarizations, such as horizontal and vertical polarization, and cross polarization.
In cross polarization, the field vectors are circulation to the right (right hand circular
polarized or RHCP) and to the left (left hand circular polarized or LHCP). The
polarization of a transmitted signal is initially defined by the antenna structure and signal
feed. Attenuation due to polarization is meaningful especially at short distances, or when
the reflection and other multipath effects have not mixed the intrinsic polarization. The
polarization loss can be calculated as [Radicella, 2004;]

Ap = 20lg(cos ¢ ), (3.22)

where Ap is the propagation loss due to mismatched antenna polarization planes, and ¢ is
misalignment angle between two antennas. Table 3.1 shows calculated values for losses
due to polarization.

Table 3.1: Attenuation in decibels (dB) due to polarization mismatch between transmitter and
receiver antenna.

Vertical Horizontal LHCP RHCP
Vertical 0 -20 -3 -3
Horizontal -20 0 -3 -3
LHCP -3 -3 0 -20
RHCP -3 -3 -20 0

In the table, attenuations of -20 dB are practical values, but theoretically attenuation is
infinite. Although many factors, such as multipath propagation, reduce the effects of
polarization on attenuation, a polarization mismatch can significantly weaken
transmission especially in open areas.

3.3.3 Attenuation in a lossy medium

A medium is called a lossy medium or lossy dielectrics, if EM wave loses power as it
propagates in the medium. The power loss is the greater the better the conductivity of the
material (o) is. Conductivity is calculated related to the frequency as in equation (3.23)
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o= we", (3.23)
in which g”’ is the factor of the imaginary part of permittivity given in equation 3.7. When
the radio or microwaves propagate in the z direction in the lossy medium, the signal is
attenuated exponentially, or

E = E, cos(wt — kz) * eV? (3.24)

or otherwise written as

E = Eyje *?cos(wt — Bz). (3.25)

In eq. 3.24, y is a complex attenuation factor

y = Jiou(o + iws) = a +if (3.26)

For oo and f in low-loss dielectric material or lossy material, in which

g

«1 (3.27)

WE,

where
&r = real part of complex permittivity.

The following approximations can be given [ Hui, 9]:

=28 (K [Np/m] (3.28)
S e
B = wiie [1+§(g)] [rad/m] (3.29)

The attenuation is due to the incomplete polarization of dielectric particles in which
process the radio and microwave losses energy. At radio and microwave frequencies, the
guantum of radiation (E = hf) is so small that no electron orbit changes can take place.
Therefore, the power loss changes to the thermal energy of molecules, not to radiation.

3.3.4  Measured attenuation values in a lossy medium

To obtain practical values for attenuations in a lossy medium, some papers considering
the effects of sand in different forms on attenuation were studied. Most examples deal
with measurements in sand storms. The effects of sand storms in Iraq have been studied
e.g. by Abdulla [1988]. During storms, particle diameters vary from 1.4 to 6.9 pm. The
attenuation result was given for frequency band from 0.5 to 37 GHz. The moisture of sand
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strongly affected the results. At a moisture level of 0.3 %, the attenuation was 0.08 dB/km
at a frequency of 37 GHz, and at a moisture level of 10%, the value was about 0.7 dB/km
at the same frequency. Unfortunately, Abdulla does not specify the densities of the sand
in the air. Abuhdima and colleagues bind the attenuation to relative visibility in their
studies. They suggest an attenuation of about 0.7 to 0.8 dB/km in low visibility at
frequencies 15 GHz and 20 GHz, respectively. In addition, they have measured an
attenuation of 0.241 dB/km at 2.54 g/m®. [Abuhdima, 2010] Also Vishvakarma et al. have
bound attenuation to visibility. The greatest attenuation they suggest is about 100 dB/km
at a frequency of 70 GHz and a particle size of 1 mm.[ Vishvakarma, 1981 ]

Williams and Greeley have studied the attenuation of sand layers on microwaves. Again,
the moisture plays a significant role in attenuation. Attenuation due to sand with a
moisture level of 0.3 % varies from 2.0 to 5.9 + dB/m at frequencies from 0.5 t0 9.6 GHz.
At a moisture level of about 10.7 %, the attenuation varies from 5.0 to 323.3 dB/m
[Williams, 2001].
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4 Radio and microwaves in flames and combustors

Attenuation and noise are the main issues to be studied when applying radio and
microwaves in flames and combustion chambers. This chapter introduces attenuation and
noise issues from a practical perspective. All attenuation mechanisms introduced earlier
in sections 3.3.1, 3.3.2 and 3.3.3 are relevant in flames and combustors. For free path loss
calculations, the noise and signal-to-noise ratio must be taken into account. Moreover,
additional attenuation will result from suspensions and ionization in high density areas.
In fact, the latter seems to be the most important mechanism of attenuation at low
frequencies in strongly ionized flames and combustion environments. This section later
introduces other mechanisms, such as attenuation due to refraction and multipath effects
in the combustion chamber.

It is important that the dimensions of a small combustor are appropriate for the
wavelengths of signals used. To guarantee far-field conditions and reliable results from
equation (3.20), it is recommended that the minimum dimensions in a chamber are about
ten times the wavelength of the signals. The path loss and available operation margin
calculated by the link budget (3.21) increase more notably when the noise present in
combustion chambers reduces the basic sensitivity of operating wireless devices.

Microwaves are quite seldom applied to real combustion processes. However, researchers
have carried out some practical tests. The most common and perhaps beneficial
application is the use of microwaves to reconditioning coal for combustion, making coke
and taking measurements, such as mass flow and flow velocity measurements [Binner,
2014; Blankinship, 2004; Liptak, 2017]. Some measurement applications have been
employed in very high temperature flames and in laboratories [Stockman, 2009; Rao,
2011]. Stephan et al. [2004] have developed temperature sensing based on microwave
radiation. Hauschild and Knéckel have used microwaves for measuring density profiles
in fluidized bed reactors. They have created a development method for better spatial
resolution based on a spatial location reflectometer. The method operates only at short
distances, and practical tests described in the paper have been performed in a laboratory
environment. [Hauschild, 1995] They give no exact values for attenuations, only for
relative permittivity.

4.1 Attenuation in flames

No free electrons and charged atoms exist in flames due to chemical and thermal
ionization. lon concentrations cannot be very precisely determined. According to
investigations, ionization in free burning hydrocarbon flames can be about 4.3*10%°
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ions/cm® and in acetylene flames 7*10° ions/cm® [Mphale, 2006]. For pine needles in
flames, the electron density is 1.32*10%°/cm?® [Mphale, 2007-2].

Thermal ionization happens when electrons are thermally excited to free electrons from
materials in flames. Thermal ionization is strongly dependent on the temperature and
typically takes place in materials having low ionization potential or activation energy.
Such materials are alkalines, such as potassium (K) and sodium (Na) compounds. Their
first ionisation potentials are 4.318 eV and 5.2 eV, respectively. Other materials with low
ionisation potential are e.g. calcium (Ca, 6.09 eV), magnesium (Mg, 7.61), and silicon
(Si, 8.12 eV). [Heron, 2004]

Chemi-ionization is another mechanism for ionization. Typically, chemi-ionization
occurs as hydrocarbon chemical reactions. It takes the required energy from dissociation
energies released in the dissociation of materials in exothermic chemical reactions. It
partly takes energy from flames.

Electrons are about 2000 times lighter than the unique (charged) nuclei of atoms.
Consequently, electrons have a greater impact on the propagation of an electromagnetic
signal. Electrons are accelerated in a microwave or electromagnetic field, absorbing
energy from the field. Electrons loose energy through collisions and cause the attenuation
of electromagnetic waves. The more free electrons (and ions) there are, the more
collisions there are and the greater the attenuation of the signal is.

In equation (3.25), a and B describe the attenuation and phase shift, respectively. They
can be defined through permittivity, permeability, conductance and angular speed [Green,

1964]:
a= w\/"f[ 1+ (i)2 - 1] [Np/m] (4.1)
B=w \/"7[ 1+ (%)2 + 1] [rad/m] . (4.2)

In calculating the propagation factors o and f in flames, the concept of plasma frequency
must introduced. It is the characteristic frequency of collective electron oscillations in the
plasma. The plasma frequency is mostly dependent on the electrons because, as
mentioned above, electrons have a greater mobility and oscillation capability.

The plasma angular frequency (wp) is calculated as follows:

— ne e?
wp = /—mego , (4.3)
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where ne is the electron count, e the charge of an electron, m. the mass of an electron, and
€o the permittivity of the free space or vacuum. The following example gives an idea of
the order of the plasma frequencies: The electron density of a pine litter flame could be
1.35 * 10% electron/cm® [Mphale, 2007-2]. According to equation (4.3), the angular
plasma frequency is 6.55*10° rad/s ~ 1,04*10° Hz or 1,04 GHz.

The attenuation factors o and 3 are defined in bushfires and experimental firing tests when
illuminated by electromagnetic waves as follows [Letsholathebe, 2015; Mphale, 2008]:

2
Wp

_ Peff

«= [(w2+<p;ff2)] (4.4)
_ @ wp Pefr?

B= - [1+8(w2+(peﬁ2)2 o2 ] (4.5)

where oefr is the electron-neutral collision frequency and o the angular frequency of the
electromagnetic signal.

Green suggests the calculation of a and  through the plasma frequency by the following
approximations [Green, 1964]:

.- g(—[(%z )j]{;) (49
1-(%2

g="2(——) (4.7)

In equation (4.7), we see that when the signal frequency o is less than the plasma
frequency wp, the nominator becomes imaginary. This is interpreted so that the signal
does not propagate at frequencies lower than the plasma frequency. On the contrary, they
refract or reflect.

For the momentum transfer collision frequency oesr, papers offer many solutions.
Letsholathebe and colleagues have collected examples of solutions [Letsholathebe et al.,
2014]. Boan gives examples of the collision frequency in different types of flames; see
Table 4.1.
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Table 4.1: Examples of flame collision frequencies [Boan, 2009]
Conditions Qeff

Acetylene — air 760 mm Hg, 2480 K 2.6* 101

Acetylene-Oxygen 7.7 mm Hg, 2300 K 3.7*10°

Coalgas — air 760 mm Hg, 2200 K 8.8*10%

Pine needles — 1013.25 hPa, ~1100 K 3.43 - 5.97*10%°

Practical values for attenuation have been collected in many practical measurements in
forest fires and small-scale laboratory combustion assemblies. Mphale and his colleagues
have done research work for clarifying the attenuation mechanisms and for practical
values of attenuation and phase shifts. According to the investigations of his research
group, in forest fires, part of the signal between communicating units is reflected (up),
but most of it is clearly attenuated. At VHF or frequencies from 300 to 800 MHz, at
temperatures from 950 to 1150 K, the attenuation in grass fires ranges from 0.001 to 0.49
dB/m. At a potassium content of 0.5 %, the attenuation ranges from 0.007 to 0.24 dB/m.
[Mphale, 2006-2].

With flames burning the dried forest fuel for ten days, the attenuation ranged at a
frequency band of 10-12.5 GHz from 9 dB/m to about 6 dB/m with eucalyptus litter, from
7 dB/m to about 4.8 dB/m with grass, and from 4 dB/m to about 3 dB/m with pine litter.
The results were measured at temperatures of 730-1000 K. [Mphale, 2008] At higher
frequencies from 30-60 GHz and a temperature of 1000 K, the attenuation in shrub fires
ranged from 0.06 to 0.7 dB/m. However, with a higher temperature of 1150 K and an
increased potassium content (1 %), the attenuation increased to a range of 7.44 — 24 dB/m
[Mphale, 2007-3].

Phase shift issues are excluded from this thesis because they are meaningful only at short
distances between measured points or in a laboratory. In combustion chambers, phase
shifts are more inaccurate due to reflections and large dimensions.

4.1.1 Attenuation in kraft recovery boiler

As stated earlier in the thesis, the attenuation of radio and microwaves in flames
depends on the charged particles, especially electron concentrations in the flames. In
addition, in this thesis has presented practical measured values for radio and microwave
attenuation in forests, forest litter or bush fires. Some values are also given in [Korhonen,
2017-4].
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To understand microwave attenuation inside a combustion chamber, practical
measurements were performed in a kraft recovery boiler. The boiler is part of the pulp
and paper mills in Varkaus, Finland, owned by Stora Enso Ltd. The boiler was built in
1970 by Ahlstrom Machinery Ltd. It is designed to produce 33.8 kg/s of steam at a
pressure of 60 bar and a temperature of 475 °C, offering thermal energy at a capacity of
about 114 MW. The fuel of the boiler is black liquor. In addition, oil is used as support
in start-ups and shutdowns. The black liquor consumption varies from 935 to 1150 tons
ds per day, calculated at a 72 wt% dry solid content. The dimensions of the combustion
chamber are a height of about 28 meters and a bottom area of approximately 60 m?,

Practical attenuation tests were made through the boiler, from one spraying port
opening (Figure 4.8) to another on the opposite wall. The measurements were done at
frequencies of 2-18 GHz. The measurement equipment included two broadband
directional antennas, type LB-20180 (A-Info Ltd.), Figure 4.1, and a vector network
analyser (VNA) type E5071C, option 2K5, manufactured by Agilent Technologies Ltd.,
Figure 4.2. The antennas were connected to the VNA with coaxial cables. The bandwidth
of the VNA was 20 GHz. The antennas’ frequency band was 2-18 GHz. The IF bandwidth
of the VNA was set to 10 Hz to maximize the device’s system performance.

Figure 4.1: Horn antenna LB-20180 at

sprayer port of a kraft recovery boiler for )
attenuation and noise measurements. Figure 4.2: Vector network analyser (VNA)
in measurements at kraft recovery boiler.

The measurements were carried out in the operational boiler. The boiler was operating
at a reduced output — only three of four possible black liquor sprayers were in use. The
reference values were measured in an open area (yard), and in a cold boiler. Further, there
was no EMC chamber available for the reference measurements. Figure 4.3 shows the
measured attenuations.
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Figure 4.3: Microwave attenuation in kraft recovery boiler at frequencies 2-20 GHz. Curves, see
text.

In Figure 4.3, the red curve describes the attenuation between antennas in a free space
(yard). The black curve is rather the same shape, excluding the highest frequencies, with
the described attenuation when antennas in the free space are equipped with plated tunnels
simulating the port structure (see Figure 4.4). The blue curve describes attenuation
through a cold boiler, and finally, the orange curve describes the attenuation through an
operational boiler or effects of the flames and ionization. The blue curve is taken from
another data set. It was measured with an IF bandwidth of 70 kHz, which is the default
bandwidth of the VNA. The curve is adjusted to levels that are10 dB lower to compensate
for the wider bandwidth compared to other curves.

When looking the curves, the conclusion can be drawn that all curves tend to show
smaller attenuation at higher frequencies. This phenomenon can be best depicted by
antenna gains, although they were principally compensated for in the calculations. The
attenuation tends to decrease especially at higher frequencies in the cold boiler. This
phenomenon obviously originates from chamber effects of a closed space; metallic walls
reflect signals, adding power compared to the direct signal between the antennas. The
attenuation due to flames and ionization (orange curve) decreases quite strongly at the
highest frequencies, having remarkable variations. The behavior of this curve can partly
be described as above, but there is still a suspicion of the effects originating from
indefinitely unaccountable phenomena. The final conclusion is that the attenuation of
flames and ionization through this KRB is on average about 90 dB, 90/8.8 dB/m or about
10 dB/m.
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Figure 4.4: Testing microwave attenuation behaviour through spraying port models at the yard.
The antenna is in back position in the left figure.

4.1.2 Attenuation due to suspensions in combustion chamber

Attenuation due to suspensions mainly concerns CFB boilers and lower parts of BFB
boilers. The attenuation due to suspension and particles in combustion chambers, where
municipal waste is burned, is unclear at the moment of writing this thesis. The issue
requires further investigation.

4.1.3 Attenuation without media attenuation in combustion chamber

This section ignores the attenuation due to a lossy medium and examines the attenuation
due to a phenomenon called fading, where the signal attenuates and the signal frequency
fluctuates due to reflected and interfacing signals originating from the signal itself.
[Hernando, 1999]

The walls of combustion chambers are made of iron and concrete compounds. Metallic
surfaces radiate practically all of the radiation falling on them. Wall parts made from
concrete compounds reflect the majority of the signal; the rest is transmitted in the
material. Consequently, in combustors with low attenuation (if ever possible), signals will
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reflect and fade in many ways. In practice, the tube walls of combustion chambers cause
strong diffuse reflections of the signals. (Figure 4.5)
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Figure 4.5: Diffuse reflections from surfaces of tube walls and exchangers

Reflections cause multipath propagation and consequently strong fading in a mobile
sensor travelling in the combustion area. In digital communication, signal strengths can
vary from twice the original signal down to zero level due to fading [Hernando, 1999;
Watteyne, 2010]. In the form of an equation, the multipath fading from N arbitrary
directions is [Hernando, 1999]

2m
i j—vt 0;
e, = TN, ejeizmhitel Vot (4.8)

where e is the received summarized signal, N is the arbitrary interfacing signal count at
the receiver port (antenna), f is the frequency of the original or transmitted signal, t is
time, v is the velocity of signals, and 6; is the reflection phase of each unique signal. The
equation demonstrates both the frequency shift (Doppler phenomena) and amplitude
fluctuations.

4.1.4 Refraction in combustion chamber

Sinusoidal electromagnetic waves cannot propagate through plasma if the frequency of
the signal is lower than plasma frequency [Ransom, 2016]. Further, the plasma reflects
or refracts such signals. The waves propagating through (un-magnetized) plasma seem to
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disperse or refract in different ways depending on the frequency because the refractive
index depends on the frequency. This can be expressed as follows [Ransom, 2016;
Fitzpatrick, 2013]:

n=X- 1-2 (4.9)

where k is the wave number, c the velocity of light in a free space, wp the angular plasma
frequency, and o the angular frequency of the electromagnetic signal. A practical
example of it is e.g. the behaviour of radio and microwaves in the ionosphere: the low
frequency signals, such as HF and VHF radio signals, refract from the ionized ionosphere
while the high frequency signals go through directly, such as in satellite communication.
[Ransom, 2016]

The refraction can attenuate the signal transmitted from a point in the combustion
chamber. This occurs when the combustion has hot points, typically in the middle of the
boiler. The refractive index decreases with an increasing temperature [Boan, 2009].
Consequently, the signal tends to refract in lossy material from an area of a low refractive
index into the direction of a higher refractive; see Figure 4.6.

ISOTROPIC
RECEIVER

ISOTROPIC
TRANSMITTER

Figure 4.6: The refractive index tends to increase from the middle to the sides of the
combustion chamber. This may increase attenuation in some parts of the chamber and in
direct-through measurement (dashed line). The darkest colour indicates the highest
temperature.
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The above-mentioned phenomenon complicates the measurement of attenuation directly
through the boiler (dashed line) from transmitter to receiver (antenna) because part of the
signal power can be redirected from the centreline to the sides of the boiler (blue lines in
Figure 4.6.) In conclusion, the field strength varies from one position to another inside the
chamber. For example, as graphically represented, sensor ball number 1 could be in a
considerably better field than sensor ball 2.

4.2 Noise in combustion chamber

As pointed out earlier in this thesis, noise is comparable to the absolute temperature and
bandwidth. High temperatures in combustion chambers raise the noise level from that
experienced in normal conditions. Consequently, noise must be taken in account when
designing devices communicating or measuring at radio and microwave frequencies or
with electromagnetic waves in general.

Noise impacts the receiving of radio and microwave signals; see Figure 4.7. The normal
operation situation is described on the left. The background noise is at a low level. It is
lower than basic sensitivity of receiver, on which adequate SNR relative to data speed is
reached. Adding to that attenuation from the link, the transmission of power is defined
according to equation 3.20. In the middle of Figure 4.7, the base floor noise has risen. In
this case, the transmission level must be increased to achieve a sufficient SNR. On the
right, the noise is very high e.g. due to the high temperature and/or wide bandwidth. The
situation is non-operational because the attenuation of the link is fixed and the transmitter
is sending at a maximum power level. The noise exceeds the sensitivity of the receiver.
In some cases, the situation can be corrected by signal coding. For example, in a GPS
system the signal received by land objects is under the noise level and can be decoded
only by predetermined codes used in GPS data. This type of coding in the communication
of wireless sensors is not available without special arrangements. In addition, coding
increases the required bandwidth.
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Figure 4.7: Relation between noise, sensitivity, SNR and transmission level.

421

Noise in kraft recovery boiler

The noise, discussed initially in section 3.2, in the kraft recovery boiler was measured and
some conclusions drawn considering the noise levels and bandwidths. The issue is
elaborated on in [Korhonen, 2017-1]. In the measurements, noise was measured during
full boiler operation at a frequency band of 2-19 GHz from the sprayer port of the boiler.
In addition, the temperature was measured with a FLIR T200 IR thermal imaging camera.
Figure 4.8 shows the temperature profile in flames through the sprayer port.

Figure 4.8: View of IR camera from spraying port of a KRB. The highest temperature is about

957 °C.
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The temperature measurements employed the emission factor 1. The highest temperatures
according to the IR photo are of the order of 950 °C.

The noise level measurements were conducted with the spectrum analyser MS2720T of
Anritsu Company Inc. The analyser has a bandwidth from 0 to 20 GHz and its base floor
noise is about -160 dBm/Hz with a 20 dB internal preamplifier. LB-20180

Broadband horn antennae manufactured by A-INFO Ltd. were used. The operating
frequency band of the antennae was 2-18 GHz (S11<-10 dB).

Figure 4.9 shows a noise level over the whole band with video and resolution bandwidths
of 1 kHz as an example.

Center 3.550 GHz 19.000 GHz

Figure 4.9: Noise level in a KRB at frequencies 0.1-19 GHz, RBW=1 kHz, VBW=1 kHz.

In the figure, only frequencies of 2 GHz or higher are relevant because the antenna gain
was defined only from the operation frequency of 2 GHz. However, in the lowest
frequency area, signals from the mobile network base station and WLAN station can
easily be identified. Compared to Figure 3.1, taking the smaller bandwidth into account
(meaning a reduction of 30 dB), the noise level of about -110 dBm is 20-30 dB higher
than the noise level outside the combustion chamber at those frequencies. At higher
frequencies, the noise level difference evens out. At the highest frequencies, the noise
level is roughly the same level as outside the combustion chamber.
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Noise levels in the KRB environment seem to rise especially at large bandwidths to levels
which clearly limit applying wideband wireless techniques, such as Bluetooth and
WLAN, in those environments. [Korhonen, 2017-1].
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5 Operation time of a sensor in a combustion environment

In this chapter operation or lifetime of the sensor in combustion area is studied. The
operation time of normal electronics in flames is very short, and high temperature
electronics is still under development. The operation time of the sensor is extended by a
protective cover made from fire-tolerant materials. These materials are studied and
operation times are modelled and simulated and tested in real flame environment. The
material is partly the same in [Korhonen, 2017-3].

The operation time of a sensor operating at a high temperature depends on many
factors. The main limiting factor is the operation temperature of electronics in the sensor.
As stated later in this thesis, electronics devices which tolerate temperatures as high as in
combustion chambers and which have sufficient operational capabilities for an active
sensor are not available commercially. Consequently, it is more functional and even
necessary to use electronics intended for normal temperatures and to protect it with an
enclosure. Furthermore, it must be accepted that the operation time of sensor electronics
is limited, and without special arrangements, it will be short due to the rising temperature
in an enclosure. The increase in temperature depends on self-heating due to the power
dissipation of the electronics and heat flow from the environment surrounding the
enclosure. There are means to extend the operation time. In this section, operation time
issues are studied, focusing on passive thermal protection or insulation. All active cooling
methods are excluded from the study.

5.1 Application of electronics at high temperatures

Researchers have studied high-temperature electronic sensors for quite a long time
[Turner, 1994]. The research has mainly focused on surface acoustic wave (SAW)
sensors. Hornsteir [1998] investigated SAW sensors and their materials based on lithium,
langasite and aluminium nitrides. He has concluded that e.g. LiNbOs is suitable for long-
term operation at 300 °C, but tolerates 800 °C only a short time. In addition, gallium
lantanium silicate or LGS (LazGasSiO14) can principally operate at 1470 °C because of its
steady phase action. However, the material has some other properties making it difficult
for sensors. Hornsteir’s conclusion was that SAW devices can be applied at temperatures
up to approximately 1000 °C, if appropriate material combinations are used. Mrosk
[2001] has studied material issues related to sensors and maintains that due to the melting
of aluminium at quite low temperatures (660.3 °C), aluminium is not a suitable material
for a SAW sensor reflector. Therefore, platinum must be used in the reflectors. Mrosk
states that monocrystalline LGS or langasite (LasGasSiO14) can lose piezoelectric
properties at 1000 °C [Mrosk, 2001]. According to another study, both temperature
monitoring and identification is possible at up to 400 °C [Hauser, 2005]. Many papers
[e.g. Fachberger, 2006] concentrate on temperature measurements using SAW sensing
technology. Some research papers focus on special SAW sensor investigations, such as
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gas sensors [Zeng, 2011; Thiele, 2005], pressure sensors [Moulzof, 2010] and strain
sensors [Shu, 2015].

SAW-based sensors are developing quite quickly. However, challenges in applying
SAW sensors to process parameter monitoring in industrial combustion chambers are still
quite significant. Because the positioning of RFID or SAW tags is challenging in normal
environments [Bouet, 2008], obviously it would be extremely difficult to position mobile
SAW sensors in a combustion area. The fluctuating signal attenuation and propagation
velocity inside a combustion chamber make ordinary small-scale time and signal strength
based positioning systems worthless, see section 7.2. In summary, the use of SAW sensors
is and will for the foreseeable future be limited in high-temperature mobile sensor
applications.

5.2 Operation time inside thermal insulation

To extend operation time of an ordinary electronics inside sensor ball, the cover of sensor
ball must function as thermal protection, which decreases heat flow from the combustion
environment flowing inside the sensor ball. Decreasing heat flow delays the warming of
the sensor and thus stretches the operation time. In tandem, the external flow is minimized
and self-heating must remain low enough to hinder excessive warming of the sensor
electronics. In its entirety, the operation time is a compromise of many contradictory
issues; see Figure 5.1.

COMBUSTION
ENVIRONMENT
MASS OF (TEMPERATURE) SIZE/SURFACE
SENSOR BALL AREA OF SENSOR
BALL
POWER DISSIPATION
OF ELECTRONICS
MASS OF
ELECTRONICS
RS EEE WIRES THROUGH
OF ELECTRONICS 4 ENCLOSURE

MAX. OPERATION

TEMPERATURE
HEAT OF ELECTRONICS
CAPACITY
OF HEAT
SENSOR BALL CONDUCTIVITY

OF INSULATION

Figure 5.1: The operation time of a sensor ball in a combustion chamber depends on many
contradictory factors. In addition, some factors directly affect the hovering of the sensor ball.
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The operation time is dependent on the high temperatures in the combustion chamber, the
properties of the sensor electronics, the maximum operation temperature of the
electronics inside the sensor ball, and the thermal insulation of the enclosure around the
sensor electronics. The temperature outside the sensor ball causes heat flow into the
sensor ball in two ways: through the insulation walls and via wires led through insulations.
Very rigorous requirements have been set for the insulation and physical dimensions of
the ball. In addition, the hovering and operation time seem to be closely related to each
other: the greater the mass of ball is, the easier it is to extend the operation time, but the
more difficult is to make the ball hover, see chapter 6 and [Korhonen, 2017-2]. The mass
can be higher if the size (cross-section) of the sensor ball can be increased. Increasing the
size or surface area in turn increases thermal flow through the surface. The mass of the
ball can be reduced if the heat capacity of the ball and its core can be increased or the heat
conductivity of the thermal insulation can be reduced.

The following section deals with the theoretic background of heat capacity and heat
conductivity. Subsequently, the importance of wires through a thermal insulator is
studied. Finally, a practical solution for thermal protection and ideas for extending the
operation time are presented.

5.2.1 Heat capacity, heat conductivity and heating

Heat capacity is the physical quantity of an object describing the relation between
thermal energy led to the object and the temperature change of the object. The unit of heat
capacity is J/K. Heat capacity can be given commensurate to mass, meaning specific heat
or specific heat capacity, and its unit is J/K kg. Heat capacity is a complex function of
temperature and material properties.

Heat or thermal conduction in a material is a consequence of two phenomena: migration
of free electrons in metals or lattice vibrational waves in non-conducting materials. The
quanta of lattice vibrations are seen as phonons. Thermal conductance k is a vector
property of the material, defining the rate at which thermal energy is conducted in
material. The heat conduction rate is defined by equation

. _ ,OT | . T ar
= —kVT = —k(;a +]5+k5), (5.1)
where g is the heat flux (vector), K is the heat conductivity, T is the absolute temperature,
and i, j and k are unit vectors in the directions x, y and z, respectively.

The equation shows that the heat flux vector is in a direction perpendicular to isothermal
surfaces. The minus sign before k signifies that thermal energy flows in the direction of
decreasing temperature.

According to kinetic theory, thermal conductivity can be expressed as follows [Incopera,
2007]:



64 5 Operation time of a sensor in a combustion environment

k=§Cc‘Ax, (5.2)

where C subtends in metals electron specific heat and in non-conducting materials the
specific heat of phonons, ¢ signifies in metals the mean electron velocity and in non-
metals the average speed of sound in material, and A« signifies in metals the mean free
path of electrons and in non-metals the mean free path of phonons. From the equation 5.2
it follows that thermal conductivity k is directly proportional to the mean free path and
mean velocities of electrons or phonons. The electron or phonon specific heats are directly
proportional to the absolute temperature. In contrast, the mean free path of electrons and
phonons decreases with an increasing temperature.

In solid materials, k can be the sum of conductivity of electrons ke and the conductivity
of phonons kpn:

k= ke+ kpy . (5.3)

Thermal conductivity k depends on many material properties and phenomena, such as
conduction and radiation in materials. All those phenomena as conductivity en bloc are
temperature dependent. There are many models to describe it [Incopera, 2007; Zhao,
2012; Carson, 2005; Pietrak, 2015]. This thesis employs a general formula [Zhao, 2012]:

k=A4,+ AT+ A, T?>+ A; T3, (5.4)

The coefficients Ao, A1, A2 and As for the equation are specified according to empirical
tests. Thermal coefficient k for insulation materials tends to increase with the temperature.
Values for coefficients for the materials used in test sensor balls, see 5.2.4, are given in
the next table:
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Table 5.1: Coefficients to equation 5.4.

Ao AL Az As

POROMAX 26 0.2187 ' 0.0002 107 4*101
BRICK

JM23 BRICK 0.1517 ' -0.0003 5*107 -3*1010
SUPER-1100E 0.04  0.053 0.015 0.0017
BOARD

WDS BOARD 0.0143 | 5*10° 107 0.0143
SMG-128 WOOL  0.2295 0.0007 10® 4*10°°
(SUPERMAG)

5.2.2  Self-heating

Self-heating of electronics is a consequence of power dissipation. Power dissipation
originates from the dynamic operation of circuits and ohmic losses in quiescent states of
circuits. In dynamic circuits, power dissipation is directly related to operation frequency.
Power dissipation is less than the power consumption of electronics especially in
transmitting devices because a part of energy fed into the transmitter is used for
electromagnetic waves radiating from the antenna. The heating of electronics due to their
own power dissipation is illustrated in Figure 5.2.
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Figure 5.2: Heating of the inner chamber in 30000 seconds when the outside temperature is
recursively set as the same as inside the chamber, at power levels 0.2, 0.4, 0.6, 0.8 and 1.0 W

Figure 5.2, which is the result of modelling by Comsol™, employs recursive heating,
which means that the case temperature has been risen in all simulation rounds to the value
of electronics in the earlier simulation round. In addition, heat losses out from enclosure
are neglected. The heat capacity of the electronics is defaulted at 0.69 kJ/kg K and the
mass of electronics is 25 g. The dissipation power was gradually set first to 0.2 W, then
1.0 W, and finally 0.2 W. According to the simulation, for example with the lowest power
dissipation (0.2 W) the sensor warmed up to 100 °C, near the point of destruction, in
30000 seconds or 500 minutes. At the dissipation power level of 1.0 W, the limiting
temperature was reached in 3000 seconds or 50 minutes. In conclusion, the self-heating
of the sensor must be taken into account if heating due to external temperatures takes tens
of minutes. In addition, the mass and specific heat must also be taken into account when
estimating self-heating.

5.2.3  Wires through envelope

Sensor wires, even thin ones, act as thermal conductors from high external temperature
into envelope or towards sensor electronics. Thermal flow can be calculated with the
equation

Ax
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where k is the thermal conductivity of a wire, A is the cross-section of the wire, At is the
temperature difference across the insulation and Ax is the thickness of the insulation (wire
length inside it).

Table 5.2 contains results of calculations of heat flows via wires through insulation. In
the calculations, the effect of insulation around the wire is neglected. Heat flow to the
wire is defined by the effective surface of the wire to the external heat source and the
absorption of the wire surface. According to measurements, the estimated specific heat
energy of electronics is about 0.69 KJ/ Kg K. The rightmost column of Table 5.2 shows
time estimates for over-heating (from 20 to 120 °C) of the sensor electronics due to
thermal energy through wires, when the thermal source is seen infinite. The sensor
electronics mass is defaulted at 25 g.

Table 5.2: Thermal power through insulator by a wire.

Metal type | Thermal Diameter | Heat flow (W) | Heating time (s) from 20
Conductivity | (mm) with infinite to 120 °C
(W/K m) external
thermal source
Copper 393 0.5 3.27 405
(Cu)
Copper 393 1.0 131 101
(Cu)
Steel (Fe) | 58 0.5 0.48 2780
Steel (Fe) | 58 1.0 1.94 684

According to Table 5.2, heat flow with a copper wire 1.0 mm in diameter from an infinite
thermal source is about 13.1 W. This kind of flow heats the sensor core so much, that it
directly affects the operation time of the sensor.

With an infinite external thermal source, the sensor electronics inside the insulator may
overheat in as little as 101 seconds due to heat flow in a wire through the insulator. In
practice, if only the head surface of the wire is open to external heat transport, the surface
for heat exchange is about 7.85*10”" m? and heat flow to the wire is 0.039 W to 0.157 W
with finite external thermal sources from 50 kW/m? to 200 kW/m?, respectively.
Alternatively, if there is wire 10 mm in length with a diameter of 1 mm, the effective
surface is approximately 0.000031 m? and the heat power is roughly 1.6 - 6.3 W with
same external thermal power sources. In conclusion, thermal flow via wires through the
thermal insulation must be taken into account in estimating the heating of electronics
inside.
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5.2.4  Modelling operation time in flames

To obtain a better understanding of operation times, the operation times were modelled
and practical tests were conducted. For simulations and practical tests ball diameter was
set to 95 mm and wall thickness to 20 mm. The modelling was performed with the
Comsol™ Multiphysics Simulation tool, version 5. For both modelling and practical tests,
five envelope materials was selected: Poromax 26 bricks, JM23 bricks, Super-1100E
insulation board made by Skamol Ltd, WDS Porexherm insulation board and SMG-128
or SUPERMAG™ wool. In addition, a ball from pine wood was included in the tests due
to interest. Table 5.3 lists the main parameters of five insulation materials relating to this
study.

Table 5.3: Basic parameters of primary insulators used in the tests. Values missing from the list
were not disclosed by the manufacturers.

Type Density | Thermal Spesific Max. operation
(kg/m®) | conductivity heat Temperature

W/ Km kJ/ kg K °C

POROMAX 26 | 780 0.25-0.35 1430

BRICK

JM23 BRICK | 480 0.12-0.19 1.05 1260

SUPER-1100E | 245 0.08-0.14 0.84 1100

BOARD

WDS BOARD | 226 0.02-0.045 1.05 1050

SMG-128 128 0.12-0.28 1200

WOOL

(SUPERMAG)

The brick-like materials are quite porous and brittle. SMG-128 is wool-like material
and WDS Porextherm is flocculent and packed between glass fibre coatings.
Manufacturers’ datasheets provide more accurate information concerning the tested
materials.

Table 5. and Figure 5.3 show the thermal conductivities of the materials as functions of
temperature. As stated earlier in this thesis, thermal conductivity is temperature related.
Thermal conductivities of insulation material can increase three-fold in combustion
temperatures compared to room temperature. Only thermal conductivity of WDS material
seems to be quite stabile over the temperature area.
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Figure 5.3: The thermal conductivity of insulators increases with temperature.

In the modelling, the external heat source is defaulted as infinite because the radiation
and thermal flow (loading) in large combustors are high overall (50 — 200 kW/m?), which
means a heat flow of about 1272-5088 W to the ball surface. This means about 5 to 20
W energy to each area of one square centimetre on the ball surface. In comparison, raising
the temperature of the sensor electronics (mass = 25 g, heat capacity Cp =0.677 kJ/kg K,
ball diameter 95 mm) to 120 °C takes at shortest approximately 350 seconds in external
temperature of 650 °C (see Figure 5.10, material SUPER-1100E). This temperature rise
of electronics demands energy g= m* C, *At = 1.692 kJ. Most of this energy is transferred
through the enclosure in 350 seconds or at power P = 1692 Ws/ 300 s = 4,834 W. Divided
over the whole surface of the ball, the energy gives 0.0199 W/cm? , which is about 0.4 %
of the power radiated and conducted to the ball surface.

The five above-mentioned materials and wood for comparison were modelled and
simulated for a temperature increase inside the sensor ball. The following figures present
a sample of the heat distribution in each material:
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Figure 5.6: Heating in a ball made from
POROMAX brick material. Situation 350
seconds from the start. Estimated heat
capacity of enclosure material 1.2 kJ/ kg K.

Figure 5.4: Heating in a ball made from
SKAMOL SUPER-1100E. Situation 250
seconds from the start.
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Figure 5.7: Heating in a ball made from
Morgan JM23 brick material. Situation 400

Figure 5.5: Heating in a ball made from
seconds from the start.

WDS Porextherm. Situation 800 seconds
from the start.
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The inside temperatures in the balls are the same in all figures. For SuperMag wool and
Poromax brick material, some parameters had to be estimated because they were not
available; see figure texts. In all simulations the internal dissipation power was set to be
0.2 W and external temperature 850 °C.

Simulations showed clear differences between materials, as Figures 5.11 and 5.12 clearly
indicate, representing summarized results of simulations at temperatures of 650 °C and
900 °C of balls having wall thickness of 20 mm and heat capacity of core 690kJ/Kg K.
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Figure 5.10: Heating of ball cores at an environment temperature of 650 °C according to
simulations. Materials missing principal parameters are excluded from these simulations.



72 5 Operation time of a sensor in a combustion environment

Text= 900 °C

TEMPERATURE
700 °C SUPER-1100E
a—— IM23
-
300 °C WQOD
MAX.TEMP
FOR OPERATION ‘

100 °C = WDS

200 400 600 800 1000
Time(s)

Figure 5.11: Heating of ball cores at an environment temperature of 900 °C according to
simulations. Materials missing principal parameters are excluded from these simulations.

The simulations suggest that WDS Porextherm would be the best, offering an operation
time of approximately 900 seconds at a 650 °C environment temperature and about 720
seconds at a 900 °C environment temperature. The light material SuperMag wool seems
to have the shortest lifetime: 300-400 seconds. The results clearly demonstrate the effect
of the heat capacity, heat conduction factor and density in defining the protection.

5.2.5 Practical operation time tests

For the experimental tests a set of sensor balls with electronics were manufactured. The
diameter of balls manufactured from bricks ( JM23 and Poromax-26) and Super-1100E
board was about 95 mm. Enclosures prepared from SMG-128 Supermag wool and WDS
boards were tooled into rectangular, layered structures, having dimension of 95 * 95 * 95
mm?. The wall thickness of the balls and layered structures was 20 +5 mm. Figure 5.12
displays the enclosures.
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Figure 5.12: Sensor enclosures used in the test. Materials of the enclosures: In the bottom row, on
the right SMG-128 wool and on the left WDS, in the upper row, from right to left, Super-1100E,
Poromax26, JM23 and wood based enclosure halves

For the first tests in flames, sensor implementation was based on the ARDUINO™ Nano
and HC-12 radio transceiver boards; see Figure 5.13. The combination was supplied from
two lithium batteries type ER14250M, connected in series. The nominal voltage of the
battery was 3.6 V. The size of the battery is half AA and its capacity 750 mAh. The battery
was selected because it has quite a large loading current of 100 mA. This type of loading
current is necessary for temporary high-load situations during data transmission from the
sensor. Despite of the operating temperature range of this battery type is -40 to 85 °C, it
seems to tolerate operation at temperature of 120 °C at least for minutes.

| THE INSULATING
| ENCLOSURE

’11 ARDUINO
PT1000 NANO

K-TYPE Uin
. CLK D4

CS D5 BATTERIES

Figure 5.13: The test sensor was implemented by Arduino Nano, HC-12 and optionally MAX6675
K-type thermo element input modules. In addition, there were batteries and temperature sensor
(PT1000).
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The sensor electronics was assembled inside enclosure, in a pit drilled in sensor ball
covers, see
Figure 5.14

Figure 5.14: Electronics of the mobile sensor in an open enclosure

To measure the temperature inside the enclosure, the temperature sensor PT1000 was
connected to the analog-digital converter input of the microprocessor. The sensor was a
PT-1000 thermistor, type DM-507, manufactured by Labfacility Ltd. The operating
temperature range of PT-1000 components is from -50 to 500 °C. The nominal value at a
temperature of 0 °C is 1000 Q. The temperature coefficient is 38.5 2/ 100 °C. The resistor
R1 has a value of 1000 Q.

The communication sensor electronics included a HC-12 transmitter module. The module
operated at a 433 MHz frequency band. The output power of the module is selectable. In
the test, a power level of 100 mW or 20 dBm was used. The module is connected to
Arduino’s microprocessor with a serial interface. The used bit rate of the interface was
9600 bit/s.

For the Arduino Nano module, a program was coded by Arduino C. The code was loaded
into Arduino’s memory by the USB interface of the board. The code is a loop base code.
It reads the voltage from the voltage divider R1-PT1000 with an AD converter, packages
voltage values into the message and transmits the message to the HC-12 module.

Some of sensors were equipped with external temperature measurement to determine the
temperature around the sensor. The temperature sensor was a K-type thermoelement
[Scervini, 2009]. It was connected to the system by a module containing a MAX6675
thermo-element adaptation circuit. The module implemented cold junction compensation
automatically in the signal. It had a connector for thermos-element wires. The module
communicated by a simple SPI protocol with the microprocessor.

In the first tests, receiver module was same kind of HC-12 module. It is connected by
USB-to-serial converter module to PC or laptop. VisualStudio C++ based software was
used to decode and scale measured values from messages. After decoding data was stored
to text file. From the text file the values were moved to Excel file manually for post-
processing. In first tests no positioning was needed nor used.
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In test phase, the sensor balls were inserted into the small test combustor shown in Figure
5.15. The combustor was made from a concrete dwell ring with a diameter of about one
metre. Pellets and wood were used as fuel. Air was supplied pressurized from under the
grate.

Figure 5.15: Test combustor

The temperature in the bottom of the combustion chamber varied from roughly 650 to
908 °C, see Figure 5.16. Sensor balls to be tested were kept about 100 mm over the
combustion bottom, mainly inside flames. The actual temperatures around the sensor
balls were not measured, but only estimated to be about 600 to 700 °C.

Figure 5.16: Temperature in the bottom of the test chamber varied from 650 to 908 °C. The IR
photos were taken with IR camera type FLIR T200. The emission factor in camera settings was
set to 0.7 during measurements.

Figure 5.17 illustrates the results from the empirical tests. It’s underlined, the results are
tentative and there are many inaccuracies. The ball cores were heated with sensor
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electronics introduced in section 5.2.5. Each curve represents a specific material and ends
where the operation of electronics stopped inside the enclosure made from that material.
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Figure 5.17: Heating of ball cores according to practical tests. Temperature around sensor balls
was estimated to be about 600 to 700 °C.

The results of the empirical tests correlate well with the simulations introduced earlier. In
the enclosure made of WDS Porextherm, the sensor operation stopped at about 137 °C
after approximately 1300 seconds or 21 minutes of placing the sensor into the flames in
the test combustor. The difference between simulations and empirical tests was largest in
SMG-128 (SuperMag) wool. The operation time was longer in the experimental tests than
in the simulations. The same occurred with the WDS material. In both cases, the
declaration could be in enclosure materials. The walls of enclosures were in certain places
thicker than 2.5 cm, and the enclosures from these materials were rectangular, while other
enclosures were spherical; see Figure 5.12.

5.2.6  Extending operation time of sensor ball

The operation time can be extended by optimizing the power consumption of electronics
and thermal properties of the comprehensive solution. Thermal properties such as the heat
conductivity of insulation can be decreased and the heat capacity of insulation increased
with better materials available or coming on the market. The heat capacity of the core can
be increased by adding material with a high heat capacity value to the core. In the future,
extending the temperature area of electronics (see section 5.1) can dramatically improve
the operation time. All solutions must be proportioned to the mass and cross-section of
the sensor ball to guarantee the best possible hovering of the sensor ball.
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The figures 5.18- 5.24 represent simulations in which the enclosure thickness and core
heat capacity vary. The basic parameters and material (Super-1100E) are the same is as
in Figure 5.4.
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Figure 5.18: Basic situation. Mass of sensor
ball approximately 100 g. Operation time
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Figure 5.20: 50 g material with a heat
capacity of approx. 4 ki/kg K added to core.
Lifetime increases to 450 s. Mass of solution

0.157 Kg.
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Figure 5.19: Wall thickness decreased to 10
mm. Mass of solution approximately 74 g.
Operation time 120 s.
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Figure 5.21: Wall thickness decreased to 10
mm. Operation time perhaps slightly shorter
than in previous figure. 50 g high thermal
capacity material at core. Mass of ball 0.124
kg.
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Figure 5.23: Wall thickness 10 mm, core
mass 25 g, total mass approx. 75 g, air gap
added between core and enclosure. It
extends operation time to 200 s.

Figure 5.22: Wall thickness 10 mm.
Operation time longer (450 s) than in
previous figures. 75 g high thermal capacity
material at core, total core mass 100g. Mass
of ball 0.149 kg.
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Figure 5.24: As in previous figure, but with
aluminium foil of 0.5 mm thickness added
around the core. Operation time extended to
250s.

According to the simulations, varying the enclosure thickness both the operation time and
the mass of the enclosure is highly controlled. An air gap alone and an air cap with
aluminium around the core decreasing the radiative heat transfer will increase the
operation time. In summary, the ball can be optimized with material and structural
arrangements.
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As summary, the operation time of the sensor seems to be in the order of minutes. Sensor
structure, properties of insulation materials, heat capacity of core (electronics), wiring
through insulation and external temperature all together define the operation time. In
addition, power dissipation of the sensor electronics must be limited to about some
hundreds of milliwatts in order to avoid self-heating and self-annihilation of the sensor.
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6 Hovering of the sensor ball

Hovering of the sensor ball is key-issue to the sensor which is intended to propagate in
all parts of combustion area. There are some ideas to use the ball as a bottom or non-
hovering sensor. In this kind of applications, as for example measuring temperature of
the heap in KRB boilers, hovering of the ball is to no purpose. In this chapter hovering
issues are shortly discussed by theory and modelling base. Wider investigation of the
issues are given in [Korhonen, 2017-2].

6.1 Theory of hovering

An object hovering freely in a medium, air, water, suspension, etc., is affected by three
forces: drag Fp, buoyage Fg and gravitation force Fg. In a combustion environment, flows
mainly move vertically; see Figure 6.1.

GAS/FLUID
FLOW
BUOYANCY

GRAVITATIONAL
FORCE

Figure 6.1: Forces acting on a hovering object.

To hover vertically, the forces affecting the object must be in balance, or

FG = Fd + FB' (61)

The gravitation force is defined as a product of mass m of the object and Earth’s gravity
g, or
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F; =mg. (6.2)

The object in a medium experiences lift or buoyancy according to the Archimedes law,
which says that the object which is partially or completely embedded in a fluid will be
lifted up by a force Fs which equals the weight of the fluid the object is displacing. So,
the buoyancy can be defined as

Fp=Vpg, (6.3)

in which V is the volume of the object embedded in the fluid and p is the density of the
fluid.

If the fluid around the object is in movement, the viscosity of the fluid, which is
analogous to friction between solid objects, imposes a drag force Fp on the object. This
drag force is calculated in two different ways relating to turbulence and the velocity of
the fluid. For this reason, fluids are classified according to a dimensionless Reynolds
number, which is defined as a ratio between the inertia forces and viscous force of the
fluid with the following equation:

Re = 22L& (6.4)

in which p is the density of the fluid, u is the characteristic velocity between the fluid and
object, L is the characteristic linear length, and | is the viscosity of the fluid.

When the flow of the fluid is non-turbulent, its Reynolds number is small — under 2000.
If the Reynolds number exceeds 4000, the flow is turbulent. Between these limits is an
intermediate area in which flow cannot be classified as non-turbulent or turbulent. For a
spherical object, the drag can be calculated in a non-turbulent fluid using the Stokes
equation

Fp=6mruyv, (6.5)
in which r is the radius of the (spherical) object, | is the viscosity of the fluid, and u is
the velocity.

Inturbulent flow conditions, drag is calculated related to the density of the fluid, viscosity
and drag coefficient Cp:

Fp=0Cp APTuZ- (6.6)
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In the equation, A is the nominal surface area of the object seen from the direction of the
flow or the projected area. For a spherical object, it can be calculated with the following
equation:

: (6.7)

in which d is the diameter of the sphere.

The drag coefficient is a dimensionless number. The coarseness of the object and
compression of the medium at high velocities affect the drag force [Sadraey, 2009]. It has
been defined through empirical tests for different objects. Table 6.1 provides examples
of drag coefficient values [Engineering Toolbox].

Table 6.1: Examples of drag coefficients [Engineering Toolbox].
Type of object Co Frontal area

Airplane wing, | 0.15
normal position

Modern car e.g.|0.26
Toyota Prius

Truck 0.8-1.0

Train 1.8

Rectangular box 2.1

Sphere 0.45 (m* d?)/4
Dolphin 0.0036 | Wetted area

The drag coefficient of sand particles in CFB boilers is given in the following equation
[Basu, 1992]:

a,
Reb1

Cp =

: (6.8)

in which constants a1 and bz can be approximated according to Table 6.2.
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Table 6.2: Parameters for equation above [Basu, 1992]

Range of Re | Region a1 by
0 <Re <0.4 | Stokes law 24 | 1.0
0.4 < Re < | Intermediate law | 10 | 0.5
500

500 < Re Newton’s law 0.43|0.0

In the region of Newton’s law, substituting parameters to equation 6.8, a result of 0.43
is achieved. This is close to the value given for a spherical object in Table 1.

6.2 Practical considerations

To find out about the real hovering conditions, some simulations and calculations were
carried out based on information collected on the issue. The study began by modelling
and simulating velocity and pressure fields related to a ball hovering in a round channel
with an air flow of 6 m/s. The diameter of the ball was 95 millimeters. The mass of the
ball varies according to the enclosure wall density, which was set to 60 g for the
modelling. Mass 60 g was chosen, because in the future work the goal is to tone up the
sensor ball to 60 g. The simulation was performed with the Comsol™ 5.2 simulation tool
using turbulent flow model. In simulations, the fluid temperature was set to 850 °C, and
the viscosity and fluid (air) densities were set to values present in that temperature or
4.1*10° Pas and 0.309 kg/m?®, respectively. Figure 6.2 shows the velocity field in the
middle cross-section of the channel.
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Figure 6.2: Velocity field around the sensor ball at an air flow speed of 6 m/s.

The simulation results indicated that in a narrow channel 500 millimetres in diameter,
there was no wall effect at a velocity of 6 m/s or less. The tail of disturbance effects lasts
over one meter above the ball.

An estimate was calculated for the hovering drag forces. In the hovering tests, only
mass and size (diameter) of the sensor ball are known. The coarseness of the ball surface
could not be taken into account in this study.

In the estimations, the ball was kept statically in position and rising flows from the
bottom of a combustion chamber to the top were imagined. The ball properties were fixed,
and only flow speeds and fluid or suspension densities varied in different areas of
different boilers based on information introduced earlier in this thesis.

Figure 6.3 illustrates the results for a CFB hoiler.
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Figure 6.3: Gravity force and drag forces vs. fluid velocity in a CFB boiler. Curves: 1. Ball gravity
force, 2. Fluid density 1,273 (kg/m3) = air, 3. Fluid density 5 kg/m3, 4. Fluid density 10 kg/m3.

Drag forces for a CFB boiler were calculated with fluid densities of 1.273 (kg/m®), 5
kg/m? and 10 kg/m?, because they represent air and typical densities in upper parts of
CFB boilers. The calculated buoyancy forces are only 0.00285 N, 0.0119 N and 0.0223
N, respectively, at a fluid velocity of 6 m/s. The smallest density appears obviously in the
flue gas channel of the CFB boiler. Other density values exist inside the chamber except
in the bed, where the densities are about a decade higher. According to the graphs, at fluid
densities greater than 10 kg/m?, a ball with a mass of 60 g can hover when the fluid
velocity is about 6 m/s. Velocities like this exist at least in so-called fast bed reactors, but
sometimes also in ordinary CFBs. With smaller fluid velocities present in CFB boilers,
the mass of the ball must be lighter or fluid densities greater. After all, one must keep in
mind the down-coming suspension fluids in walls of CFB boilers. Sensor ball of
whichever weight will be fallen down with these thick flows.

In BFB as in CFB boilers, the ball can hover only on top of the bed and just over it, in
the splash area. In the free-board area in the BFB boiler, both fluid densities and fluid
velocities are too low for hovering.

In kraft recovery boilers, the ball does not hover. On top of the char bed, the ball will
adhere to the char bed material. Therefore, this sensor ball could be the first measuring
device capable of measuring parameters on the char bed surface.
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7 Sensor implementation future views

In paragraph 5.2.5, the sensor solution for practical tests was introduced. This chapter
presents some visions concerning the future solution and work of the sensor ball, focusing
on the positioning and communication issues.

7.1 Next generation sensor solution

The goal is for the sensor ball to operate in large combustion chambers, measuring,
positioning itself and sending collected information in real time wirelessly to a receiver
module.

According to the first studies, it seems that a self-positioning sensor would work best in
a combustion area. This is based on the fact that all other principal positioning
mechanisms, such as time of flight (ToF), time of arrival (ToA), time difference of arrival
(TDoA), angle of arrival (AoA), and radio signal strength (RSSI), require a stable
environment in relation to the speed of the radio signal, refraction and diffraction, and
path loss. As stated earlier, the combustion environment does not fulfill the requirements
of a stable environment. In principle, it could be possible to compensate for errors due to
the above-mentioned unstable conditions, but it demands complicated reference systems
and very intensive calculations.

The frequency band for wireless communications will be selected according to
attenuation and noise issues; see sections 4.1 and 4.2. A balance seems to be needed
between noise and attenuation forces to find a wireless solution, which has a link budget
tolerating strong attenuation and has a narrow operation bandwidth to minimize
limitations due to noise. Due to strong attenuation, the receiving system may demand a
multi-antenna and/or multi-receiver solution to receive sensor transmission from all parts
of the large boilers.

Many features are expected of measurements or sensors connected to a sensor ball. This
thesis only states that the SPI interface and AD converters are the natural interface
techniques for new sensors in final sensor electronics solutions.

The figure below illustrates a next generation sensor electronics solution.
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Figure 7.1: Next generation sensor electronics platform.

The main change compared to first phase sensor electronics is that the solution will be
one printed board (PCB) solution. The microprocessor will be an 8 or 16 bit
microprocessor having suitable interfaces. The next generation solution of sensor
electronics must be lighter than the present one, with a mass of roughly 29 g. A switching
power supply and one battery with a mass of about 10 g, is enough for suppling the
system. Sensor electronics will include a 6D axis gyro/accelerator sensor for measuring
rotations and positive and negative accelerations. This information is sent to the base
station, in which software integrates trajectory and measurement information received
from the ball and maps the data to a 3D transparent figure of the boiler.

7.2 Some views to measurements by the sensor ball

The usability of new sensors included in the sensor ball will mainly demand the limitation
of the size and mass of the sensor and the response time of the measurement solution. The
mass will be defined as the ratio between the sensor ball size and the sum of the intrinsic
mass and increase of the mass due to new sensors. The response time is relative to the
movements of the ball. It can be estimated that there will less static but more sudden
dislocations. The response times of the sensors must be of the order which does not make
identifiable or remarkable spatial errors in combining sensors and position results.
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The energy usage of the new sensor is less remarkable due to superior battery
technologies.

Temperature measurements are the main measurements. They must be based on
thermoelement technology. Thermoelements demand their own connection solution to
compensate for or avoid cold-junction errors. In addition, errors due to thermal radiation
to and from elements must be compensated. Thermoelements are manufactured to
temperatures of up to 1600 - 1800 °C. Sensors having the highest temperature area suffer
from increasing inaccuracy due to their relatively smaller thermoelectric voltage-
temperature ratio.

Pressure measurements will be principally solved by small capacitive sensors. The inlet
of gases to the pressure sensor must be protected against heat and dust. The inlet can
primarily define the delay of the measurement because the response time of new sensors
is of the order of milliseconds [SMI, 2017]

In the future, gas analysers based on micro-opto-electrical-mechanical systems
(MOEMS) will obviously offer solutions for real-time gas analysis with a sensor ball
[Hodkinson, 2013; VTT, 2017].

For sensors measuring process data, interface circuits are selected according to the
requirements of the sensor itself. The most significant problems in new sensor
technologies will be the mass of sensors, sampling of gases and energy demand. In the
first hand, miniature pressure and obviously an ionisation meter are included in the sensor.
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8 Discussion

The boiler environment is a multidisciplinary research object with challenges involving
micro, nano and macro level phenomena. Combustion in itself is a complicated entity. To
respond to all challenges arising from increasing boiler sizes, new fuels (such as waste
and biofuels) and requirements for cleaner combustion, combustion phenomena and
measurement need to be understood better. Radio and microwave based measurements
and a mobile sensor are examples of promising new techniques in measuring combustion
phenomena.

The first issue limiting all measurements — especially radio and microwave measurements
— is that boilers are closed vessels with few small or no holes on the walls and roof. The
lack or small size of holes hinder the use of sufficiently large antenna structures for wide
band measurements, especially at radio wavelengths under one gigahertz. Dipoles as
narrow bans antennas could be inserted into the boilers through instrumentation holes.
They work well for narrow band sensor communication, but not for any wideband
measurements.

According to the investigations, the communication solution must achieve a balance
between three issues: noise in combustion, attenuation due to ionisation, and an adequate
data rate (bit/s). The noise represents a challenge especially for wide bandwidth solutions.
In flame temperatures above 800 - 900 °C, the noise from black body radiation reaches
levels which exceed the sensitivity of the receivers having a wide bandwidth preamplifier
stage. Commercially available techniques of this type include e.g. Bluetooth and WLAN
technologies.

The attenuation, which in a KRB is roughly 10 dB/m, can hinder the communication in
large boilers completely. The plasma frequency, as stated in section 4.1, depends on the
ionization degree in combustion. Consequently, the receiver and transmitter used must
together offer and tolerate a path loss of approximately 120-140 dB or more in large
combustion chambers. The attenuation may be slightly easier for other boiler types, but
it needs to be verified through research. The bandwidth requirements correlate with the
bit rate requirements of communication links. The bit rate is a function of the position
data accuracy, sensor data amount, and update interval. The update interval depends
mostly on requirements for the precision of positioning data. The amount of positioning
data is dependent on the rotations and propagation velocity of the sensor ball. If the
minimum update and communication interval is 50 milliseconds, the bit rate requirement
with a minimum set of process values and position information is about 4000 bits/s.

Also the operation time is a function of contradictory issues. It mainly relates to the mass
of the ball. According to the investigations, an operation time of minutes can be achieved,
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but at the expense of hovering and propagation, excluding centre parts of CFB boilers, in
which quite a massive ball can move freely. The simulations (see section 5.2.6)
demonstrate that the operation time can be slightly adjusted in relation to the mass of the
ball with some structural, core heat capacity and insulation related actions.

The final challenge is the hovering of the sensor ball. As mentioned in the previous
chapter, hovering is an issue strongly related to operation time. In principle, hovering is
a function of four main issues: the mass and cross-section of the ball, and suspension
densities and flows inside combustion chambers. In CFB boilers, it is quite easy to make
the ball hover due to moderate flow speeds and remarkable fluid densities. In other
boilers, fluid densities are so low that special arrangements are needed to make the ball
hover. One such arrangement is to sacrifice operation time. The mass of the sensor
electronics is easily decreased to 10-15 g. However, it mostly depends on process sensor
structures. With a light enclosure weighing around 10 g, the sensor ball can hover in many
boilers. In this case, according to modelling, the operation time will be in the order of 20
seconds.

Further research is needed in this topic area. The positioning of sensors requires
examination. At the system level, an antenna solution suitable for a combustion
environment must be developed. This can occur after the frequency for the
communication link is defined. Other topics that merit further study include, for example,
a mathematical and software solution for representing measured, position related process
values in a 3D transparent figure of a boiler. Following in the path of previous studies,
researchers and designers continuing sensor ball development can focus on new
measurement solutions to make the sensor ball a finalized, versatile new measurement
device for combustion monitoring and measurement.
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9 Conclusions

This thesis examined the behaviour of radio and microwaves and the phenomena behind
them. In addition, the thesis studied the principal issues concerning the development of a
mobile sensor ball propagating and measuring inside a combustion chamber, including
operation time, hovering, measurement and communication.

The behaviour of electromagnetic waves is defined by chamber properties (size and wall
materials) and ionisation, which is related to combustion activity, ionisation, fuels burned,
and supplements in fuels. This thesis investigated the noise level and attenuation.
According to practical tests in a kraft recovery boiler at Stora Enso Varkaus, the noise
level in a KRB at frequencies of 0.1-19 GHz varied from -115 dBm to 100 dBm.
Measurements were conducted by a spectrum analyser with a resolution bandwidth of 1
kHz and video bandwidth of 1 kHz. This principal noise level will remarkably affect the
measurement and communication system using wide bandwidth receivers. This result
means that e.g. such common techniques as WLAN and Bluetooth cannot be used in
combustion environments. The attenuation of microwaves was measured in the same
KRB. The attenuation during normal operation (black liquor burning) was measured to
be about 10 dBm/m at frequencies from 2 to 18 GHz. Attenuation under the plasma
frequency could be higher, but in the measurements, the actual plasma frequency could
not be detected. The measured attenuation, approximately 10 dBm/m, means that in large
boilers (largest dimensions over 40 m) the mobile sensor cannot communicate with a
single antenna, but the communication system demands many antennas for receiving
signals from mobile sensors.

The operation or lifetime of a sensor ball in a combustion area was preliminarily
investigated by simulations, modelling and practical tests in a small-scale combustor. The
operation time is related to the sensor ball size, wall material and its thickness, thermal
conductivity, and the heat capacity of the wall material and sensor core. The operation
time is ultimately closely connected to the hovering. In the tests, the limit for proper
operation conditions for electronics was set to 120 °C. Six enclosure materials were
investigated. According to the preliminary simulations and tests, the sensor ball can
tolerate flames from about 4 to 10 minutes depending on the enclosure materials. The
results must be seen as tentative due to many inaccuracies in the test arrangements.

Hovering issues of the sensor ball were tentatively calculated and simulated. Balls with a
mass of about 29 g and diameter of 95 mm can hover in a CFB boiler riser area. In other
boilers, hovering is possible only on the bubbling bed in a BFB boiler or on the char bed
in a KRB.

Sensor electronics with temperature sensors for internal and external temperature
measurement were implemented for the primary tests, using standard microprocessor and
communications components. In the theoretical study, it was stated that active electronics
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(such as microprocessors) for high temperatures are not yet available. In the second
generation of sensor electronics, sensors must position themselves on six axes. In
addition, versatile interfaces for gas and other sensors must be created and implemented.

After all, it seems that a mobile sensor ball capable of propagating and measuring inside
industrial boilers is possible to implement. This work, although very preliminary, has
paved the way for sensors that fulfil the requirements for new measurement tools, opening
completely new measurement possibilities inside combustion chambers.
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