The University of Sheffield

Department of Chemical & Biological Engineering

The
University

Sheffield.

Fluidized Bed:

Online Monitoring of the Particle Temperature

Feng Li

PhD Thesis
March2020

Under the supervision of:

Prof. Agba Salman

Prof. Jim Litster



Acknowledgement

| would like to express my appreciation first to Prof. Agba Salman, Prof. Jim Litster,
and Prof. Mike Hounslow for their support and guidance. | am also deeply grateful

that my parents and Miss Yan Zhou supported and helped me a lot.

Feng Li



Abstract

In a fluidized bed, the online temperature of the particles is important for monitoring
the process anidr monitoring the process and understanding the heat transfer
mechanisms. In order to minimize the influence of the air on the particle temperature
measurema, thermal cameras were recently used to determine the particle

temperature noimvasively.

When using a thermal camera to monitor the particles in a fluidized bed, especially in
an ordinary fluidized bed, it is expected that some the particles indhmahimages

will be blurry. The blurry particles can be caused by the particle movement and the
thermal camera focus. In order to measure the particle temperature accurately, the
clear particles and the blurry particles in the thermal images should sid &eal
separately. In this thesis, based on the calibrated particle size and shape, only the
pixels that represent the clear particles in the thermal images were identified and

correlated to the particle temperature.

Using this technique, the online teempture of the particles was measured together

with the temperatures of the air and the fluidized bed wall. It was found that higher
inlet air velocity and higher loaded particle mass can accelerate the heating process of
the particles more than the heatiorocess of the fluidized bed wall.

At the temperature steady state, a-teonpartment model was developed to correlate
the heat transfer coefficients between the air and the particles and between the
particles and the fluidized bed wall. It was foundtthe relationship between them
depends on how the void fraction and the particle Reynolds number are related to the
contact area between the particle and the zones (hot and cold) and the time that the

particle spent in the zones.
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1 Introduction

1.1 Background of the thesis

Fluidized bed is a device that has air continuously introduced and allows the solid
particles within it to move like a fluid. Isiwidely used in many industries for

different applications including drying, coating and granulation, due to its favourable

heat transfer characteristics.

The fluidization behaviour of the particlesdspendent otheir density and size and
is indicatedoby the pressure drop. In order to fluidize the particles and allow the
particles to circulate, the air velocity should be higher than the minimum fluidization

velocity and lower than the particle terminal velocity.

When hot air is introduced from the tawn of the fluidized bed, both the particles and
fluidized bed wall are heated. The online temperatures of the air, the particles and the
fluidized bed wall are important for monitoring the heating process and understanding

the heat transfer mechanisms.

In the past, temperature probes were widely used by researchers to measure the
particle temperature in ordinary (e.g. column, tube, cylindrical) fluidized beds.
Generally, when the measured position was closer to the top of the fluidized bed or
closer to tle fluidized bed wall, the measured temperature was decr@datek &

Lu, 1964)

Theconcepif temperature probes can be expressed as:
Y Q0 Eq. )

Where"Yrepresents the measured temperature carepregnts the signal given by

the temperature probes.

The main advantage of temperature probes is that the correlation between the device
signal and theneasuredemperature can be obtained easily. The main disadvantage is
that direct contact between the temgtareprobes and the particles is required, while
the contact betweedhe temperaturprobes and the air surround the particles cannot

be prevented.
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From the Planckodés |l aw, it is knomys that
ultraviolet, visible infrared, and microwaves) emitted from an object is correlated to
its temperature. Therefore, the temperatura pérticlecan be determinegon

invasivelyfrom its emitted radiation.

Thermal camera is a device that can receive the infrared radiatiiecefrom its
detection area and generate a signal matrix to represent the intensity of the received
infrared radiation. It is a system mainly composed of a lens, an infrared sensor and a
digital signal processoAs shown inFigurel, there are several steps involved in

taking a temperature measurement with a thermal camera.

Particle
Thermal camera
temperature
Detection area |
of the thermal Particle
camera Temperature
Calibration
_ Elements in
Signal the signal
Generation matrix
® _
representing a
particle
Reverse
. Visualization
Signal
Matrix
Pixel cluster
9 representing a
particle
Image Pixel
Visualization Identification
Image
Thermal Segmentation Pixel
Image Clusters

Figurel. Temperature measurement using a thermal camera.
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Whenathermal camera receives infrared radiation fitsxtletection area, it generates

an array of signal values (signal matrikpr display, he signal matrix can be

visualized as a thermal image. The thermal image could be a grey scale image (the
colour of a pixel is represented by a grey value and véwed O to 255, where 0 is

the black and 255 is the white), a RGB image (the colour of a pixel is represented by
red, green and blue values and respectively varied from 0 to 255, where (0, 0, 0) is the
black and (255, 255, 255) is the white)asrimagein otherformats.This process is

unlikely to introduce error in the temperature measurewieiie fluidizing particles

From the visualized thermal imggée particleshat were within the detection area of

the thermal camera can be observed. Howeveereaton cannot be used

scientifically to identify the pixels that represent gagticles Image segmentation is

a technique that can divide an image into multiple segments (also known as sets of
pixels, pixel clusters, image objects and etc.). In an @npigels in the same pixel
segment (pixel set, pixel cluster, image object and etc.) are connected to each other in
eight directions (up, down, left, right, dgft, up-right, downleft and dowrright).
Sometimes, the connected directions can be simglgefour directions (up, down,

left and right). Unconnected pixels belong to different pixel segments. For example,

the pixel clusters-6 are segmented Figurel.

In a fluidized bed, both the particles and tluédized bed wall are in the detection

area. If an inappropriate image segmentasamsedthe pixels representing the

particles and the pixels representing the fluidized bed wall could be divided within the
sameconnected subsets (pixel cluster). Tiviscess is likely to introduce errorthe

particle temperature measurement.

Basedon the segmented pixel clusteifghe definition of a particle in the thermal
image isgiven then the pixel clusteghat satisfies the definition (for example, the
pixe clusters 2 irFigurel) can be identified as a particle. The pixels within the
identified pixels clusters are representing the particles in the thermal image. In this
thesis, this process is referred as the poestification.

It should be noticed thgPal & Pal, 1993) fihundr eds of i mage s egme
techniques are presented in the literature, but there is no single method which can be
considered good for all images, nor are all methodsllgqy@od for a particular type

of i nifagieappropriate particle definition is used, the number of pixels
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representing the particle may be more or less than it shoulthiseprocess is likely

to introduce erroin the particle temperature measureine

By reversing the visualization function, the element in the signal nthaaixs
corresponded to an identified pixan be obtained. These elements are representing
the particles in the signal matrix and can be correlated to the particle temperature

(referred as the particle temperature calibraitioRigurel).

The correlation function can be affectedtbg relationship between the infrared
radiation emitted from the particles and received by the thermedrea the

relationship between the infrared radiation received by the thermal camera and the
generated signal matrix by the infrared sensor, and the quality of the image

segmentation.

In summary, in order to use a thermal camera to online monitor thegart

temperature in a fluidized bed accuratétg general steps are:

i.  Install the thermal camera and visualize the signal matrices into thermal
images. The factors that need to be concerned are the specification of the
thermal camera, the material of twendow used on the fluidized bed and the
focus plane of the thermal camera;

i. Segment the thermal images into pixel clusters, identify the pixel clusters that
represent the particles. The factors that need to be concerned are the stability
of the identificaion technique, and the uniformity of the relationship between
the identified pixels and the particle temperature;

iii.  Obtain the signal values of the elements in the signhal matrices that represent
the particles and correlate them to the particle temperdthesfactors that
need to be concerned are the influence of the hot air, and the accuracy of the

particle temperature measured for calibration.

Recently, several researchers used thermal cameras successfully to measure the
particle temperature neinvasivel in flat fluidized beds (referred as a psetid

fluidized bed, in comparison, an ordinary fluidized bed is referred as a 3D fluidized
bed).The main advantages of a flat fluidized bed is that due to the restriction of the
fluidized bed wall, all particke can be assumed to move in the same plane and can be

continuously focused by the thermal camera.
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However,most of the fluidized beds usedindustriesare ordinarydD fluidized beds.
Compared to theD fluidized bed, the contacts between the air angbértcles, and
between the particles and the fluidized bed wall are differaheiordinary3D
fluidized bed. In these fluidized bexibecausé¢he particls can movan three
directions, not alparticles can béocusedby athermal camerdt is expeted that
there will be many unfocused particles in the thermal images. Therdferefféct of
thethermal camera focumn the temperature measuremefthe particles needs to be

considered.

During the heating process of the particles, heat transferobetween the air and

the particles, between the air and the fluidized bed wall, and between the particles and
the fluidized bed wall. The order of the air temperature, the particle temperature and
the fluidized bed wall temperature indicates the dioestiof the heat transfer

processes. The trends of the temperature differences between the air and the particles,
between the air and the fluidized bed wall, and between the particles and the fluidized

bed indicate the heat flux between them during thethmatfer processes.

In the operation of a fluidized bed, inlet air velocity, inlet air temperature and loaded
particle mass can affect the heat transfer processes between the air and the particles,
between the air and the fluidized bed wall, and betwieeparticles and the fluidized

bed wall. In terms of the heat transfer coefficients for the above heat transfer

processes, there are many empirical models in the literature can be used.

However, those models are mainly addressing the heat transfersgbetesen the

air and the particles, or between the particles and the fluidized bed wall. Also, limited
by the particle temperature measurement technique, the relationship between the heat
transfer coefficients for the two processes are not establishapplisations,

researchers tend to empirically select a heat transfer coefficient for one of the heat
transfer processes and fitting the heat trangfefficient for the other. Becaubeth

of the heat transfer processes are affected by the particleditioeh, it is proposed in

this thesis that the heat transfer coefficient between the air and the particles, and
between the particles and the fluidized bed wall are correlated and can be addressed

simultaneously.

When the particle temperature does n@nge over time, a temperature steady state
of the particles is reached. At this state, the total heat flux from the air to the particles
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is equal to the total heat flux from the particles to the fluidized bed wall. By
measuring the temperature differenedeen the air and the particles and between
the particles and the fluidized bed wall, thesrallheat transfer coefficients between
the air and the particles, and between the particles and the fluidized bed wall can be

compared.

In this thesis, at theemperature steady state, a particle is considered to gain heat from
somewhere that has higher temperature than it and lose the same amount of heat to
somewhere that has lower temperature than it (as shokigure2). The zone has
temperature higher than the patrticle is referred as the hot zone and the zone has

temperature lower than the patrticle is referred as the cold zone.

Cold Zone

——  Gain heat

Lose heat

Figure2. Two-compartment model.

Based on this, a twoompartmat model (hot zone and cold zone) can be developed
to describe the heat transfer process of a particle. The heat transfer process in each
zone can be described by the heat transfer coefficient, the contact area between the
zone and the particle, and thmé that the particle spent in the zoRer

simplification,the hot zone iset as the area where a particle is in full contact thigh
hotair, and the cold zone &t as the area where a patrticle is in contacttiéh

fluidized bedwall. By experimerally measuring the temperature difference between
the particles and the air, and between the particles and the fluidized bed wall, a
balance equation between the heat gained and lost by the particle can be obtained.
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1.2 Aims of the thesis
Due to the complexjtof the temperature measurement using thermal cameras, the
primary aim of this thesis is to establish a method that can reliably measure the online

temperature of the particlesan3Dfluidized bed.

Using this method, the second aim of this thesis isvestigate the effect of the inlet
air velocity, the inlet air temperature and the loaded particle mass on the particle

temperature during the particle heating process.

Based on the online measured particle temperature, the third aim of this thesis is to
compare the heat transfer coefficient between the air and the particles and between the

particles and the fluidized bed wall.

1.3 Structure of the thesis

In chapter 2, the literature related to theidepn this thesis is revieweth Chapter 3,

the factorghat are relevant to the installation of the thermal camera are considered.
An experimental setup was designed to minimize the measurement error caused by
the installation. In Chapter 4, the factors that are relevant to the identification of the
pixels rgpresenting the particles in the thermal images are considered. An
identification procedure was developed to roye the measurement accuraley.

Chapter 5, the factors that are relevant to the correlation between the identified pixels
and the particle tengpature are considered. Three correlation methods were
compared and theptimumresults were used. In Chapter 6, during the particle
heating process, the online particle temperature was monitored using a thermal
camera. In the meanwhile, the online tempees of the inlet air, the exit air, the
fluidized bed wall and the ambient of the fluidized bed were recorded using
thermocouple probes. In Chapter 7, the heat transfer coefficient between the air and
the particles and the heat transfer coefficient betwtbe particles and the fluidized

bed wall were compared at the particle temperature steady/state-compartment
model is developed.
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2 Literature Review

2.1 Scope of review

The fluidization behaviour of the particles is relevant to the density and dize of
particles. The Geldart classificatig@eldart, 1973)s widely usedo indicate the
relationship between the particle type and its fluidization behaviour. In a fluidized
bed, pressure drop is an important indication of the particle fluidizationEtaten,
1952; Kunii & Levenspiel, 1991; Rhodes, 2008he inlet air velocity should be
higher than the minimum fluidization velocigg€hitester, Kornosky, Fan, & Danko,
1984; Kunii & Levenspiel, 1991; Wen & Yu, 196é&)d lower than the particle
terminal velocity(Haider & Levenspiel, 1989; Kunii & Levenspiel, 1991; Turton &
Clark, 1987)

This chapter first reviewed the fundamental knowledge of the particle fluidization.

The particle temperature in aifized bed can be measured by temperature probes
(Baeyens & Goossens, 1973; Borodulya, Teplitsky, Markevich, Hassan, &
Yeryomenko, 1991; Gunn & De Souza, 1974; Gunn & Khalid, 1975; Malek & Lu,
1964; PetrovicThodos, & lllinois, 1968; Valenzuela & Glicksman, 1984; van

Heerden, Nobel, & van Krevelen, 1953; Wadke, Hounslow, & Salman, 2005)

thermal camera@rown & Lattimer, 2013; Li et al., 2017; A. V. Patil, Ret, Sutkar,
Deen, & Kuipers, 2015; Sutkar et al., 2015; Tsuiji, Miyauchi, Oh, & Tanaka, 2010)
Both of them have advantages and disadvantages. Compared to temperature probes,
thermal cameras are more suitable for online monitoring of the particle tearperat

a fluidized bed.

This chapter then reviewed the concepts of the temperature probes and the thermal

cameras.

When a thermal camera is used to measure the particle temperature in a fluidized bed,
the thermal image usually contains both the partahesthe fluidized bed wall. It is

first necessary to distinguish between pixels that represent particles and pixels that
represent the fluidized bed wall. The process that dhadamage into multiple

segments is the image segmentation. In the litexatiie fluidized beds that were

online monitored using thermal cameras were flat fluidized (#dsvn & Lattimer,
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2013; Li et al., 2017; A. V. Patil, Peters, Sutkar, et al., 2015; Sutkar et al., 2015; Tsuji
et al., 2010)

This chaptenlsoreviewed the image segmentation techniquasdliprand the

methods used by the researchers for obtaining the particle temperature.

However, most of the fluidized beds that were used to develop the empirical heat
transfer models are ordinary (e.g. column, tube, cylindr8ialjuidized beds
(Borodulya et al.1991; Decker & Glicksman, 1983; Ganzha, Upadhyay, & Saxena,
1982; Gunn, 1978; Gunn & Khalid, 1975; Malek & Lu, 1964; Mickley & Fairbanks,
1955; Petrovic et al., 1968; Ranz & Marshall, 1952; Saxena & Ganzha, 1984; van
Heerden et al., 1953; van Heerdenpllp & van Krevelen, 1951)

This chapter then reviewed the trend of the particle temperature and the widely used
empirical heat transfer models.

2.2 Fundamental of particle fluidization

2.2.1 The Geldart classification

In order to describe the relationship betwéwe fluidization behaviour and the
properties of particles, the GeldétB73)classification is generally used (as show in
Figure3). Based on the Geldart classification, the particle type can be described as
(Litster & Ennis, 2004; Morl, Heinrich, & Peglow, 2007Mype A particles are
usuallywith a mean particle size larger tharmAd and smaller thag 1 4t , and

with a density betweeg T andp T QKN . This type of particles can be easily
fluidized and show some patrticulate expansion. Type B particles are usually with a
mean particle size larger thantA and smallethanu 1t A4, and with a density
betweerp T ramdt 1 @Y . This type of particles can also be fluidized easily
but do not show any particulate expansion. Type C particles are usually with a mean
particle size smaller tham TAG . This type ofparticles are cohesive and fluidized
poorly. Type D particles are relatively large and require higher air velocities for

fluidization.
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Figure3. Diagram of the Geldart classificati¢@eldart, 1973)

2.2.2 Pressure drop

In a fluidized bed, pressure drigpgenerally used to indicate the fluidization state and

the superficial fluid velocity required to fluidize a packed bed is known as the

minimum fluidization velocity. As shown iRigure4, in region OA, the bedcemains

fixed and pressure drop increases with increased fluid velocity; in region AB, the bed

is partially fluidized and pressure drop decreases with increased fluid velocity; in

region BC and afterwards, the bed is fully fluidized and pressure drop emain

constant; the superficial fluid velocity in point A is the minimum fluidization velocity

(Rhodes, 2008).
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Figure4. Ideal pressure drop velocity cur@iehodes, 2008

When the particles are fully fluidized, the pressure drapfioidized bed can be
calculated from the force balance of the particles and expres@eevadson &
Harrison, 1971; Kunii & Levenspiel, 1991; Rhodes, 2008)

m 0o p - " 7 Q Ea. @

WhereYn is the pressure drop () 'O is the bed height¥), - is the void fraction,
" is the density of particleX¥Th ),” is the density of airQTh ), "Qis the

gravitational acceleratiom(fi ).

Generally, when the patrticles are fully fluidized, the relationship between the pressure

drop and the air velocity can be described by the Ergun eqi&tignn, 1952)

o ~.
g

m Y - Y p -
o — Eqg.
0 PUE— PR U5~ q. G

Where' is the viscosity of airf{ ¢0 ), U is the superficial air velocitya(#i ), andO

is the particle diameted().

2.2.3 Minimum fluidization velocity

The superficial air velocity at the incipient fluidization is thenimum fluidization
velocity. It is the lowest air velocity required to fluidize the particles in a fluidized
bed

By introdudng the Archimedes numben ():
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01 Eq. @)

And the particle Reynolds number at the incipient fluidizatiér} ):

v O
Y'Q ‘ Eg. ©)

Where'Y is the minimum fluidization velocityd(7i).

The Ergun equatiokq. 3) can be written afKunii & Levenspiel, 1991)

51 put 0/ Q£ p& ULO/'YQ Eq. 6)

Where- is the bed void fraction at the incipient fluidization &uds the sphericity

of the particles.

TheEq. 6) can be rewrite a@unii & Levenspiel, 1991)

01 0'YQ 0'YQ Eq. (7)
Where,
. P& U
v %o Eq. 8
And,
puvpE -
—_— Eq. ©)

- %o

It was faund(Wen & Yu, 1966)hat0 and0 stayed nearly constant depending on
the particle type and size (when the air Reynolds number was between 0.001 and
4000). They also predicated the minimum fluidization velocity with £34% standard

deviation.

To calculate the minimum fluidation velocity of coarse particles, the values of
and0 were recommendeChitester et al., 1984)s 28.7 and 0.0494, respectively.

TheEg. (7) can be written as:

23



YQ CH& T8t i’ @ Eq. (L0)

To calculate the minimum fluidization velocity of fine particles, the values @ind
0 were recommende@en & Yu, 1966)as 33.7 and 0.0408, respectively.

TheEg. (7) can be written as:
YQ o& Mty 7 o0& Eq. 1)
Then the minimum fluidization velocity can be calculated usindetingd).

2.2.4 Particle terminalelocity

In a fluidized bed, in order to fluidize the particles therein, the air velocity should be
higher than the minimum fluidization velocity. Meanwhile, the air velocity should be
lower than the particle terminal velocity to allow the particlesrtoutate in the

fluidized bed.

The particle terminal velocity can be estimated from the force balance of a single

particle and expressed @&unii & Levenspiel, 1991)

Y = Eq. 12

Where'Y is the particle terminal velocitgnd® is the drag coefficient that can be

determined empiricallyYow, Pitt, & Salman, 2005)

In order to evaluate the particle terminal velocity directly, based on the equation form
suggested by Turton and Clgd987) Haider and Levenspi€l989)presented
following approximation:

pY COULPY 1% .

Y5 T @ h ™ % p Eq. 13

Where™Y andO" were defined as:

» T wvo 1vQT”

E— Eqg. @4
« n ” “Q 6‘17 0—6 q( )
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o~ 7 7
” ” ” Q o
0 0 —F—— 617 —6YQ Eq. 19

'Y Qis the particle Reynolds number:

Yo
YQ —— Eq. 6

Graphically, theEqg. (13) can be presented as:

loo g
10
— T N09
e~ 08
A \0.7
A . 06 1
Werzz22 ¢= 05
10 oz Zalll Rl
= \
o 12> 0.230
T Z e ;§o.|23 disks
> D” 427N\ 0043 only
3 .21 ¢ = 0026
N§ lQ_ /’,4' r‘a’
& 10 WAyl
=4 z 7
= 75
I VTHY
* 4 Y 4 L
= A4
M= =
l' I' r4
'l’ .
£ Vi
7 .
/7
LA
/
00l
1.0 10 100 10° 10*

_ 1/3
D*=D [Pa(Pp;zpa)g]

Figure5. Chart for finding the terminal velocity of a single partighaider & Levenspiel,
1989)

2.3 Concepts of temperature measurement

2.3.1 Concept of temperature probes

In order to measure the particle temperature in a fluidized bed, temperature probes
were widely used by previous researchi@aeyens & Goossens, 1973; Borodulya et
al., 1991; Gunn & De Souza, 1974; Gunn & Khalid, 1975; Malek & Lu, 1964,

Petrovic et al., 1968; Valenela & Glicksman, 1984; van Heerden et al., 1953;
Wadke et al., 2005)
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The concept of the temperature measurement using the thermistor (@obes& De
Souza, 1974; Wadke et al., 2006}he temperature dependence etdical
resistancégChilds, Greenwood, & Long, 2000 advance lte relationship between
the temperature of a conductor and its electrical resistance need to be calibrated.
Then, in measurement, the calibration results can be used to convert the electrical
resistance to the temperature. Depending on the material cnidector, the

accuracy of the thermistor can be very high.

Compared with the thermistors, the advantages of the thermocouples are their
temperature range and speed of resp@@kéds et al., 2000)The concepts of the
temperature measurement using the thermocouple pfBbegens & Gossens,

1973; Borodulya et al., 1991; Gunn & Khalid, 1975; Malek & Lu, 1964; Petrovic et

al., 1968; Valenzuela & Glicksman, 1984; van Heerden et al., 2963he

thermoelectric effects including the Seebeck effect, the Peltier effect and the Thomson

effect.

The Seebeck Effect is describedBsD. Pollock, 197) i When two di ssi mi
conductors, A and B, comprise a circuit, a current will flow in tirauit as long as

the two junctions are at different temperatuf¥s, Y 3"Y Conductor A is defined

as being positive with respect to B if the current (electrons) flows from A to B at the

col der |jFigureb)t i on. 0 (

A

B
Figure6. The Seebeck Effe¢D. D. Pollock, 1971)

The Peltier Effect is described @3. D. Pollock, 1972) fiWhen an el ectric
flows across a junction of two dissimilar metals, heat is liberated or absorbed. When
the electric current flows in the same direction as the Seebeck current, heat is

absorbed at the hotter junctionand ldoére d at t he Fgareler juncti ol
A
B

Figure7. The Peltier Effec(D. D. Pollock,1971)
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Actually, the physical process described by the Seebeck effect and the Peltier effect is

the same. This process can also be referred as the Belébeck effect.

The Thomson effect is described(Bs D. Pollock, 1971) fiThe c¢change i n th
content of a single conductor of unit cross section when a unit quantity of electricity
fl ows through it along a temperature gradi.

Basically, ahermocouple probe is made of two dissimilar metal (Metal A and B in
Figure8). The two metals are electrically connected in one end, which is called the
measuring (hot) junction. In another end, the two metalshermally connected,

which is called the reference (cold) junction. If temperatures of the two junctions are
different, a voltage called electromotive force (EMF) will be generdddd (O w

W ). As long as the crossection of the two metabaductors are uniform along their
length, the EMF is only affected by the temperature difference between the
measurement (hot) junction and the reference (cold) junction, and not the temperature
distribution along the conductor between th@mPark & Mackay, 2003)'hen the
relationship between the EMF value and the temperature difference can kegtexdlibr

experimentally.

T
Metal A
\
easuring
. Metal B (hot)
Junction at T,

£ Reference (cold)

[«—Vs—| Junction at T,

| V, | (Isothermal Block)

Figure8. Structure of a thermocoup(é. Park & Makay, 2003)

In a fluidized bed, when a thermocouple probe is used to measure the air temperature

and the fluidized bed wall temperature, it should be noticed that the thermocouple
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probes cannot respond to the temperature instantly and their measueemesnare

affect by how the thermocouple probes are instgfRedPark et al., 1993)

When a thermocouple probe is used to measure the particle temperature, in addition to
the response time and the installation effects, the measurement can also be affected by
the particle circulation and the surrounding air of the part{@asyens & Goossens,

1973) Moreover, the insertethermocouple probe has influence on the movement of

particles(Leva, 1959)

2.3.2 Concept of thermal cameras

In order to improve the accuracy of the particle temperature measurement in a

fluidized bed, thermal cameras were used by many resedBriogm & Lattimer,

2013; Li et al., 2017; A. V. PatiPeters, Sutkar, et al., 2015; Sutkar et al., 2015; Tsuji

et al., 2010) The concepts of the temperature measurement using thermal cameras are

the Kirchhoffés | aw of thermBbltadaanhden,

|l aw and the Wilamods di spl aceme

The Kirchhoffds | awigwe@n be il lustrated by 1

T=const.

Figure9. The Ki r @(Mbdest, 200 s | aw

When two identical blackvalled enclosures, thermally insulated on the outside, with
each containing ansall objecti one black and the other one not. After a long time,
both entire enclosures and the objects within them will be at a single uniform
temperaturéModest, 2003) This indicates that when an object is in thermodynamic

equilibrium, its emittance and absorptance are the same.
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The Planckoés | aw i §904)evpich gitegtde segtralMa x Pl anc k
blackbody emissive power distributi¢williams, 2009)

o _AY Q_or_ Ag P Eq. U7)

I .EPS

Y
Whereow _HYistheradiances§ 2t J 1 O & ) forawavelength in* &and

a temperaturéYin Kelvin (0), & equals to 3.7418X1% & equals to 14387.9 and

Q_isthe emissivity at a wavelength & and can

The StefalBol t zmanndés | aw gives the total radi at
specific temperature and c dModebte003;iPane gr at ed
& Atungulu, 2010; Williams, 2009)

0 Y w _AYQ_ Q_.,Y Eqg. (1)

Where, is the StefarBoltzmann constanv@ x mp m wfd 2 ).

The Wienbds displacement _| aofthgspeceas t he peak
blackbody enssive power distributio(Modest, 2003; Pan & Atungulu, 2010;
Williams, 2009)

G Yoy

Eq. 19
_ " Q.09

Where unit of temperatui®is Kelvin (K).

From the above concepts, it is known that if the radiation emitted from an object can
be measured, the temperature of the object can be deterromed/asively.

Depends on the wavelength of the radiation, the radiation emitted from an object are
classified in several categories (as showRigure10): gamma rays,-xays,

ultraviolet, visible, infrared, and icrowaves.
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Figurel10. Names of the radiation with different wavelen(fan & Atungulu, 2010)

Due to the heatingffect of the infrared radiation, it is preferred to be used to
determine the object temperature. The devices used to receive the infrared radiation
emitted from an glect are the infrared sensoii$e infrared sensors can be divided

into two types, one ithe thermal sensor (also called radiation temperature sensors)
and the other is the photon or quantum se(Bodzier & Gerlach, 2011)Nhen the
thermal sensors received infrared radiation, their temperature will be changed. The
temperature change is then converted into an electric output signal. When the photon
or quantum sensors reeed infrared radiation, an electric output signal is generated
directly. The time required by this process is the exposure time (the detector time
constant, or the integration time). For both types of the infrared sensors, the electric
output signal genetad can be correlated to the received infrared radiation and used to

determine the object temperature.

Generally, the wavelengithependence of the photon or quantum sensors is much
heavier than the thermal sens(Bsidzier & Gerlach, 2011)n operation, cooling
systems are also important for the photon or quantum sensors, but resang ¢er

the thermal sensors.

The infrared sensors can be singlement sensors or muetlement sensors. The
elements (sometimes also named as detectors) in thealemtent sensors are

usually arranged in an array and called as the array sensorpaf@oimvith the
singleelement sensors, the array sensors can output a matrix of the electric signal to

indicate the received infrared radiation.

A thermal camera is a system mainly composed of a lens, an array infrared sensor and

a digital signal processoDepending on the thermal camera module, more
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components may be included, such as the system controller, the cooling system and

etc.

In operation, the noise (the mean small random variations of a signal) is an important
factor that need to be concern@iidzier & Gerlach, 2011)rhe main sources that
cause the noise are: the thermaise (also known as Johnshiyquist noise

(Johnson, 1928; Nyquist, 1928hat is related to the movement of the free charge
carriers at the thermagssor, the current noise that is related to the potential barrier
that the charge carriers have to overc¢Budzier & Gerlach, 2011}he radiation

noise that is related to the distribution of the object emig8ladzier & Gerlach,

2011) and the temperature fluctuation noise that is related to the temperature of the
thermal sensoBudzier & Gerlach, 2011; Kruse, 200T)ypically, the noise in a
continuous measurement process follows a normal distributionahdie described

with expected value and varian@udzier & Gerlach, 2011)

2.4 Using thermal camera in a fluidized bed

2.4.1 Fundamental of image segmentation

Formally, the image segmentation can be defindtals& Pal, 1993)if "Ois the set
of all pixels andO is a uniformity (homogeneity) predicatefthed on
groups of connected pixels, then segmentation is a partitioning of tit#rgeta set
of connected subsets or regioBHOM FO such that:

~ ~

O 0O v O O "h Q Q Eq. 20)

The uniformity predicatéO 'O 01 dofall regions "O and
O "0z 'O "Qm 6 whHan"Ois adjacent t6Q

Thresholdbased image segmentation is one ofsihgplest and most popular

techniques for image segmentat{®iu & Mui, 1981; Pal & Pal, 1993; Taxt, Flynn, &

Jain, 1989)The advantages of this technique are: the approaches and algorithms are
easy to be programmed and the computational speed is fast. The disadvantages of this
technique aréFu & Mui, 1981; Pal & Pal, 1993; Taxt et al., 198%)e output is

sensitive to the complexity of the image (such as, the size and shape of the object and
the contrast between the object and the baxkgl) and is difficult to be evaluated.
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Depending on the number of thresholds used for image segmentation, the threshold
based image segmentation can be categorized asléhesbihresholding (the single
threshold method) or the muttiresholding (thenulti-threshold method)Pal & Pal,
1993)

There are many algorithngKittler & Illingworth, 1986; Otsu, 1979; Wong & Sahoo,

1989)can be used to compute thesingldn r e s ho | d. T fG#su,@37%)u 6 s met h
one of the algorithms that has been widely used. In this method, the pixels of a given

image were representeddrgrey levels pltF8 . Then the distribution of the grey

values can be normalized and presérate a probability distribution:

. €
n o Eq. @)

Wheren is the probability of the pixels with grey levg€k is the number of the
pixels with grey levelQi is the total number gfixels in the image. The sum of
the total probability distributio ) and the class mean grey leyel) are

respectively:

T n p Eq. @2

0 Eq (29

Any greylevel ‘Qcan separate the pixels into two classelg8 hQ and
Q phQ ¢ h.

For the pixels in the clasplti8 RQ, the sum of the probability distributidn Q)

and the class mean grey leyel Q) are respectively:

T Eq. @4)

Eqg. 5
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For the pixels in the clas® phQ ¢B o, the sum of the probability distribution

(¢ "Q)and the class mean grey leyel Q) are respectively:

1 Q n Eq. 26)

N — Eq. @7)

I n order t o ev altheagreyvaludasea thieghold, d betveetags o f

variance is defined as:
, Q 1 Q°“ Q ‘“ 1Q 1T Q° Q “Q Eq. 28

The optimal threshol®3 is searched within the grevalues rangeriph8 R to

maximize the, "Q:
, Q@ [T Ag Eq. 29)
ThenOtsu (1979kuggested? as the threshold of the image.

The multithreshold method can be explained as selecting several thresholds for the
entire image or selecting single thresholds for each block that is divided from the
entire imaggChow & Kaneko, 1972; Fu & Mui, 1981; Nakagawa & Rosenfeld,

1979; Pal & Pal, 1993; Taxt et al., 1989; Yanowitz & Bruckstein, 1989)

In addition to threholdbased image segmentation, there are other image
segmentation techniques, such as regpased, edgbased, and neural netweblased
image segmentation. Compared to the threshakkd image segmentation that only
considers the grey value of the psahese techniques also take into account the

connectivity of the pixels.

The regionbased image segmentati@alderon De Anda, Wang, & Roberts, 2005;
Rajab, Woolfson, & Morgan, 20049 to segment the image into meaningful pixel
clusters based on their features/properties (e.g. area, perimeter, circularity, etc.). The
edgebased image segmentati@@alderon De Anda et al., 2005; Canny, 1986)
segment the image into meaningful pixel clusters based on the points of abrupt

changes in grey values. The neural netwlnaked image segmentatigfrei & Kruis,
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2020)is to segment the image into meaning pixel clusters in a manner similar to some

aspects of the human information processing system.

2.4.2 Methods used by pveous researchers

In the literatureTsuji et al. (2010used a thermal camera to monitor the cooling
process of fluidizing particles in a flat spdltidized bed with air introduced. The
observation window was made of spinehe thermal camera used was F8%)2

(NEC Avio Infrared Technologies Co., Ltd). Resolution of the thermal image was
CLpP ¢ o Qw'Gizd of each pixel in the thermal images w&sa a. Frame

rate wap ¢ 1r).iThe particles were spherical aluminium particles and coated with
black body paint (THILB, TASCO JAPAN). The mean particle diameter was a.
The dmension of the vessel wastat & "OQ@WQ x @ & w QWD

¢ i & 'O'QMO Initial temperature of the particles and the air was @ and

¢ wa, respectively. The particle cooling process was monitoregigdr.

Tsuiji et al. (2010rorrelated the temperature of the particles measured by the thermal
camera to the temperature of the particles measured by a thermocouple probe. In the
thermal camera, the received infrared radiation by the thermal camecamelated

to the particle surface temperature using the StBtdatzmann Law Eq. (18)), and

0.94 was used as the emissivity of the partitdesbtain an uncalibrated temperature

The calibration expression thebtained was:

Y opdiT Y9 UBTYX O Eq. B0)

Where"Y is the calibrated particle temperatute , and”Y  is uncalibrated

particle temperature measured from the thermal camera

Tsuji et al. (2010¥id not segment their thermal imagésyure1l1). However, from

the figure, it can be seen that both the particles and the fluidized bed wall are in the
thermal images. Without imagegseentation, the particles and the fluidized bed wall
cannot be separated. Therefaheyroughly compared the temperature change of the
particles directly based on the snapshots of the thermal imaiipesit quantifying

the temperature of the particles
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Figurell Thermal images used Bguiji et al. (201Q)

Brown and Lattimer (2013)sed a thermal camera to monitor the heating process of
fluidizing particles in a flat spotftuidized bed with air introduced. The observation
window was made of sodium chloride. The thermal camera used was FLIR SC655.
The detetor time constant and frame rate wiag i andg 1 t2n, irespectively.

Resolution of the thermal image was 1T p ¢ it Q. hitHe thermal images,

about one pixel was occupied by a particle. The particles were glass beads with mean
particle diame&eruv v A . The dimension of the fluidized bed was

CYda OQ@WQ v@ad QAN Tt W a OQMOInitial temperature

of the particles and the air was same and arquadd. Then the air temperature was
increased and the partislevere heated. The particle heating process was monitored

for @ t.

Brown and Lattimer (2013)onsidered the fluence of the observation window in the
calibration procedure. They placed the particles on a copper plate coated in paint close
to an ideal blackbody with low radiation reflection. The observation window was
positioned just above the particles and midtipare bead thermocouples were

immersed in the particles. Then the whole setup was encompassed in a black body
box with an opening for the thermal camera. The distance between the thermal camera
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and the particles was same as it was in their experimettgd. SThe calibration

expression they obtained was:
Y pg tY p oI w Eq. G1)

Where"Y s the calibrated particle temperatute , and”Y  is uncalibrated

particle temperature measurfedm the thermal camera .

Brown and Lattimer (2013)lso did not segment their thermal imadegre12).

They used the average of the cresstional temperatures as the particle temperature
and neglected the temperature of the stagnant partib@gever, from the figure, it

can be seen that tiparticles are not fully fluidized anmtkglecting the stagnant

particles can result in inaccurate temperature measurement of the particles.
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Figurel2. Thermal images used Brown and Lattimer (2013)

Patil et al. (2015)used a thermal camera to monitor the cooling process of fluidizing
particles in a flat spotftuidized bed with nitrogen gas introduced. The observation
window was made of sapphire glass. The thermal camera used was FLIR SC7600.

The detector time constant and frame rate mpst i andp 1iQn, irespectively.
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Resolution of the thermal image wasy ©1 v p § Q. Tleiparticles were glass
beads. The mean particle diameter wé@sandp & &, respectively. The dimension of
the fluidized bed wag mird OQ@WQ Y ad QA puwa OQMO
Initial temperature of the particles argtair was around w@ and¢ ww@,

respectively. The particle cooling process was monitored for lesspthian

Patil et al. (2015used a thermal camera and a high speed camera simultaneously. The
thresholdbased image segmentation was used first to identify the pixels representing

the particles in their thermal imagésdqurel3 a).

100 200

(a) Raw IR image (b) Direct filtered IR image
Figurel3. Thermal images used Batil et al. (2015)

The threshold”Y ) they used was calculated from the following equation (based on

observation, they found it can result in good images):
Yo oY T §YO Eq. B2

Where"Y is the temperature of théxels representing the background, &0 s

the mean temperature of the pixels representing the particles in the previous thermal

image. Initially,6 YO was picked manually in the first thermal image. Temperature

of the backgound was assumed to be a constant.
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Pixels with temperature higher thann was then identified as the pixels representing

the particles in the thermal imagésgure13 b). These thermal images were then
compared with the visual images from the high speed camera to extract the overlaying
pixels as the final pixels that represent the particles in both the thermal images and the

visual images.

However, by comparing theigure13 aand theFigurel3 b, it can be found that

some of the particles are also filtered by using the thrediasdd image
segmentation. Since the accuracy of the threshased image segmentation is
affectedby the complexity of the thermal images and the amount of the filtered
particles cannot evaluated, uncertainty will be introduced in the online temperature
measurement of the fluidizing particleBail et al. (2015)itted a tracer particle at

the tip of thermocouple probe and placed the probe inside the fluidized bed. Then
particle was positioned very close to the observation window. By pouring hot
particles into the fluidized bed, they varied tmperature of the tracer particle. They
also pointed that the calibrated particle temperature should be correlated to the digital
level (i.e. signal value) rather than the uncalibrated particle temperature from the
thermal camera. Therefore, a relationgbgween the calibrated particle temperature

and the signal value of the pixel that represent the particle were obtained.

Additionally, Patil et al. (2015attached a sample particle to the tip ofraight wire.

The particle was first immersed in the hot particle bed and then gradually lifted. In the
meanwhile, they maintained a small background gas velocity of 0.1 m/s to keep the
particle in a gas environment that has a temperature equal to thermpkrature of

the bed. By doing so, they estimated the error in the particle temperature when it
moves between dense and isolated regions of the bed.

Sutkar et al. (2015)sed a thermal camera to monitor the wetting process of fluidizing
particles in a flat spotftuidized bed with nitrogen gas introduced. The observation
window wa made of sapphire glass. The thermal camera used was FLIR SC7600.
The detector time constant and frame rate st i andp 1), irespectively.
Resolution of the thermal image was 1T L p § Q. Qldeiparticles were nen

porous glass beadsdn p o rAtumisiunOXxide particles, respectively. The mean
particle diameter wag & &. The dimension of the fluidized bed was

pYPma OQ@WQ Ymd QWO p Yy & OQMOInitial temperature of
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the particles was arourwd 1t @. Then water droplets with w @ temperature was

sprayed from the bottom of the fluidized bed. The spraying process was monitored for

p G il

Sutkar et al. (2015)sed the same methodPRatil et al. (2015)Their thermal images

are shown irFigure14.
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Figurel4. Thermal images used Butkar e@al. (2015)

Sutkar et al. (2015nd calibrated the particle temperature tnedsignal value of the
pixel that represent the particle similar to the method uséthblyet al. (2015)

Li et al. (2017)used a thermal camera t@mtor the adsorption process of fluidizing
particles in a flat spotftuidized bed with gas (a mixture of nitrogen and carbon
dioxide) introduced. The observation window was made of sapphire glass. The
thermal camera used was FLIR X8400sc. The deteater ¢tbnstant and frame rate
wasT® T1a i andt TiQr), irespectively. Resolution of the thermal image was { 1

p Tt ¢NTQw. Tleeiparticles were zeolite 13X beads. The particle diameter was
between 1.8 and 2 mm, respectively. The dimension of titkziha bed was

cumd OQ@WQ Ymd w QA puw a OQMOoInitial temperature of
the particles and the gas was similar and ar@uogip. When the gas was introduced,
the particles were heated up due to the @d3orption. The adsgation process was

monitored forp ¢ it
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Li et al. (2017)lso used a thermal camera and a high speed camera simultaneously.
The thresholébased image segmentation was used first to identify the pixels
representing the particles in their thermal images. They normalized the intensity of the
thermal images into the scale 0 to 1 first and used 0.32 (picked from the trial error
experimentation) as the threshold. Then the thermal image was compared with the
visualimages to extract the overlaying pixels as the final pixels that represent the
particles in both the thermal images and the visual images. The scheme they used is
shown inFigurel5. In the figure, IR image is refeed as the thermal image. et al.
(2017)calibrated the particle temperature and the signal value of the pixel that

represent the particle similar to the method useBdiy et al. (2015)

Visual image

Mask (C ) by overlapping
mask (A) and (B)

(D) Binarize visual image to obtain a mask (A) of

> the VIS particle positions.

(2) Binarize IR image to obtain a mask (B) of the
IR particle positions.

@ Overlap mask (A) and (B) to extract mask
(C), C=ANB.

@ Visulization of overlapped VIS and IR
images.

IR image Mask of IR image (8)

Figurel5. Thermal images used hyet al. (2017)

2.5 Heat transfer models in a fluidized bed

2.5.1 Trend of the particle temperature
In the literature, by using thermocouple probkglek and Lu (19643%tudied the
radial and axial temperature of the particle bed inliadycal spouted fluidized bed.

40



They drilled a series of holes on the fiaed bed wall that also allows the

thermocouple probes to measure temperature at different axial position.

Inside the fluidized bed, they also compared the temperatures measured by bare
thermocouple probes and thermocouple probes coveredirmgy/screento prevent

the contact of the particles). The two measured temperatures were found to be
different when the measured position was closer to the bottom of the fluidized bed,
butthe difference was decreasstien the measured position was closer to thetop
the fluidized bedConsidering the particles near the bottom of the fluidized bed are
more than the particles closethe top of the fluidized bedhis indicates thahe

particle temperature measured by thermocouple probes are affected by thesparticl
and their surrounding airt iis thereforenecessary to measure the particle temperature

and the air temperature separately.

As shown inFigure16, their results shows thathen the measured position was
closerto the top of the fluidized bed or closer to the fluidized bed wall, temperature of
the particle bed was decreased. This indicates that the temperature distribution inside

a fluidized bed is related the temperatures tie air and the fluidized bed wall

»
»
»
»>

Cold wall

Temperature
Temperature

> >

Bed height Distance from the centre line

Figurel6. Typical temperature profile for a spouted thlek & Lu, 1964)

By using a thermal camergrown and Lattimer (2013neasured the particle
temperature separately during the particle heating process in a flat fluidizéichbgd.
also measure the air temperature using thermocouple p&itdsnited by the
idertification and correlation methods, their measured temperatures were not able to

be presented directly. Therefore, they introduced a dimensionlesstenm (
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Y & QEYRY

_ _ _ Eq. 63
& oYY & QEYRRY a. 63

Where"Yis the instantaneous measured temperature (particle temperature or the air

temperature),Y}, is the particldemperaturg’Y is the air temperature.

Then the time averaged dimensionless term of the air and the particles were plotted
against the bed height (H), as showifrigure17. However, limitecby the

experimental setup of the flat fluidized bed, they did not measure the fluidized bed
wall temperature. Also, they did not compare the temperatures of the air, the particles

and the fluidized bed wall with time.
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Figurel7. The 60 s time average dimensionless air and particle temperature distribution in the
spouted regime at 3® (Brown & Lattimer, 2013)

By using a thermal camerBatil et al. (2015also measured the piate temperature
separately during the particle cooling process in a flat fluidized bed. They added
p ¢ 1 Particles in the fluidized bed with TOJnitrogen gas supplied. In their
experimentthey compar@the effect of the inlejasvelocity and the loaded particle
mass on the particle temperature with tifhg(re18). From their results, it can be

found that when the inlgfasvelocity was higher or the loaded particle mass was less,
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the particle temperature was lower and closer to thegasttmperaturég ).
However, in their experiment, they assumed tha fluidized bed wall temperature

did not change over time.

—d_=1mm ubg =1.2m/s bed mass = 125g
b ™ 1.54m/s bed mass = 1259
b
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Figure18. Mean temperatures of particles with time in a cooling pro@ese. Patil, Peters,
Sutkar, et al., 2015)

2.5.2 Fundamental models

Since the paitle temperature can be measured more accurately using a thermal
camera, it is interesting to investigate the heat transfer relevant to the particle
temperature. Generally, there are thfeedamental models to describe the heat

transfer mechanisms in aiftlized bed: conduction, convection and radiation.

The conduction is the heat transfer caused by the temperature gradient through a solid
material(Han, 2012; Serth & Lestina, 2014)he heat transfer can be primarily
described by the Fourierds conduction | aw:

. I

Wheren) is the conductio heat flux per areaf7a ), Q is the thermal

conductivity of the solid materiatyj & Q)), and— is the temperature gradient

through the solid materiab {f& ).
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The convection is the heat transfer caused by the air flow motiema solid surface
(Serth & Lestina, 2014)t can be described by:

n Qo Y Eq. 35

Wheren is the convection heat fluxy), 'Q is the heat transfer coefficient
between the air and the solid materialj(@ 2)), 0 is the contact area between
the air andhe solid surfaced ), and3Y is the characteristic temperature

difference between the air and the solid.

The radiation is the heat transfer caused by the radiation emitted from the air and the
solid. It can be described by the SteBoltzman® s  Ec @8)).(

In a fluidized bed, two heat transfer processes are mostly con¢@aedson &
Harrison, 1971)heat transfer between the particles and the fluidized bed wall, and

heat transfer between the particles and the air.

2.5.3 Particlewall heat transfer coefficient

When consideringhe heat transfer process between the particles and the fluidized bed
wall, it is widely accepted that the particles in contact with the fluidized bed wall will
be washed away by fresh bed particles, and the contact time of the particles and the
fluidized bed wall controls the heat transfer prod@s®, Duan, Wu, & Zhao, 2020;
Decker & Glicksman, 1983; Kunii & Levenspiel, 1991; Mickley & Fairbanks, 1955)

As shown inFigure 19, particles will be resting on the fluidized bed wall foe time

lengtht, and then be replaced by other particles.

%
f N =0
Fluidized bed wall " Particles
U t=1

Figurel19. Models for heat transfer between particles and the fluidized bed wall.
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For the large particles with short contact time, the heat transfer coefficient between
the particlesand the fluidized bed wall was correlatedl&snii & Levenspiel, 1991)

Q0 R

ﬁ v8t AT L IYQ Eq. 66)

WhereQ is the heat transfer coefficient between the particle bed and the wall

(wj & ), andQ is the thermal conductivity of the aif & D).

01 is the Prandtl number:

01 — Eq. @7)

Whereb j is the specific heat of the ailj (Q QD).

Depending on the value of the particle Reynolds number, following heat transfer
coefficients were alsosed(A. V. Patil, Peters, & Kuipers, 2015a)
06 V8T TBTL IYh YQ puTm

6o mOITYQSh YO pum Ea. 68)

Where0 6 is the Nusselt number for the particle bed contacted with the fluidized

bed wall:

00 - Eq. B9

In the literature, there are many expegittal studies and correlations for the heat
transfer coefficient between the particles and the fluidized bed wall have been
reported(Bao et al., 2020; Borodulya et al., 1991; Grewal & Saxena, 1980; Kim, Ahn,
Kim, & Hyun Lee, 2003)But most of them are limited to a narrow range of

conditions.

2.5.4 Air-particle heatransfer coefficient

When considering the heat transfer process between the air and the fluidizing
particles, the heat transfer coefficient is medighendent. Its calculated value can be
greatly affected by the flow pattern of gas and of particles ibeékdéKunii &
Levenspiel, 1991)
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Among those models, by consideritiig void fraction(-) of the particle bedGunn

(1978)proposed a more general equation:

00 X PR L- p TWYPOT

Eq. @0)
P o c&- p&- YO iT
0 0 isthe Nusselt numbéor particles in the air
., Q0 Eq. @1)
0o o q.

WhereQ is the convective heat transfer coefficient between thenaithe particles
(Wja ).

For a single particle itheair, following equation were suggested by RéRanz &
Marshall, 1%2) and Rowe et a{Davidson & Harrison, 1971)

w00 ¢ mYdOiTH KRI Mol o 0bd @0 a0l

UL S Y 017 Q: QRANG o QH RO Eq. 42

P00 ¢ p@YD 0T R G WY & Qo | B R 0OE®O
2.6 Summary
From the literature, it is known thtéte Geldart type of the particles, the bed pressure
drop, the minimum fluidization velocity, and the particle terminal velocity can be
obtainedfrom the properts of the particles artle air The Geldart type of the
particles and the bed pressure drop can be used to indicate the particle fluidization
behaviour. The minimum fluidization velocity and the particle terminal velocity can

be used tgive a range of the inlet air velocity.

Thethermistor probes can measure particle temperature baskedtemperature
dependence of electrical resistance. The thermocouple probes can measure particle
temperature based on the thermoelectric effects. Both sérbguire direct contact

with theparticles and are affected by the air surrounding the particles.

The t her mal camera can measure particle tel

norrinvasive and affected by relationship between the infrared radiation received by

46



the thermal camer#he infrared radiation emitted by the particles, and the particle

temperature

In terms of identifying pixels that represent the particles in the thermal images, image
segmentation can be used. The technique can be used based on tmeggbald,

edge, eural network, and etc. Previous researchers monitored the particles in flat
(2D) fluidized bed using thermal camerd hey ugdthe thresholébased image
segmentationThe disadvantage of this technique is that the threshold is selected
based on human olwations and it is difficult to evaluate the identification results.
After identifying the pixels representing the particles in the thermal images, previous
researchers correlated the intensities of the identified pixels with the particle

temperature bysing stationary particles outside or inside the fluidized beds.

From the literature, it is known thdtd particle temperaturs affected by the
temperatures of the air and the fluidized bed wall, the inlet air velocity, and the loaded
particle mass. lis necessary to online monitor the temperatures of the air, the
particles, and the fluidized bed wall separately.

The heat transfer between the particles and the fluidized bed wall is determined by the
time that the particles residence on the wall. Tta transfer between the air and the
particles is affected by the void fraction of the particle bed, the particle Reynolds

number, and the Prandtl number.
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3 Experimental setup

3.1 Particles

In this thesis, Calcium carbonate particles (Ca&and)were usedin order toobtain
identifiable particles in the thermal images and to keep the particles as small as
possible, the size of the particles were sieved todbeeerp8t p ™ & andp®

p T & (so that the particle diameter in the thermal imagesbeitiround 10 pixels)
At ¢ ™) density { ), specific heat{ j ), thermal conductivity'Q) of the particles
isg @ QA , P T WQQU andpBod T& U, respectivelyKunii & Levenspiel,
1991) The patrticles are classified into the Geldart type D.

Figure20 shows a microscope image of the particles. The microscope used was
KEYENCE VHX-5000 with ¢ mmagnification. Resolution of the image is
PO vLvwdNQLQI

Magnification: X20.0

Figure20. Calcium carbonate particles (Cagf@nder microscope ¢ Tt

In terms of the particle irregularity, mamgdicationscanbe used, such as:
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v —h OB WNpAEMGd: T

I’p T O

O 4 O AOBAKROOFORE A Eq. 63
T + 0 o OO0OAEA

e T O. e e .

v T SAEMECARTp x

Whered is the particle area anlis the particle parameter the image

In this thesis, the indication— is used, because it can giveiargularityvalue

between 0 and 1. It is the circularity of the partictes Therefore,
6 T1° av Eq. @4)

In order to obtain the area and parameter of the particles in the microscope image, by
observation, the threshelthsed image segmentation was used. Then the pixel
clusters representing the particles were obtaiRegli(e21).

5 = D
I34Y-
¢,

@ X
Py & B

Figure21. Pixel clusters representing the particles in the microscope image.

In the image, the particle aréas counted as the number of pixels incluited pixel
cluster. The particle parametetis counted as the total sides of the pixedsich are

not connected with other pixels in tkame pixetluster.

49



An example is given bifigure22. Pixel 0 is connected with pixels4], so pixels &
are identified as a pixels cluster. Its areépié the number of pixels included (i.e. 5).
Its perimeter §) is thetotal sidesof the pixelsthat arenot connected with o#r pixels
in the same pixel clustére. 12). Its circularity@) is then calculated to be around
0.44.

| Area: A=5
3 G ot et
Circularity: C = 0.44

Figure22. Example for calculating the particle size and shape.

Then the mean area atite mean circularitpf the partioksin the microscope image

was calculated as 0 0 Xp @ ¢ andT® T T , respectivelyThese values can

only be used toepresenthe particle size and shape in the microscope image and will

be different in the thermal imagehis is because the imageotution and the camera

lens used by the microscope and the thermal camera are different (the thermal camera
will be introduced later)

3.2 Fluidized bed

The fluidized bed used was GLATWSG 3. It consists of two partdts geometry is
shown inFigure23. Height of the lower component and the higher component is

¢ TLdr & andg ¢ dr &, respectively. Radius of the bottom circular area and the top
circular area i 1T dr & andp v dr &, respectivelyThickness of the fluided bed

wall is aroundb & a. Air enters from the bottom and leaves from the Tde air
distributor on the bottom of the fluidized bed is made of steel with circular mesh (0.5

mm in diameter). The pressure drop across the air distributor is arou&200
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Figure23. Dimension of the fluidized bed (GLATWSG-3).

At ¢ ™) density { ), specific heatd f ), and thermal conductivity® ) of the steel
wallisx P QiTh , 1 YarQQU, andt w 7& 0, repectively. Density’( ),
specific heatd , ), thermal conductivity’Q) and viscosity‘() of air is

PR MWTH ,p MMHQQY, MT¢ GTa L andp® pm QK i (0 OI),
respectivelyKunii & Levenspiel, 1991)Gravitational acceleratiof] was adopted
asuf) @ fi . It is assumed that the properties of the steel wall and the air are

constant during the experiments in this thesis.

In order to fluidize the particles in this fluidized bed properly, the minimum air

velocity and the paitle terminal velocity need to be estimated.

By using the mean particle size& v p 1 &), the minimum air velocity can be
calculated fronEqg. @), Eqg. 6), andEg. (L0). The calculated value 1) ux 7i .

By using the minimum particle sizegt p 1 &) and assuming the particle
sphericity isT@®, the particle terminal velocity can be calculated fiem (12), EqQ.
(13), Eq. (14), andEq. (15). The calculated value a8t qx 7i .

Therefore, the air velocity shoule tigher thama® ux 7i and lower tham8t qx 7i .

I n this thesis, the inlet air temperature

, respectively.
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3.3 Thermal camera

In this thesis, a thermal camera with infrared thermal sensouseakThe thermal
camera used was FLIR A655sc. The detector type is focal plane array (FPA, detectors
are arranged in an arraytime same plane), uncooled midyolometer (thermal

sensor). In the thermal sensor, the detectors are arranged i® 1 Y 10 .

Same as #manner in which the thermal detectors are arranged, the entire detection
area of the thermal camera can be divided into severaletgiotion areas. Each

thermal detector receives thermal radiation from its correspondindetabtion area.

The spectratange isx® p TAG , which means that only the thermal radiation with
wavelength betweex® Ad andp TAd can be received by the detectors from the
subdetection areas. The detector pitclp iAd , which means that the physical size

of each detector ig ¥Ad . The detector time constant is typidad i, which means

that the time required for the thermal detector to respond to the received thermal

radiation isp & i.

When a thermal detector receives thermal radiation, it generates a signal to indicate

the intensity of the received thermal radiation. The thermal radiation received from

the entire detection area is then represented by a signal matrix. The unit of the signal

value is called raw count in the manual of the thermal camera. The available

frequencyot he t her mal camera is 200/100/50/ 25/ 1
signal matrix outputsgr second). The focal lengthintimber and minimum focus

distance of the thermal camera lens usadrespectivelyc ® & a, p8tand

¢ UL @r &. The instantaneous field of view (IFOV) was i i @ 'Q

The output signal matrix from a thermal camera can be visualized as a thermal image.
Since the visualization is an artificial process, the thermal image could be scgiey
image (the colour of a pixel is represented by a grey value and varied from 0 to 255,
where 0 is the black and 255 is the white), a RGB image (the colour of a pixel is

represented by red, green and blue values) or other image formats.

The visualizabn can be expressed as:

‘© QY Eq. @5
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Where'O represents a pixel in the thermal image with coordindte and colour
value'Oufo , and’Y represents an element in the signal matrix with coordinate

afto and sigal value"Y ol .
In this thesis, MATLAB R2018b was used to write the programs.

The signal matrix| obtained from the thermal camera was visualized as a grayscale
thermal image (represented fyrange of the grey valueis ¢ v,where 0 and 255

is the black colour and white colour, respectively) using the following equation:
0 cuuy A 7 A Eq. 46)

Where'O represents a pixel in the thermal image with coordindie® and colour
value'Oafw , Y represents an element in the signal matrix with coordiraté
and signal valudyci , and| ,{  are the minimum and maximum value in the

signal matrix{, respectively.

When a thermal imge is obtained using a thermal camera, the pixel size can be
estimated byBudzier& Gerlach, 2011)

a c0O (IH—:—c Eq. @7)
Wherea s the pixel size is the distance between the focused plane and the lens,
and'O"O0isxthe instantaneous field of view.

In this thess, in order to minimize the pixel size so that more pixels can be occupied
by a particle in the thermal images, the minimum focus distance of the thermal

camera was used.
Then the distance between the focused place and the lens was calculated as:

0 @ ®QIIFE dARi 6 OO DNALENQ0

Eq. @8)
CUTIC® ¢ cdaad
Using theEq. @7),
000 w
& qoodnoc— ® W G Eq. 49)
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Then the particle diameter in the unit of pixels can be evaluated as:

o) 0 paua & 1 QOQ |

a ™ wa X o 60
-0 0 p® a & 2 QLQY | & 69
" a mwa o

WhereO is the minimum particle diameted andO  is the maximum particle

diameter & .

However, due to the errors (such as the system error, installation error and etc.), the
range of the paidle diameter in the unit of pixels does not have much value. It should

only be used as an expectation of the thermal image quality.

Strictly, during the detector time constagti( i), if a monitored object moved more
than a pixel in the direction hodntal to the thermal camera, it will be blurry in the
thermal image. The maximum velocity required for the particles to be clear in the
thermal image™ ) can be calculated as:

’Y pn QOB w &

' Eq. 61
e e T8t Q@ Ti q. ©1)

Therefore, due to the particle fluidization in a fluidized bed, it is expected that most of
the particles irthe thermal images are bluriy. order to measure the temperature of
the fluidizing particles accurately using a thergamera, the effect of the blurry

particles on the temperature measurement must be considered.

3.4 |Installation

In order to use the thermal camera to monitor the particles in a fluidized bed, an
Infrared (IR) window is needed. Since the spectrajeaof thethermal camera is

X® p TA0 and germanium has a uniform transmission percentage (arogngin

the range, the material of the IR window was selected to be germanium coated with
diamond (a thin layer for protection, its transmission is higherdh#n in the

range). The IR window was circular with a radiusofa a.

The setup of the experiment is showrrigure24. The thermal camera was placed
¢ L drt a from the centre of the fluidized bed to monitor the fiziig particles using

its minimum focus distance. Height of the thermal cameraywais & from the
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bottom of the fluidized bed. The IR window was fitted on the fluidized ped gt &
from the thermal camera apdu dt & from the centre of the fluidizedeld. Four K
type thermocouple probes (temperature rangeis)0o ¢ @ @,Jaccuracy is

¢® d, calibrated in advance) were used to measure the temperatures of the inlet air,
the ambient, the fluidized bed wall and the exitlaiterms of the calibteon, the
four thermocouple probes were placed in a water I&ttha(t SWB3D Digital Water
Bath) and temperatures of the probes were recorded every 1 s@étendater was
thenheated froma2a@ cowbedOfrom 90 to 20
times) By compaing the temperatures measured by the four probes, itovasduded

that the probewereconsistent.

The thermocouple probe measuring the inlet air was placed slightly above the air
distributor and covered by a steel mesh, so that the probe ezhtesither with the

air distributor nor the particles. The thermocouple probe measuring the fluidized bed
wall was placed outside agduy & from the bottom of the fluidized bed. The
thermocouple probe measuring the ambientpvasdt & from the fluidized bed wall.

The thermocouple probe measuring the exit air was in the centre of the fluidized bed
ando 1t dr & from the bottom. The avage inlet air velocity can be measured before

the air distributor of the fluidized bed by an air velocity meter (TSI 9545

-

Thermocouple  Germanium
Probe — Exit air o ' window
- 1 E Thermal camera

iermocouple = FLIR A655sc
Probe — Wall o . ( )

OO S |

Thermocouple Oo 0O b8s
Probe — Ambient ] y mm

Thermocouple ‘<_+4_..

Probe — Inlet air 100 100 150 100
mm mm mm mm

Figure24. Experimental setup.

Since height of the thermal imagegst 1 "Qw, @hé distance beken the thermal

image bottom and the fluidized bed bottd@ ( ) is estimated as:
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0 W G %aa a3 G Eq. 62)
Figure25 shows three images visualized from the signal matfeas ri@particles
were fluidized using x6Jandg8ta fi inlet air velocity) From the figure, it can be
observed that when a thermal camera is used to monitor rtingdgsain a fluidized
bed, both the particles and the fluidized bed wall are in the thermal images. The
particles are present individually @r contact with other particles. It can be stet
some of the particles are clear, while others are blurrg.tDthe fluidization, the
number of the pixels representing the clear and blurry particles in the thermal images

varies over time.

Fluidized bed wall

Particles

Figure25. Example of the thermal images.

3.5 Summary
In this thesis, calcium carbonate particlethie Geldart group D were fluidized in a
cylindrical 3D fluidized bed. The area and circularity of the particles in the

microscope image were calculated.

Based on the properties of the particles and the air, the minimum fluidization velocity
and the partie terminal velocity were also calculated. It is known that the air velocity
should be roughly betweet® uw fi ando8t @ 7.
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In the setup of the fluidized bed, temperatures of the inlet air, the exit air, the fluidized
bed wall, and the ambient can be online monitored by fetypk thermocouple

probes. The particles can be online monitored by a the@nzera (FLIR A655sc).

The number of pixels that will be occupied by a particle in the thermal image was
evaluated. The maximum velocity of a particle that would cause it blurry in the
thermal image was calculatdtis expected many particles will b&ulry in the

thermal image and their effect on the particle temperature measurement must be

considered.
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4 Particle identification

4.1 Pixels representing the blurry particles
When using a thermal camera to online monitor the fluidizing particles, some of the

particles in the thermal images are clear, while others are blurry.

One of the reason that cause the patrticles is the focus of the thermal camera. As
shown inFigure26, the blue outlines is real particle, andraya squares is the pixels
representing the particle in the thermal image. When the particle is in focus of the
thermal camera, thaixel clusterepresenting the particle in the thermal image will be
similar to theactualparticlethat should be reflectatie thermal imagéNhen the

particle is out focughe pixel clusterepresenting the particie the thermal image

will be bigger (the particle is closer to the thermal camera) or smaller (the particle is
further to the thermal camertan it should ben the meanwhile, the intensities of

the pixels will also be affected.

In focus l | Out focus (closer) | | Out focus (further)

Figure26. Blurry particles caused by the focus of the thermal camera.

Anotherreason that cause the blurry particles is the movement of the particles. As
shown inFigure27, when the particlevasnot moved during the time that the thermal
image was taken (i.e. its velocity wast 70 , Wwhered s the pixel size

ando is the detector time constant), the pixel cluster representing the particle
in the thermal image will be similar to thetualparticlethat should be reflected the
thermal imageWhen the particle was moved during the time that the thennagje

was taken, the pixel cluster representing the particle in the thermal image will be
stretched and more irregular than the real particle. In the meanwhile, the intensities of
the pixels will also be affected. For example, if the particle vel@tity was

pa 7o , the pixel cluster representing the particle in the thermal image will

be stretched for one pixel in the direction of the particle velocity. The intensities of
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the pixels in the front and end of the pixklister will be affected. If the particle

velocity wasOa 70 (Ois the particle diameter), the pixel cluster

representing the particle in the thermal image will be stretched-fempixels in the

direction of the particle velocity. The intensities of all the pixels in pixel cluster will

be affected.

‘ Up =0 lpixel/tconsmm | ‘ Up =1 lpixe:l/tr;(msmnt ‘ ‘ Up =2 lpixcl/tr.‘rmsmnr ‘ | Up =D lpixe[/twnsmnt ‘

AT A D,
4 \
| | ] !

R

Figure27. Blurry particles caused by the movement of the particles.

In order to identify the pixels that not only represent thiéigdes but also have the
same relationship between the signal valife)(and the particle temperatuf® (), it

is necessary to compare the corresponding signal values of the pixels repreékenting
clear and blurry particles.

4.1.1 Focus of the thermal camera

As shown inFigure28, an experiment was desghto compare the corresponding
signal values of the pixels representing clear and blurry particles that are caused by
the focus of the thermal cameha.this experiment, a particle was placed on a hot
plate (STUART US138), the temperature of which wastdJ The thermal camera

(FLIR A655sc) was used to monitor the particle. The focus distance of the thermal
camera was fixed to its minimum focus distangey(dr &). The dstance between the

thermal camera and the particle was varied fcomto ¢ X dr 4.
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Thermal camera
ffffffffffffffffffffff » (FLIR A655sc)
Fixed focus distance (250 mm)

250 mm

3 O ffffffffffffffffffffffff > Particle

Hot Plate (50°C)

Figure28. Blurry particle caused by the focus of the thermal camera (experimental setup).

The signal matrices obtained from the thermal camera were visualized uskty the

(46) and shavn in Figure29.

23] mm 238 mm 241 mm 246 mm 250 mm

254 mm 258 mm 261 mm 266 mm 269 mm

Figure29. Blurry particle caused by the focus of the thermal camera (thermal images).

From the thermal images, it can be observed that when the distance between the
themal camera and the particle was) dt & (i.e. focused), the particle was clear.
When the distance was greater or less thandt & (i.e. unfocused), the particle was
blurry. It can also be observed that when the particle was unfocused, its size in the

thermal image was increased and its shape was closer to a circle.

The corresponding signal value of the pixels representing the particle was picked

manually from the centre of the particle. This experiment was repeated five times and

the results were showkigure30.
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Distance between the thermal camera and the particle (mm)

Signal value (raw count)

Figure30. Blurry particle caused by the focus of the thermal camera (signal value).

From the results, it can be observed that when the particle was focused (clear), the
sigral value was maximized. When the released time was unfocused (blurry), the
signal value was decreased. Since the particle temperature was not changed, it is then
concluded that for pixels representing tbeused and unfocuseguérticles in the

thermal imags, the relationship between itheorresponding signal value and the

particle temperature is not the same.

4.1.2 Movement of the particles

As shown inFigure31, an experiment was design to compare the corresponding
signal values of the pixels representing clear and blurry particles that are caused by
movement of the particleB this experiment, a particle was hold by a tweezer and
focused by the thermal camera (FLIR A655sc) using its minimum focus distance

(¢ v it &). A steel plate uniformly heated by hot air was plager dt & behind the
particle as a background. Temperature of the steel place was measured by a

thernmocouple probe (approximately T6J).

61



Tweezers p Particle

)

, - pa—

Hot Air Thermal camera
s 1 1 (FLIR A655sc¢)
Thermocouple I 1 Fixed focus distance (250 mm)

Probe Steel Plate 500 mm I 250mm !
(K — type) (50°C)

Figure3L1 Blurry particle caused bya¢ movement of the particle (experimental setup).

After the thermal camera was started to monitor the particle gsimg®r), ithe

particle was released from the tweezer. Then longer falling time can lead to faster
particle movement. Since the partickl$ rapidly, it is assumed that the particle
temperature does not change before and after being released. The signal matrices

obtained from the thermal camera were visualized usingdhé6) and shown in
Figure32.

Particle <

A

Wy

Released Released Released Released Released
0.00 m/s 0.09 m/s 0.12 m/s 0.15 m/s 0.28 m/s

Figure32. Blurry particle caused by the movement of the particle (thermal images).

In the images, the particle velocifyr() was calculated using the following equation:

~.
g

Y QO a Eg. 63
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Where"Qis the gravitational acceleratioa fi ), 'O is the falling height of the

particle inthe unit of pixels, and s the length of a pixeld . The value ofx

was calculated in the sectiGB.

The corresponding signal value of the pixels representing the particlacked p
manually from the centre of the particle. This experiment was repeated five times and
the results were shown kgure33.

18000

17000

Signal value (raw count)
= =
al (o)
o o
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(@) o
—e—

14000 ¢
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Falling velocity (m/s)

Figure33. Blurry particle caused by the movement of thetiple (signal value).

From the results, it can be observed that when the particle was not released (clear), the
signal value was minimized. When the released time was increased (blurry), the signal
value was also increasesince the particle temperatusas not changed, it is then
concluded thathe movement of the particles can affect the relationship between the

signal value of the pixel cluster and the temperature of the particle represented by the
pixel cluster.

4.2 Thresholdbased image segmentation

Threshold based image segmentation can divide an image into multiple groups of
pixels based on the pixel grey values. It is a widely used and fast computational
method. In this method, single threshold or multiple thresholds can be selected. The

distributionof the pixel grey values in the example thermal images are shown in
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Figure 34. From the figureit can be observed thette pixel grey values are

continuously distributed and have several peaks and troughs.

Distribuiton of the pixel grey values Distribuiton of the pixel grey values Distribuiton of the pixel grey values

12000

12000 12000

10000 10000 10000

8000 8000+ | 8000

6000 - 6000 - § 6000 - &

Number of pixels
Number of pixels
Number of pixels

4000 - 4000 | 4000 11,

2000 | 2000 ¥ ¥

j . . ! ot . " . - 04 . . A
[ 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
grey value grey value grey value

Figure 34. Distribution of the pixel grey values in the thermal images.

Ideally, if a value exist that can significantly separate the distribution of the pixel grey
values into two classes, the value can be asea threshold to segmehe thermal
image (pixels having grey value higher than the value represent the particles, and

pixels having grey value lower than the value represent the fluidized bed wall).

4.2.1 Singlethreshold method

When the singl¢hreshold method is used, in thertihal images, pixels that represent

the particles are pixels whose grey values are above or below the selected single
threshold. For example, Figure35, pixels whose grey values are greater than 0, 25,
50, 75, 100125, 150, 175, 200, 225 and 250 were displayed in red céleam the

thermal images, it can be observed that when the selected single threshold was close
to 0, more pixels representing the fluidized bed wall were included in the identified
pixels. Wherthe selected single threshold was close to 255, more pixels representing

the particles were excled from the identified pixels.
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Original

Figure35. Pixels whose grayscale values are above the selected single threshold (Red colour).
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By observation, when the threshold was between 75 and 175, within the identified
pixels, most of the pixels were representing the particles (details are shbigarne
36).

Original >=75 >=125 >=175

Figure36. Pixds whose grayscale values are above 75, 125 and 175 (Red colour).

From theFigure36, it can be observed thasingdifferentgrey value between 75 and
175as the single threshotin result irdifferentnumber of jxels representing the

clear and blurry patrticles.

Al t hough a variety of met h@WGus19]9fndthe ex ampl e
trial and error metho(Li et al., 2017; A. V. Patil, Peters, Sutkar, et al., 2015; Sutkar
et al., 2015)can be used to select a grey valuthassingle threshold, it is not

possible to consider whether the particles are clear or blurry in the thermal images.
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Therefore, for the identified pixels that represent the particles, the relationship
between their corresponding signal values and thelgarémperature is different.

This is the uncertainty caused by the single threshold method. Due to the fluidization
of the particles, the complexity of the thermal images changes over time, which can

exacerbate the uncertainty when online monitoringptivéicle temperature.

4.2.2 Multi-threshold method

When the multithreshold method is used, in the thermal image, the pixels that
represent the particles are pixels whose grey values are between the selected multiple
thresholds.

In Figure37, the pixels whose grey values are witkeveral grey value rangesf0,
50-100, 100150, 156200 and 20€255) were displayed in red cololircan be seen
from the figure that the grey values of the pixels representing the sanctepaotild
be within different grey values ranges. The ranges that include the grey value of the

pixels representing the clear and blurry particles were not the same.

Original 0-50 50-100 100-150 150-200 200-255

Figure37. Pixels whose grayscale values are between thetaglthresholds (Red colour).

This multithreshold method is also not possible to consider whether the particles are

clear or blurry in the thermal imagesh@ selection of the thresholds, the blurry
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particles in the thermal images and the fluidizatiothefparticles can cause

uncertainty when the online monitoring the particle temperafirerefore,

4.3 Regionbased image segmentation

From the previous section, it can be found that using the threshettl image
segmentation is not able to accurately rntmmihe particle temperature online. Since
the particle size and shape can be used for the pixel identification to filter the blurry

particles, the regichased image segmentation was used in this thesis.

In order to identify the pixels that represent plagticles in the thermal images based
on their particlesize and shape, they mirscalibrated firstDue to the influence of
the thermal camera focus and the particle movement, it is difficult to calibrate the
particle size and shape online. Therefarepffline calibration experiment is

designed.

4.3.1 Offline calibration of the particle size and shape

The experimental setup is showrFigure38. One hundred particles were place
separately inmarray(p 1 p jton the germanium window 1, so that the particle
number is known and the thermal radiation emitted from the background can be
controlled. The thermal camera was placed above the particles to monitor them using
its minimum focus distance (v dt &). The frame rate used was 1 fps. The

germanium window 2 was placed between the particles and the thermal camera, the
same setup as in the fluidized bed experimeigiufe24). A water sink was placed on

a ot plate and under the particles as a controllable background. The advantage of
using a water sink is that a background having lower temperature than the particles
can be created by adding ice. Compress air was used to prevent the generation of mist
on thegermanium window 1. Temperature of the germaniundew 1 was measured
using a Ktype thernocouple probe (approximatedy ud). It is assumed that the

germanium window and the particles on it have the same temperature.
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Figure38. Calibration of the particle size and shape (experimental setup).

In this experiment, temperaturetbk water was incesed fromt d to x ™0J Then,
the effect of the signal difference between the particles and the background on the

particle size and shape was taken into consideration.

Signal matrices obtained from this experiment was first converted to thermal images.
In the thermal images, it is necessary to identify the pixels that represent the particles.
From the experimental setup, it is known that the number of the pixel clusters
representing the particles is one hundred and the number of the pixel clusters
represating the background is one. Then it is expected that an appropriate threshold
(a grey value) should separate the image into two parts, one of which contains only
one pixel cluster that represent the background and the other contains one hundred
pixel clugers that represent the particles. However, there are more than one threshold

can do the job. It is still needed to select one from all of the threshold as the most

appropriate threshold.

In order to do so, any grey valu®) that meet the followingonditions were obtained

at first;

I.  Pixels having grey value less th&can be divided into 100 (or 1) pixel

clusters based on their connectivity.
ii.  Pixels having grey value greater thi@tan be divided into 1 (or 100) pixel

clusters based dheir connectivity.
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The 100 and 1 pixel clusters were respectively indicating the number of the particles

and the background in the thermal images.

Among the obtained grey values, @ptimalthreshold © ) can beobtainedusing

the @ s u @shold nfethodOtsu, 1979)Using this threshold, the pixels in the

thermal images were separated into two classes (class 1, pixels having grey value less
thanO ; class 2, pixels having grey value greater than or equal tg. Figure39

shows several examples.

In the figure, the difference between the maximum and the minimum values within
the signalmatrix was adopted as the absolute signal difference between the particle
and the background. When the 100 pixel clusters were included in the pixel class 1,

the signal difference was negative, and vice versa.

It can be also observed from the figure thvhen the signal difference between the
particles and the background was betwe249 and 241, pixels representing the
particles cannot be identified in the thermal images.
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Figure39. Calibration of the particle size and shgpiel classes from the thermal images).

Using the method introduced in the sectih the area and circularity of the pixel

clusters that represent the particles in the thermal images can be olftgnesi0

shows he cumulative distribution of the particle area and circuldfitgm the figure,
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it can be seen that as long as the particles can be identified, their area and circularity
were not affected by the signaffdrence between the particles and the background.
The particle aread() was approximately between 40 ( ) and 100§ ) pixels.

The particle circularityd) was approximately between 0@ ( ) and 0.65¢ ).
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Figure40. Calibration of the particle size and shape (cumulative distribution).
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Based on these two offline calibrated rangies,pixels representing the particles in
the thermal images obtained from the online monitoring process diiitieéd bed

can be identified.

4.3.2 Online identification of the particles in the thermal images

In this thesis, a procedure was developed for the online identification. The primary
step is using a grey valu®) to divide the pixels in the thermal images in two classes
(class 1, pixels having grey value less tf@rclass 2, pixels having grey value

greater than or equal 10). By changing th&Ofrom 0 to 255, there are 512 (2*256)
pixel classes can be obtainédgure4l shows three examples, where Bevas

equal to 75, 125 and 175, respectively. In the figure, the red areas within the blue

frames were the pixels within the classes.

Within each pixel class, the pixels were separated into multiple clusters based on their
connection in four directions (up, down, right and left). Then the aneand

circularity (0) of the pixel clusters can be obtained.

In the thermal images, when a pixélister was representing a clear particle, its area
and circularityd would be respectively betweén ando , and between

andd . When a pixel cluster was representing a blurry particle, or contacted
multiple paticles, itsarea and circularitwould be respectively out of the ranges.
Therefore, the pixel clusters representing the clear particles can be obtained from the
pixel classes (the red areas within the green frames KFighiee41). After all the

pixel classes had been processed, the identified pixels in all classes (512) were
summarised. Then these pixels was the final identified pfaelsdentified pixel is
denoted a¥ ) that represent the clear particles in the thermal infagen the figure,

it can be observed that using above procedure, pixels representing the individual and

clear particles in the thermal images were identified successfully.
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Original thermal image

Class 1 Class 2
(0 = In) ([n = 255)
Red colour Red colour

SeT ="

SLT ="1

Final identified pixels by changing
the I, from 0 to 255 (red colour).

Figure41. Online identification procedure.

4.4 Summary
By designing two experiments, it is found that when a thermal camera is used to
monitor a particle with a constant temperature, the signal value of the particle

(indicating the received infrad radiation from the particle) can be affected by the
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focus of the thermal camera and the movement of the particle. When a patrticle is
focused by the thermal camera and does not move, it is clear in the thermal image.
Otherwise, the patrticle is blurry the thermal image. The size and shape of the pixel
clusters representing the clear and the blurry particles are different.

The threshold based image segmentation cannot distinguish the clear and blurry

particles, it is not able to accurately monitor plagticle temperature online.

Therefore, an improved image segmentation based on the particle size and shape in
the thermal images was developed in this thesis. By using an offline calibration
method, the size and shape of the particles in the thermatsmagye measured and it

is found that they are not affected by the signal difference between the particles and
their background.

By using developed the regidrased image segmentation, in the thermal images that
were obtained online, the pixels represaytihe individual and clear particles in the
thermal images were identified. It is believed that the signal value corresponded to the

identified pixels and the particle temperature have the same relationship.
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5 Particle temperature calibration

5.1 Effectof the airtemperature

When hot inlet air is introduced into the fluidized bed, it also emits thermal radiation.
Therefore, it is necessary to determine whether the thermal radiation emitted from the
hot air will affect the relationship between the signaligalcorresponding to the
identified pixels and the particle temperature. Following experiment was designed
Figure42.

: 100 mm : | Thermocouple Probe — Air

1 1 (K 7 type)
Particles |- _» Germanium window
_ ] Thermal camera
Thermocouple Probe - Particle L I ! . (FLIR- A65550)
K — type) 1 250 mm I Fixed focus distance (250 mm)

Figure42. Effect of hot inlet air on the relationship between tigaal values corresponding
to the identified pixels and the particle temperature (experimental setup).

As shown in the figure, several particles were fixed on the tip ofyp&

thermocouple probe. The thermal camera was used to monitor the partides at it
minimum focus distance; (v dt &). A germanium window was placed between the
particles and the thermal camera, the same setup as in the fluidized bed experiment
(Figure24). A hot airgun was used to blow hot air between the particledtand

thermal camera. Distance between the heat gun and the particlesma@s: .

Temperature of the hot air was measured usingyp& thermocouple probe.

In this experiment, temperature of the hioieas increased from uo 1 1 @.Jn the
meanwhile, he averageparticle temperature wasoundc @ Jd during the process.
The signal value of the particles measured using the thermal camera was plotted

against the air temperature, as showRigure43.
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Figure43. Effect of hot inlet air on the relationship between the signal values corresponding
to the identified pixels and the particle temperature (results).

From the results, it can be observed that when the air temperature was in¢heased,
measured signal value of the particles was also increased. This was caused that the

thermal radiation emitted from the hot air can also be received by the thermal camera.

It can also be found that when the air temperature was lesg tha@hthe measured
signal value of the particles was increased slightly and within the error bar. Therefore,
in this thesis, when the inlet air temperature inflineized bed was less thanud)

the effect of the air temperature on the thermal cameesurement was neglected.

5.2 CalibrationMethodA (outside, stationary)

The first experiment was designed to correlate the obtained signal value of the
particles to the particle temperature when the particles ovesede the fluidized bed
and placed stati@ry. The experimental setup was showtrigure44. As shown in

the figure, particles were placed in a petri dish and heated by a hot plate (STUART
US152). The surface temperature of the particles was measured ksiyge
thermocouple probe. After the probe was placed, the surface of the particles was
flattened. The thermal camera was used to monitor the particles at its minimum focus
distance ¢ v dt &). The frame rate used wastiQr). iA germanium window was

placed between the particles and the thermal camera, the same setup as in the
fluidized bed experiment{gure24).
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Thermal camera
(FLIR A655sc)
Fixed focus distance (250 mm)

-T- g _» Germanium window

100 mm ’
-2 e _» Particles in a petri dish
150 mm ) ’ Thermocouple probe
oLy ®ooee
[
Hot Plate

Figure44. Calibrationmethod A(experimental setup).

In this experimenttemperature of the particle was gradually increased §ato

¢ ™0J The measured signal value of the particle was averaged from apa@rea (

p® & &) representing the particles in the thermal images. Then the measured signal

value of the particles was plotted against the particle temperature, as sHegurén

45,

Measured signal value of the
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s°
s88°
18000 5%
(7] :E\ .iii
S 2 00®
£ © 16000 oo
g E o"'..
14000 ¢©°
12000
25 30 35 40 45 50 55 60
Particle temperaturelC)

Figure4b. Calibrationmethod A(results).

From the results, it can be found that the obtained signal value of the particles was

linearly related to the particle tgrarature.

78



In thisexperiment, since the measurement of the thermocouple probe was affected by
room temperature, the measured particle temperature could be slightly lower than the

actual particle temperature.

5.3 Calibration Method (inside, stationary)

The second experiemt was designed toorrelate the obtained signal value of the
particles to the particle temperature when the particles weideiituidized bedand
stationary The experimental setup was showrrigure46. In the fluidized bed,

several particles were fixed on the tip of @yge thermocouple probe, which was

located in the centre of the fluidized bed. The thermal camera was used to monitor the
particles at its minimum focus distaneg § dt &). The frame rate used wasriQn. i

Height of the thermal camera w@sua & from the bottom of the fluidized bed.

Particles Germanium

window

Thermal camera
(FLIR A655sc)

Thermocouple probe

K ype Fitt
e

100 150 100

mm min mm

'|

A

85

y mm

Figure46. Calibrationmethod B(experimental setup).

In this experiment, temperature of the inletvaas gadually increased from uo

X TOJ The measured signal value of the particle was averaged from ap@rea (

P& & &)) representing the particles in the thermal images. Then the measured signal
value of the particles was plotted against the gartemperature, as shownhigure

47,
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Figure47. Calibrationmethod B(results).

From the results, it can be found that the obtained signal value of the particles was

linearly related tdhe particle temperature.

In this experiment, since the measurement of the thermocouple probe was affected by
inlet air temperature, the measured particle temperature could be slightly higher than

the real particle temperature.

Figure48 compares the results from the offline and online probe methods. It can be
found that when the measured signal value of the particlelowator the same

signal valuethe measured particle temperature in the two methods waartie

When the measured signal value Wagh, for the same signal valuthe measted
particle temperature in thmeethodA was lower.This indicates thahte surrounding

air of the thermocouple probe can affect the temperature measurement.
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Figure48. Compare thenethod A and B

5.4 Calibration Method C (inside, fluidizing)
Since the particle temperature measured by a thermocouple probe can be affected by
the surrounding air of the probe, this experiment was desigméds expennent, the

particles were inside the fluidized bed and fluidizing over time.

As shown inFigure49, the fluidized bed was thermal insulatéda thermal insulated
fluidized bed, it is assumed that when the tempeeadteady state is reached, the
temperatures of the inlet air, the exit air, the particles and the fluidized bed wall
temperature are the sanide loaded particle mass was; iThe thermal camera
was placed; v dt & from the centre of the fluidizeded to monitor the fluidizing
particles using its minimum focus distance. The frame rate used wgs). iHeight

of the thermal camera wgsud & from the bottom of the fluidized bed. Threetype
thermocouple probes were used to measure the tempsratube inlet air, the
ambient, the fluidized bed wall and the exit air. When temperatures of the inlet air, the
exit air and the fluidized bed wall did not change over time, the temperature steady
state was reached and then the fluidizing particles meretored using the thermal

camera fog a Q¢
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Probe — Wall

y mm

Thermocouple
Probe — Inlet air

100 100 150 100
mm mm mm mm

Figure49. Calibration Method Gexperiment).

In this experiment, the inlet air temperature waseased gradually from uo ¢ T0J
and ten temperature steady states were studi€&iigume50, the number of pixels in

the thermal imageg (@ "Q¢was plotted against their signal values.

Insulated Fluidized Bed_total pixels

g 128 Fluidized bed temperature 58.9 €
S 140 Fluidized bed temperature 53.9 ¢
v% 120 Fluidized bed temperature 49.8 €
éloo Fluidized bed temperature 46.5 €
E 80 —— Fluidized bed temperature 43.0 €
§ 60 —— Fluidized bed temperature 39.3 @
40 —— Fluidized bed temperature 35.4 €
20 J Jl M\ —— Fluidized bed temperature 31.8 €
0 ! .

12000 14000 16000 18000 20000 Fluidized bed temperature 27.8 €

Signal intensity of pixels (raw count)

Fluidized bed temperature 26.7 €

Figure50. Total pixels in the thermal images (2 min).

In order to correlate the obtained signal value ofilwels to the particle temperature,
it Is necessary to identify the pixels representing the particles in the thermal images

first. However, it is expected that when the thermal radiation emitted from the
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fluidized bedwall and the particles was close to eateo, the particles in the

thermal images were unidentifiable.

In Figure51, the number of pixels among the identified pixels that represent the
particles in the thermal imagesd "Qéwas plotted against their signal values. In the
figures, the fluidized bed temperature represents the same temperature of the inlet air,
the exit air, the fluidized bed wall and the particles at the temperature steady state.

Insulated Fluidized Bed_identified pixels

1,000
900
800

©0n 700
£
5600
5500
8400
IS
=300
200
100 A
0
12000 14000 16000 18000 20000
Signal intensity of pixels (raw count)

Fluidized bed temperature 58.9 €

Fluidized bed temperature 53.9 €

Fluidized bed temperature 49.8 €

Figure51. Identified pixels in the thermal images (2 min).

From the above figure, it can be observed that when the fluidizet imgerature

was less tham @ d, the particles in the thermal images were unidentifiable. When

no pixel was identifid in theq a "Qéhe signal values corresponded to the pixels
representing the particles and the fluidized bed wall were the same and calculated as

the average of all values within the signal matrices obtained indh&¢

In Figure52, the result®f themethod Cwere plotted and compared with timethod
A and B
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Figure52. Compare the results frothemethod A, B, and C

From the figurewhen the measured signal vahfethe parcleswaslow, for the

same signal valug¢he particle temperature measured inttiree methods was

similar. When the measured signal value of the particles was high, for the same signal
value, the particle temperature measured imibghnod A was highethan in the

method C, and higher than in theethod B.

In this thesis, when the measured signal value of the particles was less than

pX Tt hE O,it was correlated to the particle temperature averaged from the
three methods. When the measusiphal value was greater thary Tt ®é 6,€ 0O
it was correlated to the particle temperature measured mdtieod C. The results are

shown inFigure53.

84



20000
y =133.6x + 10678 )
18000 e ,°~.-,:,rrm,

16000

a®’
14000 ¢*®

Measured signal value of the particle
(raw count)

12000

25 30 35 40 45 50 55 60
Particle temperaturd)

Figure53. Correlate theneasured signal value of the particles to the particle temperature.

From the results, the correlation equation can be fitted as:
Y po®p Y pmexy Eq. 64

Where'Y is an element in the signal matdand iscorresponded to an identified
pixel ® in the thermal imagé and"Y is the temperature of the particle represented
by "Y in the signal matri>4| and"© in the thermal imageorrespond to the

elementy .
The equation can then be converted to:
Y minyxyuvY x&h X Eq. 65

5.5 Summary
In this chapter, the effect of the flow air on the particle temperature measurement
using a thermal camera is examineds found that when the air temperature is low,

the effect is negligible.

Then three calibration methods were used to correlate the particle temperature with its
signal value in the #grmal images. In the method A (outsid&ationary), the particle

was sationary and outside of a fluidized bddhe particleemperature was directly
measured by a #ype thermocouple prob& the method B (insidestationary), the

particle was inside of a fluidized bed and fixed on the tip oftgge thermocouple
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probe.The particletemperature waalso directly measured by ati{pe thermocouple
probe. In the method C (inside, fluidizing), the particles was inside of a thermal
insulated fluidized bed and can be fluidized as norifiifa. particle temperature was
deduced fronthe temperatures of the inlet air, the exit, and the fluidized bed wall at

the temperature steady state.

By comparing the results in the three methods, an optimum calibration equation was
fitted. This equation will be used in the following chapters taiokthe online

particle temperature from the signal matrix output by the thermal camera.

86



6 Particle heating process

In this chapter, the effect of the inlet air velocity, the inlet air temperature, and the
loaded particle mass on the particle temperat@®investigated, respectivelyhe
experimental setup used is first introduced in the se8tgrand repeated here

(Figure54). The fluidized bed was not insulateltemperatures of the inlet air, the

exit air, the fluidized bed wall, and the ambient were online measureetypeK
thermocouple probes. Temperature of the particles was online measured by a thermal
camera using the previous established met8otte the focs of the thermal camera

and the movement of the particles are considered in the particle identification, and the
air surrounding the particles is considered in the particle temperature calibration, the
particle temperature measured by this method will beeraccurate thathe resultsn

the literature.

et
Thermocouple _ Germanium
Probe — Exit air o ' window
- : E Thermal camera
1ermocouple i FLIR A655sc
Probe — Wall g ( )

.
r|

85
y mm

Thermocouple
Probe — Ambient

Thermocouple
Probe — Inlet air

100 100 150 100
mm mm mm mm

Figure54. Experimental setup.

At the beginning, the inlet air temperature wasdJ When the temperatures of the

exit air and the fluidized bed wall did not change over titmejilet air temperature

was started to be increased by the heatisteay inside the fluidized bed@hen the

particle heating process was started. The temperatures of the inlet air, the exit air, the
particles, the fluidized bed wall, and the ambient vesiene measured every second

and for 1600 second in total.
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The time required by the fluidized bed heating system to heat the inlet air to a desired
temperaturef 3, 57, and 6W®asarqundr rersBeferegt riirythee| y

inlet air temperature was increased rapidly. Followed by the exit air temperature, the
particle temperature, and the fluidized bed wall temperature. The particle heating
process at thistate was mainly determined by the fluidized bed heating system.

In this thesis, the particle heating process was investigated; aftém In order to
compare the heating process of the particles and the fluidized bed wall,-axt@n

defined as fobbw:

VY Eq. 66)

Where"Y is the air temperatura) , Y is the particle temperature , and’Y is the
fluidized bed wall temperature . From the order of the temperaturess iknown
that—is between 0 (the temperatures of the particles and the fluidized bed wall are

same) and 1 (the temperatures of tmexad the particles are same).

6.1 Effect of the inlet air velocity

In order to investigate the effect of the inlet ailoeity on the particle heating

process. The inlet air velocity used v, ¢8tandc® & 1, respectively. The inlet

air temperature used was aroun¢(0J The loaded particle mass was;, TtCult

should also be noticed thiile detector time constasttypical 84 i . The maximum
velocity required for the particles to be clear in the thermal image is therefore 0.02

a /i. The online measured temperatures of the inlet air, the exit air, the particles, the
fluidized bed wall and the ambient framtt irto p @ 1@ @re shown irFigure55,

Figure56, andFigure57, respectively.
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Particles: 1200 g; Inlet air: 1.5 m/s,/&7

o —— Inlet Air

5 50
© 45 —Exit Air

()
g_ 40 —— Particles
o 35 Wall
30
25 —— e e———e ——Ambient
20

200 400 600 800 1000 1200 1400 1600
Heating time (s)

Figure55. Online monitoring 51200 g particles heated by Ins and 5T inlet air.

In Figure55, the inlet air émperature was approximatelyx0J The exit air
temperature wasicreased from around go v @3J The particle temperature was
increased fromr ¢o 1 wbJ The fluidized bed wall temperat increased from 31 to

o udJ The ambient was aroumdudd

Particles: 1200 g; Inlet air: 2.0 m/s,/&7

o — —Inlet Air
= 50
T 45 — Exit Air

g 40 —— Particles
2 wall
25 . — — —— Ambient

200 400 600 800 1000 1200 1400 1600
Heating time (s)

Figure56. Online monitoring of 1200 g piicles heated by 2.0 m/s and&ihlet air.

In Figure56, the inlet air temperature was approximately0J The exit air

temperature was increased from aroundo v @3J The particle temperature was
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increased from uo v 00J The fluidized bed wall temperature increased fmto

T pdJ The ambient waaroundg v6J

Particles: 1200 g; Inlet air: 2.5 m/s, /&7
70
65
60
&£ 55 _'_,_,_,___."—-—-“-ﬁw—
g 50 e —nlet Air
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o 35
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20
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Figure57. Online monitoring of 1200 g particles heated by 2.5 m/s and 57€ inlet air.

In Figure57, the inlet air temperature was approximgatelx0J The exit air
temperature was increased from aroundo v u0J The particle temperature was
increased from ¢o v 10J The fluidized bed wall temperature increased from 33 to

T 00J The ambient waaroundg @dJ

From the above three figurescén be found that during the particle heating process,
the order of the temperatures from high to low was always the inlet air temperature,
the exit air temperature, the particle temperature, the fluidized bed wall temperature
and the ambient temperatutiéis indicates the heat was transferred from the air to
both the particles and the fluidized bed wall, from the particles to the fluidized bed

wall, and then from the fluidized bed wall to the ambient.

Figure58 shows the temperature difference between the air (the average of the inlet
air and the exit air temperatures) and the particle. From the figure, it can be found that
due to the heating process of the particles, the temperature difference was decreased
gradwally with time. When the inlet air velocity was increased, at the same time, the
temperature difference was decreased. This indicates that higher inlet air velocity can

accelerate the heating process of the particles.
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Figure58. Effect of the inlet air velocity on the temperature difference between the air and the
particles.

Figure59 shows the temperature difference between the air (the average of the inlet
air and the exit air temperaas) and the fluidized bed wall. From the figure, it can be
found that due to the heating process of the fluidized bed wall, the temperature
difference was decreased gradually with time. When the inlet air velocity was
increased, at the same time, the terapee difference was decreasé&te results

indicatethat higher inlet air velocity can accelerate the heating process of the
fluidized bed wall.

Temperature difference between the air and the fluidized

bed wall
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Figure59. Effect of the inlet air velocity on the temperature difference betieeair and the
fluidized bed wall.
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Figure60 shows the effect of the inlet air velocity eaFrom thefigure, it can be

found that—was increased slowly due to the particle heating pro@éisen the inlet

air velocity was increased;was increased and the particle temperature was closer to
the air temperaturdhis indicates that the highilet air velocity can accelerate the

heating process of the particles more than the heating process of the fluidized bed

wall.
—=(MT™0)/("T ™Y )
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0.80
0.60
| ——1.5m/s
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0.00
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Figure60. Effect of the inlet air velocity ona-

6.2 Effect of the inlet air temperature

In order toinvestigate the effect of the inlet air velocity on the particle heating
process. The inlet air velocity used wg & 7i . The inlet air temperaturessed was
aroundu 1L xandg o0J respectively. The loaded particle mass was trThe
online measurktemperatures of the inlet air, the exit air, the particles, the fluidized
bed wall and the ambient froqn Tt iito p @ 1 mre shown irFigure61, Figure56,

andFigure62, respectively.

In Figure61l, the inlet air temperature was approximatelyod The exit air
temperature was increased from around 47 t®J The particle temperature was
increased from 42 to x6J The fluidized bed wall temperature was increased from 32

to o udJ The ambient was xdJand did not change over time.
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Figure61. Online monitoring of 1200 g particles heated by 2.0 m/s and 50 iirlet a

In Figure62, the inlet air émperature was approximatepycodJ The exit air
temperature wasicreased from around o @ p0J The particle tempenate was
increased fromr wo @ pdJ The fluidized bed wall taperatre was increased from 32

tot u0J The ambient wag @dJand did not change over time.
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Figure62. Online monitoring of 1200 g particles heated by 2.0 m/s and 63C inlet air.
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From the above three figures, it is can be tbtivat the order of the temperatures does
not affected by the inlet air temperature. The heat transfer from the particles to the
fluidized bed wall ishigher than that of the hot air to the fluidized bed wall

Figure63 shows the temperature difference between the air (the average of the inlet
air and the exit aireimperatures) and the partideom the figure, it can be found that
due to the heating process of the particles, the temperature differences wergedecrea
gradually with time. At the early state, the temperature difference at the same time

was higher when the air temperature {.grw xandg co) was higher.

Temperature difference between the air and the particles
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Figure63. Effect of theinlet air temperaturen the temperaturdifference between the air
and the particles.

Figure64 shows the temperature difference between the air (the average of the inlet
air and the exit air temperatures) and the fluidized bed wall. From the figuaa, biec
found that the temperature difference was decreased gradually with time and the
decreasing trend was limited affected by the air temperature. When the air

temperature was higher, at the same time, the temperature difference was higher.
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Temperature difference between the air and the fluidized
bed wall
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Figure64. Effect of theinlet air temperaturen the temperature difference between the air
and the fluidized bed wall.

Figure65 shows the effect of the inlet air temperature-en
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Figure65. Effect of thenlet air temperaturen—

From thefigure, it can be found thatwas increased slowly due to the particle
heating process and the increasing trend was limited affected by the inlet air

temperatureThis indicates tat the when the inlet air temperature was changed, the
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relationship between the heating processes of the particles and the heating process of

the fluidized bed wall was limited affected.

6.3 Effect of the loaded particle mass

In order to investigate the effeat the inlet air velocity on the particle heating
process. The inlet air velocity used wg & 71 . The inlet aitemperature used was
aroundv x06J The loaded particle mass wast 1@t wandp 1 Tirespectively.
The online measured temperatures of the inlet air, the exit air, the particles, the
fluidized bed wall and the ambient framtt irto p @ 1 @re shown irFigure66,

Figure56, andFigure67, respectively.

In Figure66, the inlet air temperature was approximately0J The exit air
temperature was increased from aroundo v @J The particle temperature was
increased from ¢ouv 1™0J The fluidized bed wall temperature was increased from

o @ot pdJ The ambient waaroundg T6J

Particles: 1000 g; Inlet air: 2.0 m/s,/&7

% 50 —— Inlet Air
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—— Particles

Wall
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200 400 600 800 1000 1200 1400 1600
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Figure66. Online monitoring of 1000 g particles heated byr/6 and 5T inlet air.

In Figure67, the inlet air temperature was approximately0J The exit air
temperatire was increased from aroundgo v u0J The particle temperature was
increased from @io v 10J The fluidized bed wall temperature was increased from

o do1 00J The ambient waaroundg @3J
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