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ABSTRACT

BED-TO-SURFACE HEAT TRANSFER IN CONICAL SPOUTED AND
SPOUT-FLUID BEDS

Yaman, Onur
M.S., Department of Chemical Engineering
Supervisor: Assoc. Prof. Dr. G8rkem KYlah

JULY 2017,102 pages

Bedto-surface heat transfer investigation from a vertically immersed cylindrical
surfacewasconducted in larg&aboratoryscaleconical spouted and spefliid beds

in this study In order to design a high performance spouted and $jpoditoeds, the
effects of bed design parameters (such as conical angle, inlet diameter of spouting
gas entrance) and operatinghddions (such as static bed height, particle size and
density and spouting and fluidization gas flow rates) on the heat transfer
characteristics were investigated in detail. An empirical heat transfer corredation
the average heat transfer coefficgintthe annulus section for higlensity particles

(2500 # $ # 6000 kg/ml) was also proposed for the practiecae inindustrial

applications.

The heat transfer coefficientvere found talepend on the density and sizethe
particles The denser andarger particles hadigher minimum stable spouting
velocities, which in turn lead to higher operational spouting velocities resulting in
higher heat transfer coefficient values. The effdcparticle diameter wa more
pronounced in the spout and spaanulus interface whereds effect diminishedn

the annulus regionThe conical angléhad asignificant effect on the gas flow
distribution and partickprobe contact dynamics in the



spoutedbed and itwas obsered that the heat transfer values in the annulus
decrease with the increase inconical angle due to lowered particle circulation.
Benefits of the spotftuid operation on the heat transfer coefficients were found
fairly minor consideringnaximumof 7 and 3 %increase in heat transfer coefficient
observed during spodiuid operationfor 31¥4 and 66% conical angle conical-spout
fluid beds, respectively, since the fluidizing gas)(@as not able tgoenetrate
sufficiently inside the annulu® maintain a effective gas flow on the heat transfer
surface. Therefore, from the heat transfer point of view, given the required flow rates
for spoutfluid bed operation, spouted bedsre found to benorefeasiblecompared

to spoutfluid beds.

Keywords: conical spouted bed, spdluid bed, beeto-surface heat transfer,
immersed heat transfer surfaces.
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TAIKIN VE TAIKIN  -AKI'KAN KON"K YATAKLARDA YATAK  -Y1ZEY
ISI TRANSFER"

) Yaman, Onur
YYksek Lisans, Kimya MYhendii BSIYmY
Tez y3neticisi: Doe. Dr. Grkem KYlah

TEMMUZ 2017,102 sayfa

Bu sald&madaVYlyYk 3leekli ta&kon ve ta&kdi&kan yataklarda, yata%a diklemesine
daldéréimo& silindirik yYzeygam%a oladsd transferalo&masé gersekle&tirilmi&tir.

Y Yksek performamssahipta&kon ve ta&kdkb&kan yatakfm tasarlanabilmesi isin

yatak tasardm parametrehémi (konik a<d, ta&kdnla&ma gazd giri& ~apd) ve eald&ma
ko&ullardndn (statik yatak yYksekli%i, parsacok sapd véesizkég&konla&ma ve
akd&kanla&ma gaz akd& debileri) 8s6 transferi Yzerindeki etkileri detayld bir bisimde
incdenmi&tir. Ayroca,Szellikle yYksek 3zkYtleye sahip pasacoklarla eald&acak
endYstriyel sistemlerdaratik tahminler yapmalein halka b3lgesindeki 8s6 transferi
katsayOlakullantarakampirik 6so transferi korelasyoda «6kardlmo&tor

Bu «ald&nda 6sO transferi katsaydlarondn parsakYtle ve bYyYklY%Yne ba%ld
oldu%u gsrYImY&tYr. A%0Gr ve bYyYk pareacoklardn daha yYksek minimum Kkararl
ta&kdnla&ma hdzéna sahip olmalard, daha yYksek operasyon ta&kdnla&ma hdzlar
kullandlmas6éna ve dolaydsdyla daha yYksek 6sd transferi katsssgdéar@mudtur.
Pareacdk «apdndn 0s0 transferine olan etkisinin ta&kdn bslgede daha etkili oldu%u anci
halka bSlgesinde etkinin ortadan kalkt6%06 gSzlemlennf&tklardaki konik as6ndn

gaz akd& da%0sldomand ve payvaeik kontak dinami%ini Snemlik8ae etkiledi%i
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gSzlemlenmi&tir. B3ylece artan konik a<d ile halka b$lgesinde dY&en pareactk
sirkYlasyonu 6s6 transferi katsayGlarond dY&Yrmektedirakb&ddain yata%on 6so
transferine etkileri sbrasoya’s ve 66¥ konik a*0l0 yataklarda maksimume 3

olarak dY&Yk bulunmu&tur. Bunun ba&ldca sebebi, yapdlan sal6&malar 6&3%06nda,
akd&kanla&ma gazondn yeterince yata%a nYfus etmemesi oldu%u dY&YnYIimektedir.
Dolaydsdyla, 0s0 trensfas0sOndan ta&Rdkd&kan yatak yerine ta&kdn yata%dn

kullan6lmasondn dafeeri&lioldu%u karardna vardlmo&tor.

Anahtar kelimeler: konik ta&kdn yatak, ta&kodkan yatak, yatgizey 6sd transferi,
dald6rélmd& 6so transferi yYzeyleri
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CHAPTER 1

INTRODUCTION

Many chemical and physical processes includesgéid interactions such as drying

of granular patrticles, particle coating, adsorption, coal gasification, catalytic cracking
of hydrocarbongMathur & Epstein, 1974)Fluidized beds have become prominent
and preferred systems in most of these applications due to their effecthsolghs

interaction characteristic.

In a fluidized bed, a fluid passes a cylindrical vessel filled with solid particles and
forms several solidjias behaviourse.g. bubbling, turbulg and pneumatic beds.
Thus, larger surface area of the solid particles in contact with gas stream are
benefited in an excellent mixing condition so that high heat and mass transfer rates
between the gas and particles and the uniformity in terms of tetupesand particle
concentration distribution can be accomplishi€édni & Levenspiel, 1991)By this

way, the heat management inside the reactor is easier due to rapid solid mixing. In
addition, controlling the average contact time between the gas saednsolid
particles by changing either solid feed rate or gas flow rate enables to have a broad
operational flexibility. Nevertheless, fluidized bed technology has faced slugging
problems to some extent for the coarse (Geldart type D) and dense particdes.
leads to high bed pressure drop and requirements of high gas flow rates, and thereby
uneconomical operation. In this situation, systematic particle agitation also cannot be

easily met due to neaniform residence time of particles.

To overcome thesa@blems, spouted beds are proposed asglas contact reactors
for Group D particles according to Geldart classification showngare 1.1



Group D patrticles can have large diameter or high density. When they are fluidized
in a conventional fluidizeted, large bubbles form and the size of these bubbles can
reach the size of the column diameter. Large bubbles can interfere witiolghs
contact in chemical or physical process and this situation causes significant reduction
in reactor performance. Cauently, spouted beds are substituted instead of
fluidized beds considering the advantages of spouted, Badb as not requiring
complex gas distributor plates, lower pressure drops than fluidized beds and effective
mixing between the particles and th@sgphase especially when working with large
diameter or high density particles.
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Figure 1.1 Classification of particles by GeldaKnii & Levenspiel, 1991)

1.1 Spouted and Spoufluid Beds

Spouted beds were first introduced by Mathur and Gishler (1&54plve the
aforementioned problems in fluidized beds operating with Group D patrticles. In the
forthcoming years, use of spouted bed technique has broadened into gasification,

pyrolysis, coating, granulation and catalytic reactions (Ep&téBrace, 201}

In this technique, spouting is provided by a fluid passing axially through a centrally
placed small nozzle at the bottom of a conical vessel as drawgure 1.2



By this way, fluid forms a jet strea®after enough flow rate suppliedt the core

the bed splitting the solid particles into three different characteristic regipast
fountain and annulus Spout region is made of lean jet phase in which particle
concentration is quite low (around53%). Upon getting through the spout area,
particles reach fountain above the surface of the bed and then rain back to the
annulus region. In the annulus, thé&e counter currenmovement such that while

the solid particles slowly travel down, gas flow goes in upward direction.
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Figure 1.2Conventional spouted bed

When the cylindrical section of the spouted beds is not filled with particles, and only
the conical section is used, this type of bed is namedrasal spouted beshown in

Figure 1.3 Compared to the conventional spouted beds, some essential advantages
of conical spouted beds are (i) more satisfactorysgéid contact due to less dead
zone; (ii) short gas residence times with narrow distribution (Ep&té&mace, 2011).
Successful applications of conical spouted beds include chevajgaurdeposition,

particle coating, drying and recently, biomass, waste plastic and scrap tire pyrolysis



(Olazar et al., 2011; Vahlas et al., 2002; Passos et al., 1997; Lopez et al., 2010).

OH

Figure 1.3Conical spouted bed

During conical spouted bed operation, with the opening of the valve in the air supply
line, a small gas void initially appears at the bottom of the bed. As the gas velocity is
increased, the size of the gas void slightly increases. As illustrakeégure 1.4, the

bed pressure drop on the other hand increases almost linearly to its peak value since

the bed is in the packed bed condition.

As the gas velocity is further increased, the gas suddenly rushes up to the bed surface
and bursts. This point is des@ted as thenset of internal spoutingVith further
increase in gas velocity, the internal spout first collapses and then grows up again till
second bursting takes place at the bed surface. This point is designated as the onset
of external spouting anché corresponding gas velocity based on the gas inlet
diameter, B, is accepted as the minimum spouting velocityJU



After this point, the spout can collapse momentarily and internal and external
spouting can coexist intermittently. THighaviourcan be characterized as taide
external spouting regionVith further increase in gas velocity, stable spouting is
observed which is designated by minimum stable spouting velogity)(UBeyond

this point, the spout and the fountain lose their comeding salient features and the
fluctuations of the bed pressure drop increase. This part is designated as jet spouting
(dilute spouting) region.

In each conical spouted bed operation, the bed pressure drop should be firstly
measured together withplJ and Unss. Based on those findings, economical and
stable operating condition should be maintained.
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Figure 1.4 Evaluation of the flow regimes with pressure drop vs. spouting gas
velocity graph in the conical spouted béBpstein& Grace, 2011)

Studieson investigation of hydrodynamics of conical spouted beds reveal that dead
zonein the annulus sectigrparticle agglomeration and adhesion problems have
negative effects on the operation and creates serious disadvdiipsfesn& Grace,

2011) To allevate these shortcomings, Chatterjee et al. (1970) proposed OhybridO
gassolid contact reactors, called spdlid beds, which have the salient features of



both spouted and fluidized be(Shatterjee et al., 1983 aconicalspoutfluid bed,

as illustraéd inFigure 1.5,the spouting gas enters the bed in the form of a jet from
the bed bottom and the fluidizing gas is fed to the annulus region through the conical
lateral surface. The fluidizing gas keeps the annulus region either at minimum
fluidization or bubbling fluidiation condition. This lateral gas introduction, which is
unique to spoudtluid beds, increases the gas and particle mixing in the radial
direction, decreases the agglomeration and sticking problems and enables the spout
fluid beds to process large partglesing lower gas flow rates compared to fluidized
and spouted beds.

Similar to spouted beds, a stable spouting state is first investigated following the
same procedure explained above and the gas velocity at this condition is designated

by minimumspoutfluidizing gas velocitfUnsy).

Fhidizing Air
Inlet

Figure 1.5Conical spoufluid beds

In order to design a high performance spitwitl bed for a specific application, it is
crucial that the effects of bed design parameters (such as conical angle, inlet diameter
of spouting gas entrance) and operating conditions (such as static bedgseigtie

size and density and spouting and fluidizing gas flow rates) oipagésle flow



dynamics and heat tramsf characteristics in the bed akeaown. Especially in
applications where drying, coating and chemical reactions take place,
characterizatioof heat transfer in the system is of paramount importance. Although
there are a lot of studies investigating heat transfer in fluidized beds, only one study
exists on the bedto-surface heat transfer in the speofiid beds conducted by
Chatterjee et a[1983).Absence of bedo-surface heat transfer studies in the conical
spouted and spofiuid beds has led to thebjective of this studyvhich is the
investigation of the effects of design parameters and operating conditionshmdthe

to-surface heat éinsferinside the spouted and spdlutid beds






CHAPTER 2

BED-TO-SURFACE HEAT TRANSFER
IN
SPOUTED AND SPOUT-FLUID BEDS

Two mechanisms of heat transtae generallyinvestigatedn heat transfer studies
conducted in gasolid systemsGasto-bed heat transfestudies aim to figure out the
heat transfer from hot or cold gas to thed materials (particles and gas inside the
bed). Inbedto-surface heat transfestudies,on the otler hand, heat transfeither
from the wall of the bedor from an immersed surfac® the bed material are
investigatedlt is imperative to know the bdd-surface heat transfer especially in
applications where immersed heat exchange elenmrdted in the annulus section
of the spouted bedre utilized. Therefore, in this study, bedsurface heat transfer
in spouted and spodiuid beds is investigated.

For a gassolid suispensiomear thesurface as illustrated irFigure 2.1, at any time,
transitoryparticlesurface particleparticle particlegas and gasurfaceinteractions

all occurandare very significantfor the exchangeof heatfrom the surfaceThese
individual interactions are created and destroyeddmgt@ant and sometimes irregular
motions of particles and gas contact with the surface hotter or colder than the bed
Simultaneous conductesand convective transport carribe heat between surface
and thecoreof the bed (Mickley& Fairbanks, 1955).



Heat Flow
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Figure 2.1 Heat transfer mechanism in the Heesurface approactiKunii &
Levenspiel, 1991)

The total bedo-surface heat transfer coefficieint the dense phassan beusually
defined asChen et al.2005; Wong et al., 2014; Yao et al., 2014)

h :!cl‘pa’“ (1-! ah g+h rac (2.2)

wherehy is forced gas convection coefficient for gas passing the surface through the
interstitial voids; hpa is particle convectioncoefficient and hyoq is radiatve heat
transfer coefficient which can beeglected for systems operatingder 500%CQn
Equation 2.1, !, indicates the fraction of particle coverage on the heat transfer

surface.

Mickley and Fairbanks (1955)ere the first researchers to characteiizetto-
surfaceheattransfer in fluidized bed systems. They developed the packet model for
bubbling fluidized beds where they considered the heat transfer surface to be
alternately contacted by gas bubbles &othogeneoupackets of closely packed
particles. They explained &e transfer by surface renewal theory where they
assumed that heat transfer occurs primarily by transient conduction between the
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particle packets and the surface during periods when the packets reside at the heat

transfer surface.

Mickley and Fairbanks @55) noted thatadiation (g andgas convection ¢h can

be negligibleat low operating temperatures antlem the gas flow rate is very low,
there is not much turbulence and parsciear the wall move downward almost at a
uniform speed For theseconditions they proposedEquation 2.2 to calculate the
particle convection coefficierftor constant flux)

K 11"
hpa:1.77\/ eff Fp#d p (2.2)

where void fractionof packety!, ), residence time of packets on the surfageaid

thermal properties of the packets, @d k) constitutes the particle convectibaat
transfer(hp).

It should be noted thahis model was proposed for fluidized Isemperating with

small particlesHowever,the studies witHarger particles(>500 um)showed some
deviationswherethe unsteady process turns imtarlya steadystateprocesgChen

et al., 2005) Thus, the contact characteristic between the surface and single particles
becomesimportant and thermal interaction contains mostle thrst layer of the
particles on the surface instead of packets (Gloski et al., 1983; Ozkaynak & Chen,
1980).Underthis condition thermal time constant (time for temperature change of a
particle in contact with the heat transfer surfagea@d contactesistance (R of the
particles should alsbe considered in the heat transfer mechanigtsthermore, dr

the case of gently descending parsal@der neglected gas convectigro bubbles)

and radiationtotal timeaverage heat transfer coefficient danbedefined as (Kunii

& Levenspiel, 1991):

]/hpa+Rp (2:3)
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where

_ %
. (2.4)
p
2K g
K KO
off = _eff 4 )PrRe (2.5
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|
! 1
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eff = 'whg T twi sl G k173 §

(2.6)

In Equations 2.6 !{. is specially proposed fobedto-surface heat transfer
applications with stagnant gas.ié the average void fraction on the wall surface and
Iy can be read fronrigure 2.2. Under fluid flow conditions] - is defined in
Equation 25, where!" constants is related with the particle size and packing
configuration(Botteril et al, 1986; Yagi & Kunii, 1960).
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Figure 2.2 Ratio of effective thickness of gas layer around a contact surface to
particle diamete(Botteril et al, 1986; Yagi & Kunii, 1960)

The surface renewal theogroposedoy Mickley and Fairbanks (1955)r bubbling

fluidized bedswas adaptedor the annulusregion of spouted beds by Kakae and

Kolko& (19919sthey accemd the surface renewal theory as a suitable maalel
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spouted bedsin the annulus regiomf a spouted be@ close packing matrix of
particlesalso namedas dense phasexists. In this regianthe particleconvection
dominates the total heat transfer rate

Epstein and Mathur (197Hiso proposed another theoretical model for the annulus
section of spouted bedsased on the concept of a thermal boundary ldgetheir
approach, awvo-dimensional penetration model wasedinstead of onalimensional
conduction equation used in tloerivation of surface renewal theoryHowever,
when theparticlesare assumedo mowve at a constantspeed on thesurface,the
equatiors were simplified and the results of both models became identical.

Since theparticles movequite slowly in the annulus sectiga3-10 mm/s)in a
spouted bed, betb-surface heat transfer coefficient can also be calculated by
approximating the annulus section as a packed Ipetthis respectEquations 2.7
and2.8developed byragi and Kunii(1960)usingdifferent particles (glass, lead and
steel shotsgan be used for the annulus section of a spouted bed.

hyd
Nu :% = (Heat transfer for stagnant gas) eétitransfer for gas flon (2.7

g

2k
hy = diff +ay, (Cp! pUo) (2.9)

wherea, is given as 0.05 ikquation 2.8 based on the experimental findirgysdU,
is the superficialgasvelocity, whichis quite small in the annulus padf a spouted
bed

As discussed in Chapter 1, spouted bedsamgposed ofwo distinct regions: spout

and annulusAnnulus region is made of a dense phase where the particles are close
to loosely packed state and move slowly downwards. All of the models mentioned
above can be used to calculate the heat transfer from the wall of the spouted bed to
the bed material drom an immersed heat exchange element located in the annulus
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section of the spouted bed to the bed material. Spout region, on the other hand, is
made of lean jet phase in which particle concentration is quite low (are&rfd)3

The flow in this region isnore or less similar to pneumatic transport in the fluidized
beds, and the gas convection is the main heat transfer mechBeismen these two
regions there is a slim transition region rather than a sharp boundary, where both gas
and particle convectiss are effective on the total heat transfer rates thesis stug
focuseson the heat transfer betweean immersed heat exchange element in the
annulus section of the spouted bed and the bed matEntefore heat transfer in

the annulus section wilbnly be investigated. For this purpodgeglickley and
Fairbank€approach will be followedAlthough thisapproach cabe quite helpful to
evaluate the heat transfer rates in spouted beds, the model parameters i.e. particle
velocity, void fraction and effective thermal conductivity on the heat exchange
surface are not easily available (Macchi et al, 19808) should be dhined
experimentally. In the following sectioexperimental studies conducted on bed
surface heat transfer in spouted and sffloid bedsaresummarized.

2.1 Literature Survey on Experimental Studies @nducted on Bed-to-Surface
Heat Transfer in Spouted and SpoutFluid Beds

Most of the heat transfer studies the literaturefocused on gato-particle heat
transfer in coating and drying of light particles such as grain, wheat and coal
(Kucharski & Kmiec, 1989; Berghel, 2007; Makibar et al., 200Hbwever bedto-

surface heat transfer investigations have drawn less attention and are quite scant in
the literature. Klassen and Gishler (1958), Malek and Lu (1964), Uemaki and Kugo
(1967) and Chatterjee et al. (198®edthe wall of the bed as a heaxchange
surfaceand investigated heat transfer from the wall of the system to the bed
However, as a characteristic of spouted beds, there can be high temperature
difference between spout and annulus section in thermal applicationsanhisad

to a shgp temperature jump from annulus to spout area since gas flow mainly passes
from the spout section. Therefore, while one can corttietemperature of spout by

airflow rate, annulus section will be almost out of temperature control.

14



In this respect, thbeat exchange by the wall of bed, especially in the large units, is
insufficient and uninterruptedly long particle contact time with the bed wall lowers
heat transfer coefficientTherefore,for more effective control of the local bed
temperature, submerged heat transfer surfaces provide higher heat transfer area per
unit bed volume and help to meet fast heat transfer requireBesshto-surface heat
transfer studiesconducted using a sulamged leat transfer surface spouted beg

are summarized imable 2.1.
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Table 2.1 Summary ofsubmergededto-surfaceheat transfer studies spouted

beds
Heat
. Measurement Transfer
Author Bed Type Type of Particles System e
W/m*K
4 mm diameter
Zab;rc])gsky Conical | - Silica Gel and
Mikhalik Spouted | (dp= 2, 4 mm; 35 mm long 190-260
Bed (45Y4)| $, = 800 kg/ni) cylindrical
(1967)
probe
Klimenko - Aluminum Silicate .
etal. ;ede‘(J;?JfA) (dp= 2-2.8 mm; Zsihme”:ic‘gf‘mtbeg 45208
(1970) $, = 1250 kg/n)
- Nylon
(dp=2.90 mm;
$, = 1120 kg/ni)
- Polyethleyne
(d,=2.89, 3.07, 3.22 12.7 mm
Macchiet | Spouted | ™M™ $, =943 kg/n) | diameter and
al. (1999) | Bed (60j) 50.8 mm long 95-230
: 17" - Glass Beads cylindrical
(dp=3, 1.6 mm; probe
$, = 2400 kg/ni)
- Activated Alumina
(dp,=3.75, 1.98 mm;
$, = 1300 kg/ni)
- Sand (0.17 mm; 22.2 mm
Saldarriaga| Conical | $,=2650 kg/r) diameter and 55
et al.(2015,| Spouted mm long 25505
2016) Bed (28j) | - Sawdust (0.76 mm;  cylindrical
$, = 496 kg/n) probe

Zabrodsky and Mikhalik (1967) published the pioneering paper on heat transfer
conducted in a conical spouted bed with 45Y4 conical asglg a submerged
cylindrical heat transfer surface inserted both vertically and horizontally. They found
out that heat transfer coefficients in the spout axis &8&#smaller than that at the
spoutannulus boundary and drops down sharply to the-siddl as depicted in
Figure 2.3 (a).
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Klimenko et al. (1970) worked with a 25 mm spherical heat transfer surface in the
90% conical angle spouted bBde measurements were taken from the cylindrical
section of spouted bedn this work, as shown irfrigure 2.3 (b), no peak was
detectedin the spoutannulus boundary; ro contrary, heat transfer coefficients
between spherical surface and the bed gradwadlyt down approaching to the bed

wall.

Recently, Macchi et al. (1999) and Saldarriaga et al. (2015) investibatk-
surfaceheat transfein spouted and conical spouted beds, respectivédygchi et al.

(1999) used a 50.7 mm long and I2nm diameter cylindrical prob&imilar to
Klimenko etal. (1970) Macchi et al. (1999lsoinserted the probe in the cylindrical
section of the spouted bed. The findings of Macchi et al. (1999) supported the ones
obtained byKlimenko et.al. (1970as can be observed kigure 2.3 (c). Saldarriaga

et al. (2015) inserted vertically a 55 mm longnd 22.2 mm diameter probm a
conical spouted bed and also detected the decline of heat transfer coefficient from the
spoutannulus interface to the bed wall without entering the spout secidnte 2.2
summarizes the effects of important operating and design parametdresd oo

surfaceheat transfer coefficients observed in these studies.
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Figure 2.3 General trends in radial change of heat transfer coefficient measured by:
(a) Zabrodsky and Mikhalik (1967) using silica gel particles £d2-7 mm); (b)
Klimenko et al. (1970) using sili€aluminum catalyst particles gd= 2.4 mm);(c)
Macchi et al. (1999) using glass particles<dL.6 mm)
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Table 2.2List of some important parameters and their effects on the submerged bed
to-surfaceheat transfer rates in the literature (Zabrdosky and Mikhalik, 1967; Macchi
et al., 1999; Saldarriaga et al., 2015)

Parameters Effects on h
Static Bed kight,! , Positive relation (h with!, 1)
Particle Diameter, Positive relatior(h ! with!, !')
Heat Capacity! , Positive relation (hlwith !, I')
Bed Contactor Angl€, Negative relation (th with ! 1)

_ _ Positive up to spouting, then remair
Spouting Air Flow Rate, U
constant

Spouting Air Inlet Dameter, R No effect!

Looking atFigure 2.3, one can see a contradiction betwtenradial profiles of heat
transfer coefficients obtained ithe aforementionedstudies. Hat transfer rate
increasedrom the wallside to spout axiend is maximum athe spouwannulus
interface in Zabrodsky and MiklikOs workHowever, this peak was ndétected by
Klimenko et al. (1970) and Macchi et al. (199%herefore, further experiments
should be conducted to clarify this contradiction. Moreover, as can be seen from
Table 2.1 all of the aforementioned studievere conducted with relativellfght
particles(< 2600 kg/ni). Therefore, there is a laak information for spouted beds
operating withhigh-densityparticles.

All of the studies mentioned above were conducted in spouted beds. However,
Chatterjee et al(1983)showed thatspoutfluid bed is the best option compared to
the spouted and fluidized bed&s can be seen iRigure 24 higher heat transfer
coefficients are obtained in spoutfluid beds compared to other systems.
Unfortunately, study conducted IBhatterjeeand his ceworkers is the only study in

19



the literature orbedto-surfaceheat transfer in spodiuid beds. Therefore, more
detailed experiments have to be condddteconfirm their conclusion.
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Figure 24 Comparison ofheat transfer rates idifferent contacta (G = 0.19

kg/m.s, H, = 70 mm) (Chatterjee et al., 1983)

In several of the heat transfer studies mentioned above, an empirical equation was
also developed to estimate heat transfer coefficient under different operating and
design conditions. These correlations are summarizédbte 2.3 The correlation
developed byMalek and Lu (1964), Uemaki and Kugo (1967) and Chatterjee et al.
(1983) were obtainedby using the wall of the bed as a heat exchange surface. In
these studies Chatterjee et al. (1983) differs from othass it was conducted in a
two-dimensonal spoutfluid bed.The correlationsleveloped byacchi et al. (1999)

and Saldarriaga et al. (201@&n the other handyere obtained by usingubmerged
cylindrical heat transfer surfac&he correlation developed in Saldarriaga et al.
(2016) took alsanto consideration theffect of radial and axial position of the
immersed surface on the heat transfer coefficient. As can be seefdide?.3 all
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of the correlatioa were developed for systems operating with relatively low density
particles (<2600 kg/ni) and all of them were conducted in cylindrical systems rather
than conical spouted or spefliid beds. Therefore, one of the aims of this study is to
develop a correlation that can be used for the design and operation of conical spouted

and sput-fluid beds operating withlsoheavy particles.
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Table 2.3 Heat transfercorrelations from wall or immersed vertical surface to

spouted beds

Bed Heat
Author Tvpe Transfer Correlation

yp Type
Malek and | Spouted| Wall-to- e (I o it o o e Y
Lu (19649 Bed Bed A VI Il Ly (ﬁ)

a‘;grﬂigo spouted| Wall-to- | (L L\ \
(1967) Bed Bed o h l Ly Cry ! N

Lo 1, e . [l
() G
I (R
. 2D mgn 1o
Chatterjee Spout | Wall-to- g
etal. Fluid Bed
(1983 e (NI [N N

o G0 () ()7 )

Immerse W e et <! YRR I
Macchiet | Spouted d Loor e E Pl
al. (1999 Bed Surface '

to-Bed gL/ e

T
" =L
Saldarriaga] Conical Imrrgjerse oo I e tm e 11033 (tan!— -2 (H_.)
(S;[)ilé S%Oeu(}ed Surface | _ost a6 ! d,
to-Bed (_) ' (i) | 21102
R H,
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CHAPTER 3

EXPERIMENTAL SET -UP

3.1 Design of Conical Spouted and Spotkluid Beds

The heat transfer experiments were performed in two separate units to efedhe

of contactor angle on heat transf&t% and 66% conical sifloud bedsareshown in

Figure 3.1-3.2 with photos andhe axial measurement points, and the geometric
dimensions of the units are summarized'able 3.1 The system is composed of 3

pats basicallyupper transparent cylindebottom conical bedndbottom fluidizing
cylinder. These units are considered to be Olarge scaleO systems with their 250 mm
cylindrical bed dimensions {paccording to the studies reported in the literature.
The findings of this study, therefore, are crucial for the design of industrial scale

systems.

Figure 3.1 Photographs ofa) 314 an¢b) 66% conical spefluid beds
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Figure 3.2 Geometric drawing of conicapouted bedga) ( = 31%4b) ( =66%
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Table 3.1 Geometric dimensions of the 31'd 66Y4 conical speflitid beds

Parameters 31Ya 66Y4
D¢ (mm) 250 250
Di (mm) 40 40
Do (mm) 15, 19, 24 15, 19, 24
Hc (mm) 390 155
Hp (mm) 168, 235 302 144
Z1,3(mm) 64, 128, 185 55,110

For both of the units, construction material of bottom conical section was chosen as
carbon steel because @f resistance to erosion and having almost no static
electricity problemcompared topolymeric materials. Consideringspeciallythe
operation with higkdensity particles, this decision is quite beneficial in the 4ong
term usage. Gas inlet diameters)(Bhownin Figure 3.3wereusedto see the effect

of inlet gas diameteon the operatio. For the determination of inlet gas diameters,

an important stability criterigrwhich underlines Bd, ratio should be between 2 and

60, was also taken into consideration (Epstein & Grace, 2011). At the bottom of
conical spouted bed, hih mesh was used ashkigure 3.3to avoid the back flow of

the particles into the spouting air inlet section. Moreover, a small hole was opened on
the conical wall just above the gas inlet orifice for bed pressure drop measurements
(-P). The other line © the pressuretransducemwas left open to atmosphere. The
upper part of the conical beds was made of plexiglass (polymethylmethacrylate) to
provide visual observation of particlesO movement especially during the detection of

the stable spouting velocitWfss).
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Mesh
3001m) Do=24mm  Do=19mm  Do=15mm

Figure 3.3 Metal orifice ringsand meslusedfor spouting air inlet

In order to operate the spouted beds under dpodtbed conditions, taking into
consideration the diameters of gh&rticles used in this study (1 and 2 mm), the holes
with 1 mm diameter were uniformly drilled for the use of fluidizing gas flow on the
lateral side of the conical bedsillustratedin Figure 34. The percentage of open
area on the lateral surface wdscided as 0.4 % based on the design critefria
distributor plateusedin the fluidized bedsnd previousexperiencs in spoutfluid

bed operationsTherefore, the pressure drop originated from those Hmdesmes
quite smalland air is dispersed evenlyside the bed. In order tmtroducethe
fluidizing airflow, a bottomfluidizing cylinder was constructed as a Owind boxO.
Compressed air at ambient temperature was supplied from a screw type of
compressor at 8 bar and maximum flow rate of *&mim. Before entering the bed,
the main air line is divided into two; while the mass flow controller (Alicat MCR
1500SLPMD/5M) arranges the spoutingrflow rate, a rotameter (Dwyer RMC
123-SSV) regulates the fluidizingirflow rate with a maximum capagitof 0.85

m®/min. The whole experimental sap is sketched ifigure 3.5
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Figure 3.4 Photographs of conical spefltid beds with their holes on the lateral

surfaceqa) 66j conical angle (b) 31j conical angle
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3.2 Design of Cylindrical Heat Transfer Probe

Two types of heat transfer probespnventional heat transfer probeand
anemometershave generally been used in the area of fluidized and spouted beds.
Conventional heat transfer probes are usually a cylindrical tube where a heater is
embedded inside. They are mostly preferred in the fluidization area and used mainly
for the characterizeon of bedto-surface heat transfer. On the othkeand
anemometers are composed of a thin wire or film used as a heater to be utilized both
for air velocity and heat transfer measurements, especially in the turbulent flow
conditions. Although choosing sifer size probes would Heetter for determining

local heat transfer rates, a thin wire or film can be easily damaged by big particles
(31 mm). Therefore, conventional probes seem a better choice working with dense

and coarse particles.

Table 3.2 summaizes the cylindrical probe dimensions used in the studies
conducted in fluidized and spouted beds in the literature. As can be seen in this table,
the probeadesigned in this study hése secondsmallestsizeafterthe one used ithe

study ofZabrodsky and Mikhailik (1967).
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Table 3.2 Submergedydindrical probe dimensiongsedin the literature

Probe Length, | Probe Diameter,
Author Bed Type
mm mm
Kim and Kim(2013) Fluidized 80 254
Baceloset al.(2011) Fluidized 50 25
Zhang and KoksgR006) Fluidized 254 12.7
Brich etal. (1997) Fluidized 85 24
. Conical
Saldarriaga et a(2015) 55 22
Spouted
Macdi et al.(1999) Spouted 50.8 12.7
Zabrodsky and Mikhailik Conical - 4
(1967) Spouted
o o Conical
This investigation(2017) 26 7
Spouted

The designed heat transfer probe is a 26 mm long and 7 mm diameter stainless steel
tube, and a DC cartridge heater (Comstat ME&A®/-001), which can supply 30
Watts at 24 Volts, was inserted as seehigures 3.6-3.7. The probe is composed of

5 parts;30 mm long Teflon (PTFE) insulation tub&tainless steel (SS316) tube for

the heat transmissiQDC cartridge heatersilicon insulation (1 mm) pasted on the

front sectionandbrass tube to hold the prob&he properties of probeOs materials are
given inTable 3.3. In order to measure the surface temperature of the prdipee J
thermocouples (Omega HIMQ38G-12) were placed inside the grooves of the
probe from 2 sides with 180%4 angle.
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30 ) =

Teflon (PTFE) Cartridge
Wires . Brass Heater
SS 316

E Silicon

Thermocouples

Figure 3.6 Front setion of the heat transfer prolgall dimensions are in mm)

Figure 3.7 Photograph of the heat transfer proaggnd DC cartridge heater (b)
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Table 3.3 Properties of materials used retheat transfer probe

_ Conductivity, Heat Capacity, Thermal
Material - 5
W/m.K kJ/kg.K Diffusivity, m /s
Teflon (PTFE) 0.25 1.4 0.124 x 1¢
Stainless Steel 16 0.5 3.352 x 10
Silicon 0.17 0.7 0.238 x 10

The probewas alwaysinserted vertically to the systewhuring the experiments
Radial and axial probe locations aemmarized infable 3.43.5 for 31% and 66%
conical spouted beds, respectively. In order to keep the heat transfer probe fixed, two
metal sheets were placed in the upper transparent cylinder and several radial holes
were drilled on those metal sheets tothie probe ashownin Figure 3.8.

Table 3.4 Radial and axial measuremetdsationsin 31% conical spefltiid bed

Radial Locations, mm

Axial
_ Y1 (r/R=0) | Yy (boundary) | Y3(/R=0.5)| Y4 (r/R=0.8)
Locations, mm

Zy 64 0 13 19 -
Z 128 0 17 28 41
Z3 185 0 21 35 52
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Table 3.5 Radial and axial measuremetdsationsin 66% conical spefltiid bed

IR
. . Yl Y2 Y3 Y4 Y5 YG
Axial Locations,
(0] (8 (7.5 (27.5 (425 (68
mm

mm) | mm) mm) mm) mm) mm)

Zy 55 0 0.15 0.32 0.52 0.81 -
Z, 110 0 0.09 0.20 0.32 0.50 0.80

Figure 3.8 Drilled metal sheets thold the heat transfer probe

For each experimental run, the Heesurface heat transfer coefficients (h) were

calculated based on 30 s recorded temperature data by using the following equation:

P
h = (3.1
(Ts - Tb)A
The surfacetemperature of the probe JTwas measured by the attached
thermocouples inside the grooves. Additionally, the bed temperatyje wd@s
recorded from the annulus area witllyge thermocouple (Tetcis TMOBL1G30
ME). During steadystate operation, it wadetermined that the electrical power (P)

had almost no effect oreht transfer coefficierds indicated irFigure 3.9 and thus,
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3.5 Watts were provided during the experiments by a power supply (Gwimnstek)
each experimenfhe temperature signals werarried out by a data acquisition card
(NI-PCI6280) with a sampling frequency of 1000 Hz. The data was fed to a
computer bya highspeed data acquisition board (National InstrumentsG280)

and processed using LabVIEW versionRBont panel (virtual iterface) and block
diagram of LabVIEW software is shownfigure 3.10-3.11.

180
170 | 5 i 7\
L__J r N -
¢ 160
N§ 150 =0==0.375 m$/min
= —8—0.544 m$/min
< 140 0.556 m$/min
120

2 2.5 3 3.5 4 4.5 5 55
Power, W

Figure 3.9 Sensitivityof the heat transfer probe to the electrical power with differen
flow rates in the empty bed 64 mm, r/R =0, ' =31%)
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Figure 3.10Block diagram oLabVIEW software for heat transfer measurements
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Figure 3.11 Front panel of LabVIEW software for heat transfer measurements

In order to check the reproducibility of the measurements, experiments were repeated
10 times in different days, the uncertaimf the measurements were found to be

around2.5%. In addition, heat losses were also calculated from the ends of the probe
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and found to be about 10 ¥he details of these calculations are presented in
AppendixA andB).

3.3 Properties of Solid Particles

In this study, glass, aluminazifconia toughened) and yttsdabilized zirconia
particles as illustrated iRigure 3.12 were used. The properties of these particles at
20%,C are presentedleble 3.6. These particles were especially chosen as they have
different particle density and thermal properties. The particle humidity was also
measured by a moistuanalyser(Ohrus MB45) before and after each experiment
and was found to be less than 1 wt. %.

Table 3.6 Properties of the particles 20v4C

Particles db % & Ky (kjlz ( Ar
(mm) (kg/m?) | (W/m.K) K 9 | (mus)| ‘v
Glass Beads 4.70 x 1.84
1 1 2500 0.94 0.800 107 0.35 % 16F
Glass Beads 4.70 x 14.72
2 1 2500 0.94 0.800 107 0.36 ¥ 1CF
Alumina
Zirconia 4 9.15 x 4.03
( 1 0.95 3700 22 0.650 10° 0.39 % 1CF
toughened)
Alumina
Zirconia 4 9.15 32.25
( 2 0.95 3700 22 0.650 10° 0.4 ¥ 16°
toughened)
Zirconia 4 9.01 x 7.63
1 0.95 6000 2 0.436 107 0.37 ¥ 1CF
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Alumina Zirconia Glass Beads
(dp =2 mm) (dp =1 mm) (dp =1 mm)

Figure 3.12 Photograph of the particles
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CHAPTER 4

RESULTSAND DISCUSSION

This chapter presents the results of the experimental studies undertaken within the
scope of this thesis. Firstly, thgreliminary testing of the designed heat transfer
probe was carried out in three different flow conditions to ensure the reliability of the
heat transfer measurements. Secondly, operating conditions of the conical spout and
spoutfluid beds (minimum spouting and fluming gas flow rates) were determined.
Bedto-surface heat transfer coefficients were determined for a wide range of
operating conditions and design parameters. Lastly, based on the results of heat
transfer measurements, an empirical correlation for tetdssurface heat transfer
coefficient in conical spouted beds operated witigh-density particles was

proposed.
4.1 Preliminary Testing of Heat Transfer Probe

Designed and manufactured heat transfer probe had been tested in three different
flow conditions before it was used in the spouted and sfhaidt beds. Within this

scope, while natural and forced convection tests were done for one phase flow, the
probe was also tested in the packed bed condition fophase flow. As a result of

these tests, meared heat transfer coefficients were compared with the empirical

correlations in the literature and the reliability of the probe was shown.

4.1.1 Natural Convection Tests

In order to test the probe und®atural convetton, the probe was placed in aqaeof

pipe (ID = 25 cm, L = 50 cm) as seenHigure 4.1 without exposing it to any air

39



stream. Many different correlations have been developed for the heat transfer
between a cylinder surface asdrroundinggas and also there have been numerous
proposed analytical and numerical solutiomable 4.1 presents the major natural
convection correlations available in the literature. The fluid properties are evaluated
at the film temperature and the main assumptiare negligible end effects and
sufficiently long cylinder.

Cylindrical Heat
Transfer Probe

Rawaw
\/

Figure 4.1 Natural convection test in a big cylinder tub® € 25 cm, L = 50 cm)
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Table 4.1 Major natural convection heat transfer correlations for a cylindrical

surface
Author Correlation Range
Churchill
1 " "yl 1e !"!” <!
and Chu P oy ([! N )!/16]16“) -
(2975)
|
Kuehn
"1
and at any Rayleigh
Goldstein and Prandtl
(1976) '
[{! g 1 !“4[! ! (fﬁ)m]! ”12}' T !!!!)!"]
1 pr! 3090!
Fandet
Nu, =!.I"l Ra, 0251 01047 .
al. (1977) ' ' (1" 10' < Gr, Pr
<17y
2 =!"[1! 313 I]
" Lo |
Fujii et 1 | L
m=l—+ﬁ . )
al. (1979) I 100 51 o
g
M) [0 (g )i e

The experimental conditions and correlation results in natural convection tests are
indicated inTable 4.2 and4.3, respectively.
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Table 4.2 Experimental conditions in natural convection test

Parameters Values
Ambient temperaturtygoe ! ! 26.0
Probe surface temperaturg, , (iC) 74.9
Surface film temperaturdy,, (iC) 505

Surface area of the prob@) 0.00129

Power,(W) 0.70

Prandtl number 0.710

Grashof number 1470

Table 43 Natural convection heat transfer coefficients for the experimental

conditions given in Table 4.2

Correlation h (W / m?.K)
Churchill and Chu(1975) 105
Kuehn and Goldstei(l976) 114
Fandet al.(1977) 106
Fujii et al.(1979) 11.7

For the conditions given imable 4.2 the experimental heat transfer coefficient was
found as1l1.1 W/nf.K. In comparison with the correlations Trable 4.3 there is
max. 6 % deviationOn the other side, if the average value of the results from all

correlations (11. W/RK) is used, the deviation becomes less than 1 %.
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4.1.2 Forced Convection Tests

In the forced convection tests, the experiments were conducted in 3 different air
velocities and inside a transparent tube with 32 mm internal diameter.

Air velocities were set a6, 8 and 10 m/s during the experiments. Besides, the
surface temperature was measusgith a vertically inserted heat transfer prodethe
middle of thetubeas shown irFigure 4.2

Cylindrical Heat

/7 Transfer Probe
Air  =— |
Inlet —>( I (n ID = 32 mm

>
e
>5m

Figure 4.2 Heat transfer probe placed inside a tube with 32internaldiameter

The experimental conditions in forced convection tests are indicat€dbie 4.4,

and air properties in the film conditions are representdalobe 4.5.
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Table 4.4 Forced convection experimental conditions

: Experiment :
Parameters Experiment 1 5 Experiment 3
Ambient Temperature,
26.2 26.2 26.2
! ruspe 11!
Probe Surface Temperature
33.8 32.2 31
D inggop 111
Film Temperature, g ! ! 29.9 29.2 28.6
Surface Area oProbe, m 0.00129 0.00129 0.00129
Power, W 0.78 0.78 0.78
Air velocity, m/s 6 8 10
Reynolds number 2623.2 3510.3 4487.5
Prandtl number 0.714 0.714 0.715

Table 4.5 Air properties of the film temperatures for forced convection tests

: : Experiment 1 Experiment 2 | Experiment 3
Air properties
(29.98%4C) (29.18%C) (28.6%C)
Density,!" /! 1.165 1.168 1.170
Viscosity,kg/! !! 1.868x10° 1.864x10° 1.861x10°
Heat Capacity,
1006 1006 1006
n/mn
Thermal Expansion
o g 3.299x10° 3.308x10° 3.314x10°
Coefficient,! /!
Conductivity,
W 0.0263 0.0263 0.0262
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Table 4.6Major forced convection correlations for a cylindrical surface

Author Correlation Range
Kramers(1946) | I" | pqe ettt e ety G A I
: Lot o oo !

Perkins and " [I—] NN o

Leppert(1962) NETALALAL L1 oprl 1

o (e e
Fandet al.(1965) ! ! N ' . YRR
oy g Ly

Zukauskas and Mot .
" [_] N NE R IR 103! Re! 2x10'

Ziugzda(1985) "
" [!_w]”ZS! [0 05 11 Re! 10'
Whitaker(1972) Hb
+ 01" Re'/' |Pr 0.I" ! Pr! 300
Nu
I3
: 10' <Re! "7
Churchill and .\ on" Re'/! pr'/! l[l
i I 141 INRET
Bernstein(1977) [1! (014!Pr)'''] RePr > | |
Re H/5
+(!"! Rl )]
"
G = 0.lI" ReO5|" 0135 M3t < S
Sanitjai and : -~
Goldstein(2004) ! !.528((! I5] Re/!™ ))_' ol < 1" < I

| ((] 031" 0!8)! 5)! 1!5!" 0!42

In Table 4.6 major forcecconvection correlations for a cylindrical surface are listed.

It is known that fluid flow characteristics between the front and the rear section of a
cylinder differ from each otheHowever, in most of the correlations, except thia
Sanitija and Goldste (2004), the angular effect is not taken into consideration. The
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angular effect was not also taken into account in this thesis. The fluid properties are
also evaluated at the film tgrarature and Reynolds numbers eatculated based on
external flow orthe probe surface ihable 4.6

The calculated heat transfer coefficients for three different free stream velocities as
well as the average values of all correlations are presenteabie 4.7 As can be

seen from the table, there is as much as 30% discrepancy between different
correlations. Therefore, the average value of the correlations was compared with the

experimental results.

Table 4.7 Forced convection heat transfer coefficients frii@ given correlations
for 6, 8 and 10 m/s air velocities

_ hW/m?K)- | h(W/m?K)- | h(W/m’K) -
Correlations
6 m/s 8 m/s 10 m/s
Kramers(1946) 100.4 115.7 129.2
Perkins and Leppert
115.2 136.6 156.6
(1962)
Fandet al. (1965) 109.4 127.5 143.7
Zukauskas and
_ 94.8 118.2 135.7
Ziugzda(1985)
Whitaker(1972) 71.4 82.6 92.6
Churchill and
_ 98.9 114.9 129.5
Bernstein(1977)
Sanitjai and Goldstei
94.8 110.3 125.2
(2004)
Average value of the
_ 97.8 115.1 130.4
correlations (haye)
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In the wake of experimental tests, heat transfer coefficients for 6, 8 and 10 m/s air
velocities were found &80.2 101.9and126 W/nt.K, respectively. Especially as the

velocity is increased, the results becam&e compatible with the average values of

the correlationsFigure 4.3 shows the variation of the correlation and experimenta

results with the air velocityln conclusion, considering the inherent uncertainty of

the forced convection correlations, discrepancy between the existing correlations and

the difficulty in achieving a perfect flow over a cylinder condition experimentally,

the performance the probe svibund to be acceptable.

170

150 A

130 A

110 A

h, W/m2.K

90 A

70 1

50

Air velocity, m/s

8

10

12

%o Kramers, 1946

— ¥ - Perkins and Leppert,
1962
Fang, 1965

= % = Zukauskas and
Ziugzda, 1985
Whitaker, 1972
Churchill and
Bernstein, 1977

Sanitjai and Goldstein,
2004

= = =This study

Figure 4.3 Comparison of forced convection heat transfer coefficients between the

literature correlations and the experiments at diffeair velocities

4.1.3 Packed Bed Tests

In addition to natural and forced convection tests, the designed heat transfer probe

was also tested in the packed bed condition. Gas flow in the packed bed condition
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resembles the annulus section in the spouted and-8poubeds. Thereby, packed

bed tests are quite important for the reliability of the probe together with the natural
and forced convection tests. In this context, an experimental appar&igsiie 4.4

was set-up, and glass and alumina particles were used as packed bed materials.
During the experimentsirflow rate was carefully arranged so that the particles were

not fluidized.

Cylindrical Heat
Transfer Probe

Packed bed filled
with particles

Wind Box

Figure 4.4 Packed be@pparatus foheat transfer tests (D = 10 cm, L = 100 cg, H
=10 cm)

In order to compare the experimental reswtenown correlationproposed by Yagi
and Wakadq1960)was choserand it is defineds follows;

" 0
R P g
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60
= ¢ -Glass Beads - Yagi &
50 1 S Ry Wakao, 1959
X 40 ) -+o-- Alumina - Yagi &
= Wakao, 1959
2 307 . |
- **<°* This study with glass
< 201 beads
10 1 -+ #-+ This study with
alumina
0 T . .
0.5 1 15 2 2.5
d,, mm

Figure 4.5 Comparison of heat transfer coefficietstween the experimental data
and YagiandWakaoOs correlation for different pagidiameters in the packed bed
(Hp = 10 cm, G = 0.35 kg/frs, U, = 0.3 m/$

Based on the Yagi and WakaoOs correlatibich is independent from the thermal
properties of the particlegxperimental and correlation results were compared in
Figure 4.5 for 1 and 2 mm glass and alumina particles. It is seen that the
experimental results are compatible with the correlatsultswith a deviation less
than18%.

4.2 Hydrodynamic Tests and Determination of Minimum Spouting Velocities

Minimum stable spouting velocity (Ws9 IS the most important operational
parameter in spouted and spdlutd beds. The bed must be operated at a superficial
gas velocity higher than the minimum spouting velocity without the presence of any
instability (such as pulsat spout flow, collapse of the spout, changing fountain
height). On the other hand, the operational velocity should not be high enough to
lead to jetting. Compared to conventional fluetizbeds, the operational rangén

terms of superficial gas veloci® of spouted and spi-fluid beds is quite limited,

therefore, the determination of the minimum spouting velocity is critical.
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The classical method to determine the minimum spouting velocity is to measure the
bed pressure drop while increasing and/or decreasing the superficial gas velocity.
The minimum spouting velocity lies in the region when the bed pressure drop levels
off after the point of peak pressure, however, the exact point must be determined
based on the visual observatiomable 4.8shows the effect of the various operating
and geometric factors onpdsand Ggssbased on the available literatui@lazar et

al., 1992;Choi & Meisen, 1999 In addition to Uhss GmssShows the supplied total

gas flow rate (fimin), which is very important in the economical evaluations of the
beds.As can be seen from thEable 4.94.1Q gas inlet diameter () static bed
height (H), particle density (§ and size (g) are effective on the minimum stable

spouting velocities or flow rates.

Table 4.8Effect of operating and geometric factors ap;taAnd Gs s

Parameter Effect
Gas Inlet _ ) o _
_ While Gyssincreases with increasing,Uns sdecreases.
diameter(D,)
Static Bed ) o _
) Gmssand Uns sincrease with increasingyH
Height(Hy)
Particle Size _ o _
Gms,sand Uns sincrease with increasindg
(dp)
Particle Density _ o )
®) Gms,sand Uns sincrease with increasirtg,
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Figure 4.6 Time-averageded pressure drop for zirconia particleg 64168 mm, '
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Figure 4.7 Time-averageded pressure drop for glass beads£H44 mm, ' = 66Y4,

dp =1 mm)

Figure 4.6-4.7 show the typical variation of the tirsveraged bed pressure drop

with spouting gas velocity for zirconia and glass bead partitlesseen that in the

packed bed condition of both 31% and 66% conical angle conical spouted beds, the
pressure drop risésom around 1000 Pa to 6000 Pa in general till the peak point,
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where the onset of external spouting is first observed, and drops down significantly
to about 3000 Pa in the operating section of bed. By means of ascending and
descendingit is indicated whe the spouting gas flow rate is increased and decreased
during the operation, respectivello eliminate the effect of unsteady operation, the

bed was initially operated 15 minutes, and the measurements were taken afterwards.
During the bed pressure drop measurements, the sampling frequency was set as 1000
Hz, and the sampling time was $0Unss values were determined based on the
decreasing air flow rate experiments. The point, just before stable spouting ceases,
was noted st U,s s Table 4.9-4.10 present all Yssand Gyssvalues as well as the

corresponding operational conditions and design parameters.
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Table 4.9 Minimum stable spouting velocities {9 in 66% conical angle spouted
bed

. Angle, Ums,s C':‘ms,sx
Particle # dp, mm | Do, mm | D, mm | Hp,, mm m/s meimin
Glass 66 1 15 250 144 37.7 0.40

Beads

Glass 66 1 19 250 144 253 0.43

Beads

Glass 66 1 24 250 144 17.3 0.47

Beads

Glass 66 2 15 250 144 68.9 0.73

Beads

Glass 66 2 19 250 144 47.6 0.81

Beads

Glass 66 2 24 250 144 33.5 0.91

Beads
Alumina | 66 1 15 250 144 47.2 0.50
Alumina | 66 1 19 250 144 31.8 0.54
Alumina | 66 1 24 250 144 23.5 0.64
Alumina | 66 2 15 250 144 79.3 0.84
Alumina | 66 2 19 250 144 55.9 0.95
Alumina | 66 2 24 250 144 39.1 1.06
Zirconia | 66 1 15 250 144 54.3 0.58
Zirconia | 66 1 19 250 144 37.1 0.63
Zirconia | 66 1 24 250 144 25.3 0.69
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Table 4.10Minimum stable spouting velocities {J9 in 31% conical angle spouted
bed

Particle An*gle, r(rjﬁn Do, mm | De, mm | Hp, mm Unr:/s: m%;’ns]sm
Alumina 31 1 15 250 168 41.9 0.45
Alumina 31 1 15 250 235 59.9 0.64
Alumina 31 1 15 250 302 77.8 0.83
Alumina 31 2 15 250 168 72.6 0.77
Alumina 31 2 15 250 235 92.9 0.99
Alumina 31 2 15 250 302 100.9 1.07
Alumina 31 2 19 250 168 47.2 0.82
Alumina 31 2 19 250 235 64.2 1.07
Alumina 31 2 19 250 302 79.5 1.40
Alumina 31 2 24 250 168 33.2 0.90
Alumina 31 2 24 250 235 44.0 1.11
Alumina 31 2 24 250 302 55.8 1.53
Glass Beads| 31 1 15 250 168 28.3 0.30
Glass Beads| 31 1 15 250 235 41.0 0.44
Glass Beads| 31 1 15 250 302 57.1 0.60
Glass Beads| 31 1 19 250 168 19.6 0.34
Glass Beads| 31 1 19 250 235 26.8 0.47
Glass Beads| 31 1 19 250 302 38.0 0.66
Glass Beads| 31 2 15 250 168 60.4 0.64
Glass Beads| 31 2 15 250 235 84.4 0.87
Glass Beads| 31 2 15 250 302 1014 1.08
Glass Beads| 31 2 19 250 168 38.6 0.67
Glass Beads| 31 2 19 250 235 53.6 0.93
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Table 4.10Minimum stable spouting velocities {J9 in 31% conical angle spouted
bed(Continued)

. Angle, Hyp, Ums,s GmS;Sa
Particle dp, mm | Do, mm | De, mm a3 .
* mm m/s m>/min

Glass Beads 31 2 19 250 302 67.7 1.18
Zirconia 31 1 15 250 168 47.6 0.51
Zirconia 31 1 19 250 168 29.9 0.52

4.3 Local Bedto-Surface Heat Transfer Measurements

The axial and radial variation of the local time averaged heat transfer coefficient (h)
wasdetermined for different operational conditions and design paramitshauld

be noted that the spouting gaslocity (Us) was kept at 1.1kks for all
measurementdVajority of the results are presented and discussed in this section.
The results of the experiments leading to similar discussions are given in Appendix C
to avoid repetition.

4.3.1 Effect of Axial (z) and Radial Bsitions (r/R)

It is well known that thdocal hydrodynamics in conical spouted beds characterized
by particle and gas velocitiemnd voidage is not homogeneous and vary significantly
(San Joseet al., 2005a, 20050Kulah et al., 2016)As can be seen iRigure 4.8
solid movements based on solid fl(bdack arrows)n a conical spouted bed show
theordinarycharacteristics ddolid particles in radial and axial locations.

In this direction, lhe bedto-surface heat transfer coefficient, h, depends on the local
hydradynamics around the immersed surface. For this reason, the axial and radial
variation of the heat transfer coefficient was investigated as showigume 4.9-

4.11. Figure 4.9-4.10 show the heat transfer coefficient profiles of alumina and glass
beads in 31onical spouted bedt three axial measurement points, (Z> and %)
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while the radial distribution of heat transfer coefficient at two axial measurement
points (4 and %) is given for alumina and zirconia particles6@ conical spouted
bed in Figure 4.11.
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Figure 4.8 Conceptual diagram of solid flux in a conical spouted bed (Kulah et al.,
2016)

As radially moving from the wall side to the spout axis in &anpicalspouted bed

heat transfer coefficient values increase until the spontilus interface and reaches

to a peak point possibly by the virtue of increasing radial particle circulation and gas
convection constitutively. On the other hand, there is a cledéindaaside the spout
zone. This type of heat transfer profiles was also reported by Zabrodsky and
Mikhailik (1967)for 45Y&onical spouted bedsith probe dimensions (35 mm long
and 4 mm diameter) similar to this investigation. For &@cal spouted bedo

peak was observed in the spaminulus interface; instead, heat transfer coeffisient
decreaseontinuously from the spout axis to the wagille. The difference between

the trends inside the spout, probably originates from the hydrodynamic impact of the
conical angle and the dimensional effect of the probe on the ascending gas and
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particlesO passageaking into account of the spout diameter, which is roughly 2D

the probe occupies only around 5 % of the spout area in this research but a blockage
of someparticles is still inevitablet should be also emphasized that insertion of the
probe insidetlie spout results a decrease in the fountain height.

Analyzing the axial effect in 31éanical spouted bedince the gas flow rate is the
highest at the entrance and gradually decreases along the spotltealiesat transfer
coefficient in the spout hass maximum value in the lower section of the conical
spouted bedAlthough the solids holdp is known to increase along the spout axis,
which in turn is expected to augment the associated particle convection effect, the
gas convection effect still domites the heat transfer process in the spout (Sard et al.,
2012;Kulah et al., 2016)

On the other hand, the heat transfer coefficient values in the annulus paahdtZ
are fairly close to each othérhis can be attributed to the counbalancing dects
of the particle and gas motions. While the particles descend, velocity in the annulus
decreases with height more gas enters from the spout into the annulus section
increasing the gas convection eff¢@¥ang et al., 2009; Pianarosa et, &000;
Mathu & Epstein, 1974) On the other hand, at the lowest position) (&f the
annulus region, the heat transfer coefficient is substantially higher than that in higher

positions due to the increased local particle circulation

Lifting up the position of the probe in 6@®nical spouted bedhe heat transfer
coefficient value increases both in the spout and annulus, which is consistent with

31j conical spouted bed results
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Figure 4.9 Effect of axial and radialpositiors on heat transfer coefficientfor
alumina particlegD, = 15 mm Uy Umss= 1.1, H, = 235 mm,( = 31%a) d,= 1
mm, (b) ¢ =2 mm)
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Figure 4.10 Effect of axialand radiapositiors on heat transfer coefficientsr glass
beadgD, = 15 mm U/Umss= 1.1, H, =235 mm,( = 31%fa) d,=1 mm, (b) d=2

mm)
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Figure 4.11 Effect of axialand radiapositiors on heat transfer coefficien{®, = 15
mm, U/Uns s 1.1, H, = 144 mm,( = 66Y4a) ¢ = 2 mm, alumina particles (b), &

1 mm, zirconia particles)

4.3.2 Effect of Static Bed teight (Hp)

Depending on the operational requirements, sometimes more materials need to be
processed in the industrial applications. Loading more materials intootheal
spouted beddasically needs higher gas flow rates due to increased minimum
spouting velocity and causes higher bed pressure drop and relatively improved
particle circulation rate till the conditions of maximum operational bed height
(Mathur & Epstein, 1974; He et al., 2000; &pels et al., 20165ulah et al., 2016).
Figures 4.12 and 4.13 indicate that in the spout area, as the static bed height (H
increases the heat transfer coefficient risessiderably due to the dominant
characteristics of gas flow rates over particle convection at the same measurement
height. However, in the annulus section, heat transfer coefficients become closer to
each other as seen kgures 4.12 and 4.13 since thee is arguably no significant
change in voidage, residence time of particles at the heater surface and gas velocity
(Kulah et al, 2016; Senturdtule et al, 2015; San Jose et al., 2005a). Besides,
Gbravcic et al. (1976) emphasizes that the variation ofgdse velocities in the

annulus is independent from,.HONne can also realize that alumina particles show
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more salient trend than glass beads; an apparent increase can be obses\gpabas H

up in Figure 4.12. This probably stems from the difference betwemnticle

circulation rates in each case at 1l,dlcondition. In other words, the spouting

quality marked by stability and particle circulation is méeourablefor alumina

particlesat 1.1Uyss.
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Figure 4.12 Effect of static bed height on radial pte$ of hvaluesfor alumina

particles(d, = 1 mm, WUmss= 1.1, y = 15 mm, 2= 128 mm)
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Figure 4.13 Effect of static bed height on ratirofiles of hvaluesfor glass beads
(do =1 mm,UJUnss 1.1, y = 15 mm)

4.3.3 Effect of Inlet Dameter (Do)

An increase in gas inlet diameter narrows down the annulus zone by enlarging the
spout area and decreases the particle circulation rate (Spreutels et al, 2016; San Jose
et al., 2005b). Three different inlet diameters (15, 19 and 24 mm) were used to
investgate their effects on heat transtarefficientsfor 66; conical spouted beds

The heat transfecoefficientsin Figure 4.14 for 66 conical spouted beitllustrate

quite close heat transfer coefficients. Solely, the heat traosédficientswith 15

mm inlet diameter areslightly separated from others. Macchi et al. (1999) also
examined the effect of inlet diameter for 19, 26 and 38 mm inlet diameters in the
cylindrical section of spouted bed and found thgtddes not affect heat transfer
rates significantly. Furthermore, the average gas velocity and particle circulation rate
does not change considerably for enlarged gas inlet diameters (Mathur & Epstein,
1974; Lim & Grace, 1987). Among the watl-bed heat tinsfer correlations, that of
Uemaki and Kugo (1967) is the only one which considers the effect a Nu2
(Do/dp) ™.
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Figure 4.14 Effect of gasinlet diameter on radial pfiles of hvaluesfor glass
particles(dp= 2 mm,UJ/Ums s 1.1, 4/H, = 0.38, B = 144 mm,( = 66%

4.3.4 Effect of Spouting Gas ¥locity (Us)

The spouting gas velocity is the most important operating parameter for a spouted
bed from hydrodynamics point of viewn increase in the supplied gas flow rate
enhances the particlerculation rate and mixing but the average voidage in the
annulus does not change considerdbtya conventional cylindricatonical spouted

bed (Mathur & Epstein, 1974). FroRigures 4.15and4.16 it can be seen that the

heat transfer coefficienhcreases with gas velocity in the fixed bed regime due to
increased gas convection effect and remains more or less constant after the point of
minimum spouting both at the spout axis and in the annulus. To be in the safe side of
the operation, the gas welty below 1.1Ukss may entail a serious risk since the
spouting action can break down easily for dense particles. Experimental observation
has also supported this finding such that the immersed heater blocks some of the
particlesO passage inside the spone, especially in the lower part of the bed.

Beyond the minimum spouting velocity, change in the heat transfer coefficients is
minimal both in the spout and annulus. The s#@albed heat transfer studies accept
the superficial gas velocity as an iregffive parameter beyond,tas well (Klassen
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& Gishler, 1958; Malek & Lu, 1964). On the other side, a close examination reveals
that while leat transfer coefficientslightly drops down or remains almost stable in

the spout area, it goes up slightly in thaldle of annulus especially for alumina and
glass bead patrticles. In the spout region, an increase in gas velocity is almost always
accompanied by a decrease in sehd&d up, balancing the gas and particle
convection effects. In the annulus, on theesothand, as the velocity is increased, gas
passage from spout to annulus increases without significant change in the solids
hold-up.

From Figures 4.15and4.16 it can also be deduced that the absolute value of the
heat transfer coefficient is dependent n o the particle density
(hzirconia>haLumina >heLass) regardless of the particle thermal properties gid

Cp). Heavier particles have higher minimum spouting velocities, which lead to higher
operating spouting gas flow rates (or velocities). Therefore, the gas convection effect
is inherently more dominant in casehih-densityparticles.
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Figure 4.15 Effect of spoutinggas \elocity onheat transfer coefficients inside the
annulus sectiofd, = 1 mm, = 15mm, H, = 168 mm, 2= 128 mm, r/R = 0.5
=31%
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Figure 4.16 Effect of spoutinggas \elocity onheat transfer coefficients inside the
spoutsection(d, = 1 mm, 3 = 15 mm H, = 168 mm, 2= 128 mm, r/R = 0( =
31Ya

4.3.5 Effect of Particle Dameter (dy)

In order to find out the effect of the particle diameter on thetbadrface heat
transfer, experiments with 1 and 2 mm alumina and glass particles were carried out.
Figures 4.17and4.18andTable 4.11collectively demonstrate that the heat transfer
codficient with 2 mm glass and alumina particles are always higher than that with 1
mm particles inside the spout region (defined as r/R =0®) regardless of the
conical angle mainly due to higher gas flow rates used as the particle diameter

increases ahe same YUns s

Going towards the wabide, at the spotgnnulus interface (defined as r/R = 0.3
0.35), heat transfer coefficient values for 1 and 2 mm particles follow the same trend
as in the spout region as shownrliable 4.12 Thus, heat transfeoefficient values
descend with decreasing. dhe gas convection is thought to play a more dominant

role in the heat transfer process.
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Unlike to the spout and speahnulus interface, 2 mm patrticles lose their advantage
of higher gas flow rate in thannulusand particle convection becomes the main
prevailing factor approaching to the waltle. As far as the particle convection is
concerned, a couple of important parameters can be quite important; thermal time
constant (§), particle velocity () andthermal contact resistance gjRcreated by
particles on the heater surface. The calculated thermal time constants of the particles
(based on Gloski et al., 1983) used in this work are quite close to each other with a
same order of magnitude. Furthermateés also known that the particle velocities in

the annulus region especially for higansity particles are very small (Kulah et al.,
2016). Merely, one can underline the negative effect of particle contact resistance
(Rp) on the heat transfer coeffictesis the particle diameter enlargBsaskakov eal.,

1964; Boteril et al., 1986) Overall, no significant differencéetween the heat
transfer coefficients for 1 mm and 2 mm particles was observed in the annulus region
of both 31j and 66gonical spouté beds especially at the higher axial locations as
can be seen ifable 4.13

The above findings are also consistent with the previous spouted bed, sidiobs

indicate that as ddecreases h also descends (Chatterjee et al., 1983; Zabrodsky &
Mikhalik, 1967; Macchi et al, 1999; Klassen & Gishler, 1958; Malek & Lu, 1964).
These studies assert that the larger particles create greater disturbances on the gas
stream around the heater surface and have an improved particle circulation. On the
otherhand, for the bubbling fluidized bed applications, the dependency of the heat
transfer coefficient on the particle diameter is just the opposite of the trend observed
in spouted and conical spouted beds as suggested by Mickley and Fairbanks (1955).

Eventually, this issue cannot be resolved without the measurements of major heat
transfer influences; void fractiony and particle circulation rate over the heater
surface and gas velocity distribution inside the annulus.
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Figure 4.17Effect of particle diameter on radial profiles of heat transtefficiens
for glass particlegUd/Umss= 1.1, = 15 mm, H = 235 mm,( = 31%Z; ,4Hp =
0.27,0.54, 0.78)
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Figure 4.18 Effect of particle diameter on radial giles of h valuesfor glass
particles(Ug/Ums & 1.1, y = 15mm, Hp = 144 mmy( = 66%4

Table 4.11 Average heat transfer coefficients in the spout fdra3nd 66%4 conical
spouted beds (= 168 mm, H, sev= 144 mm)

Heat transfer coefficients in the spout, W/mK
_ Glass Glass _ _ _ _
Axial Hp, Alumina | Alumina | Zirconia
_ # Beads Beads
Height mm Amm) | (2mm) | (1 mm)
(1 mm) (2 mm)
ZJH,= | 168 [31% 1101 1317 | 130.1 | 1459 | 154.0
0.38 144 |66°| 1080 | 1549 | 1464 | 191.3 | 14938
ZH,= | 168 |31 1075 109.5 | 1150 | 1225 | 1253
0.76 144 | 66°
108.0 154.9 146.4 191.3 125.2
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4.3.6 Effect of Conical Angle (#)

In the conical spouted bedshe effect of conical angle (') can result in significant
variations from a hydrodynamic aspect. Although they have similar performance in
terms of minimunstablespouting gas flow rates ({g) and bed pressure drops (+P),
especially dead zone problem 66j, differences in gas distribution and particle
velocities are some substantial points that should be urged upon. In the light of this
information, Figure 4.19 points out that whileheat transfer coefficientgo up
monotonicallystarting from the wall side to the spout center in 66j, there is always a
peak in the spotinnulus interface in 31j and al5 % decline in leat transfer rates

is beheld inside the spout areas. At this point, some distinctions should be revealed in
31j and 66j conical spouted begshe effect of heat transfer probe over the gas
distribution, crossnixing behaviourof particles in the spotgnnulusboundaryand

spout diameter. On the other hand, it is observe@iainle 4.11 that heat transfer
coefficientsin the annulus region of 3Igonical spouted bedsre greater than 66j
conical spouted beds general. Such a consequence can be more likely observed
due to the higher particle circulation rate in &bpical spouted beds$n the spout
section,heat trasfer coefficientsare utterly dependent on spouting gas velocity (U

as can be investigated Trable 4.11
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Figure 4.19Effect of conical angle on radial profiles of heat transtefficiens for
glass particleg¢d, = 2 mm, WUnss = 1.1, Oy = 15 mm , 4/H, = 0.76, H, s6v= 144
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Table 4.12Heat transfer coefficients in the spautnulus interface for 34 and 66%

conical spouted beds f{Hi= 168 mm, H g6~ 144 mm* Jet Regine)

Heat transfer coefficients in thespoutannulus
boundary, W/m%K
Glass
_ Glass ) ) _ )
Axial Hp, Beads | Alumina | Alumina | Zirconia
_ # | Beads
Height mm (2 (Amm) | (2mm) | (1 mm)
(1 mm)
mm)
168 | 31°| 116.1 | 139.0 | 139.9 | 158.0 | 187.9
Z1/Hp=10.38
144 | 66° | 104.8 | 126.7 | 130.6 | 141.8 | 1426
168 | 31°| 1150 | 116.7 | 1315 | 1340 | 155.3
Zz/Hb:0.76
144 | 66°| 948 | 1032 | 1123 | 107.9 120.4
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Table 4.13Average heat transfer coefficients in the annulus fé4 ahd 66% conical

spouted beds (= 168 mm, H, 6= 144 mm;* Jet Regine)

Average heat transfercoefficients in the annulus
(r/R = 0.5D0.8), W/nt.K
) Glass Glass ) ) _ )
Axial Hp, Alumina | Alumina | Zirconia
_ # | Beads | Beads
Height mm QA mm) | (2mm) | (1 mm)
(I mm) | (2 mm)
168 | 31° | 109.6 110.7 119.7 120.8 147.9
Z1/H,=0.38
144 | 66° 99.4 111.8 118.4 125.5 94.8
168 | 31°| 101.1 102.6 120.1 112.9 132.7
Zz/Hb =0.76
144 | 66° | 84.2 88.2 99.6 94.8 110.2

4.3.7 Effect of Fluidizing Gas Fow (Gf) BSpout-Fluid Operation

Effect of fluidizing gas (@ on the heat transfer characteristics indbmeical spouted
bedsis oneof the points, which is not investigated in the literature before. The
introduction of the fluidization gas changes the reactor type from conical spouted bed
to conical spoufluid bed. It is mentioned that by the introduction gft@ough the
conical wals, dead zones and agglomeration problems in reactor applications can be
minimized, and better galid contact can be potentially provided. Within this
scope, the effect of (Gn the conical spouted bedsas studied out by choosing two
different gas flowrates and identifying them as OminimumO and OmaximumO. In the
spoutfluid bed operation, it is known that the introduction of the fluidizing gas
decreases the minimum stable spouting velocities. In this context, the minimum
fluidizing gas flow rate was deled as the first point at which; @& lowered
distinctly as the fluidization gas velocity is gradually increased. On the other side, the
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maximum fluidizing gas flow rate was chosen based on a couple of criteria; spouting
stability should not be affectedyubble formation in the annulus should not be
observed, and {&houldbe comparable to the spouting gas flow rate)((&x/Gt 5

0.5).

The hydrodynamic results Figure 4.20show thathe minimum stable spouting gas

flow rate (Gns9 decreases as the filizing gas flow rate (§ increases,and
additionally,the effect of Gon the decrease offgwas found to benore significant

for high density particles (alumina and zirconia) compared to glass beads, both in 31%
and 66%onical spouted beds
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Figure 4.20 Effect of fluidizing gas (@ on the minimunstablespouting flow rates
(Gmsys) (dp = 1 mm,Do = 15 mm (a.)( = 311/4, (u) = 661y4
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Figure 4.21 Effect of fluidizing gas (@ on the heat transfeoefficients(d, = 1 mm,
Do =15 mm H, =168 mm( = 31%, (a) glass (b) alumina (c) zircpnia
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Figure 4.22 Effect of fluidizing gas (@ on the heat transfeoefficients(d, = 1 mm,
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Figure 4.23 Effect of fluidizing gas (&) on the average heat transfer caéints in
the annulus (g= 1 mm, @ = 15 mm, (a = 31%, (k) = 66%

From the heat transfer point of view, Figure 4.21-4.23, benefits of the spotftuid
operation on the heat transfer in the whole annulus regeye found fairly minor
showing 7and 3 % maximum increments for 31% and 66% conicalcanglal
spouted bedsrespectivelyOne of the reasorf®r low heat transfermpactcan be
due toinsufficient fluidizing gaspenetratinghroughthe annulusin order to check
this, horizontal jet penetration lengthwere calculated using two correlations
developed byBenjloun (1991 and Yates et al.(1991). The details of these
calculations are given in Appendix D. As can be seen in Appendix D the calculated
horizontal jet penetration length less thari5 mm Furthermore, the effect @&: on
heat transfer is more dominant at the lower flow rates especially fordiggity
particles.

In Figure 4.23 it is seen that per cenhcrease inthe average heat transfer
coefficients in the annulusection 0f31%4 and 66Y4 conical aosglacalspouted beds
reachalmostmaximum valuesat around 50 %G; 5 Gs) for alumina and zirconia
particles whereas it seems that average heat transfemraéite annulus sectiocan

be still improved for glass beadsy introducing more ¢ Relative standard
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deviations were also indicated as error bars, and increase yW@h r@tio but their

range is still small.
4.4 Overall Bed-to-Surface Heat Transfer Correlation

The heat transfer data obtained in this investigation was used in order to propose a
new correlation forhigh-density particles for the annulus section. The annulus
section is especially critical for the placement of the heat transfer surfaces in the
actual reactor operation. By this means, wall or immersed vertical tube to spouted
bed heat transfer correlations, summedi in Table 2.3 were evaluated Since the
previous correlations were not developed Hirh-densityparticles (3 2600 kg/f),

there is a considerable deviation between the experimental results and correlation
predictions as observed kgure 4.24 Amongst all correlationslemaki and Kugo
(1967) and Macchi et al. (1998)sulted in more accurate predictions. Therefore, it is
decided that the original correlation proposed by Uemaki and KWu§67) be
modified based on the experimental data obtained snvibrk. While the term with

inlet diameter ([9) used in the original correlation was omitted (since the effect of
inlet diameter was found to be insignificant), the effect of conical angle was added to
the new correlation. Other than these, terms were ltanged; the modification is
based only on altering the coefficients of the-danensional parameters used in the

original correlation.

Utilizing a nonlinear regression analysis, a new revised form of Uemaki and KugoOs

empirical correlation is proposexs follows for the average Nusselt number in the

annulus;
| U #0-4134 gd. 3 2..0-0954?! . 0.59911 ..-0.2136 4.2)
Nu:0.0017¢w§ P 9% ﬁipg i tagg (%)
f vy % B p? & AL g S, W 2%
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The proposed correlation is applicable for the whole annulus region as an average
value, and has a very good fit with the experimental Nu values by less than 15 %
deviation as shown iRigure 4.24

Investigating the proposed correlation, it is seen that the leading parameters are
composed of the volumetric heat capacityCgp and Rg. This implies that the
spouting flow rate (Gs) is, either directly by gas convection or indirectly by
increasing the particle circulation ratguite effective on the total heat transfer
coefficients. On the other side, rather than the particle conductiyi)y tfle heat
capacity of particle volume is more significafthis is basically due to higher
contct resistances of spherical particleg) (R contact with surfacdn addition, an
increase of the conical angle negatively influenceat hransfer coefficients the

annulus part.
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Figure 4.24 Comparison between experimentahd calculated values of Nu
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CHAPTER 5

CONCLUSIONS

In this thesis, the radial and axial variation of the-tzeslurface heat transfer in
conical spout and spofitid beds was experimentally investigated usimgh-
density particles. A special heat transfer probe was designed, manufactured and
tested for kat transfer measurements. The experiments were carried out in conical
spouted and spodiuid beds with 25 c¢cm ID cylindrical section at two different
conical angles (31 and 66j). In the experimetits,effects of bed design parameters
(such as conicalmgle and inlet diameter of spouting gas entrance) and operating
conditions (such as static bed height, particle size and density and spouting and
fluidization gas flow rates) on the heat transfer characteristics were investigated in
detail. An empirical hat transfer correlation for the average heat transfer coefficient
in the annulus section for higlensity particles (2500 #,% 6000 kg/mi) was also
proposed. The main conclusions and suggestions for future work are presented in the

following sections.
5.1 Bedto-Surface Heat Transfer

Local timeaverage heat transfer coefficients between the vertically placed heat
transfer probe and the conical spouted bed were measured both in the annulus and
spout regions. For all particles tested, the range of thetda@sfer coefficients was

found to be between 70 and 210 f¥mThe radial variation of the heat transfer
coefficient shows a dependency on the conical angle; moving from wall to the spout
axis, in 31j bed a peak value is observed at the spoutlus iterface whereas in

66j bed the heat transfer coefficient monotonically increases from the wall to the
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spout axis. The gas inlet diameter does not play a significant role in the value of the
heat transfer coefficient.

As far as the effects of the operatparameters are concerned, the results indicate
that as the static bed heightpfHs increased, the heat transfer coefficient also
increases under the improved patrticle circulation rate and gas convection. The heat
transfer coefficient increases withetlspouting gas velocity up to 1E811.2 Uy,
beyond which no significant change is observed regardless of the particle type.
Furthermore, the absolute values of the heat transfer coefficient depend on the
particles density and size at the samfJlk s The denser and larger particles have
higher minimum stable spoutingelocities, whichin turn lead to higher operational
spouting velocities resulting in higher heat transfer coefficient values. The effect of
particle diameter is more pronounced in thgowg and spod&nnulus interface
whereas its effect diminishes in the annulus region. Overall, it can be proposed that
the gas convection plays a major role in the heat transfer process.

The conical angle significantly affects the gas flow distributiod particleprobe
contact dynamics in the bed and the results should be elaborated carefully with the
required measurements (particle concentration, particle and gas velocities) to have
more definitive conclusions. However, it is observed that the heafdrarmlues in

the annulus decrease as the conical angle is widened due to lowered particle
circulation. Moreover, placing the heater in the lower position produces higher heat
transfer rates due to the increase in particle circulation, concentrationcahdyds
velocities, presumably.

Results of spodftiuid operation shows that fluidizing gas provides a minor
enhancement on the overall heat transfer rates. bEfiaviourcan be explained by

the jet penetration length of gas flow on the conical wall$ shat fluidizing gas

does not penetrate sufficiently inside the bed to maintain an effective gas flow on the
heat transfer surface. Therefore, from the heat transfer point of view, given the
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required flow rates for spofiuid bed operation, spout bedsanore advantageous
compared to spottuid beds.

In the light of the observed values of heat transfer coefficient inside the annulus and
spout areas, the proper location of the cylindrical heater is just the surrounding space
of the spout in the annuluggion (spoutannulus interface)Hence, a spiral shape

heat transfer surface around the spout can be a promising design fulfilling the duty of
a drafttube as well.

Since all beeto-surface heat transfer correlations available in the literature for
conical spouted beds were developed for relatively light part{§e6 2600 kg/rf),

they were not satisfactory enough to predict the experimental data produced in this
work. Thereforeon the account of practical usage, the correlatioblehaki and

Kugo (1967) was modifiedfor conical spouted beds operated with high density
particles and the resulting new correlation was able to predict the average heat
transfer coefficients inside the annulus region with reasonable accuracy (6 15%

error).

5.2 Suggestioa for Future Work

This study filled a significant gap in the literature and led to several ideas for future
work. In the current study, the heat transfer measurements were only taken with the
probe placed vertically since its effect on the-galgd flow is minimal compared to
horizontal case and it is easier to implement. However, the heat transfer coefficient
certainly depends on the position of the heater with respect tsogdsflow.
Therefore, it is recommended that horizontal placement of the ogkhdheater as

well as other various heater geometries (plate and spdrexstudied.

Lastly, the range of the particle size can be broadened. In this way, the effect of
particle size can be studied in a wider range, such as between 0.5 mm to 3 mm.
Paricle diameter less than 1 mm may exhibit different trends in comparison larger

particles.
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APPENDICES

APPENDIX A

REPRODUCIBILITY AND UNCERTAINTY OF HEAT TRANSFER DATA

A.1 Reproducibility of Heat Transfer Measurements

130
-D- =
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=/+=7ZBHb = 0.76
X 120
B =#—=ZBHb = 0.36
£ 115
= =d—7BHb = 0.76
<= 110
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Figure A.1 Reproducibility of heat transfer profiles for glass beads (@l mm, H =
168 mm, WUnmss = 1.1)
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Figure A.2 Reproducibility of heat transfer profiles for glass beads (8l mm, H, =
235 mm, lJUmss: 11, "= 311/4)

A.2 Uncertainty of Heat Transfer Measurements

Table A.1 Uncertainty of heat transfer measurements taken from different days for
glass beads (d= 2 mm, H = 168 mm, WUmss = 1.1, ' = 31%, /R = 0.5,/H, =
0.76)

# Date h, W/m2.K

1 12/11/2016 105.35
2 28/12.2016 105.65
3 29/12/2016 105.76
4 30/12.2016 106.91
5 2/1/2017 108.16
6 4/1/2017 106.14
7 5/1/2017 106.34
8 6/1/2017 105.72
9 10/1/2017 106.32
10 15/1/2017 105.31
Average: 106.17

Standard deviation: 0.86

Relative uncertainty, % 1.76
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Table A.2 Uncertainty of power supply (P)

P = Vxl
Amper, | 0.45 +f 0.004 amper
Voltage, V 7.79 +£ 0.004 volts
Relative uncertainty, % 0.9

Table A.3 Uncertainty of surface area of the probe (A)

A =2+rL
Radius, r 7 +/-0.1mm
Length, L 26 +£ 0.1 mm
Relative uncertainty, % 1.5

Therefore, the total uncertainty of heat transfer measuremeatieus?2.5 %.
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APPENDIX B

HEAT LOSSES OF THE PROBE

B.1 Calculation of Heat Losses from Heat TransfeProbe

Heat loss of the probe was simply measured from the tip section as drBigana

B.1. During the measurement, supplied power (P) Iv&85 Watts Silicone

Insulation

v
d

Heater

Tes Ts2

Figure B.1Heat loss form the tip section of the probe

Since the thickness of silicone insulation is around 1 mm, temperature distribution
inside the silicone material can be accepted as linear. Hence, heat losses can be

calculated as;

Q! Xar (B1)

+T is the temperature difference betweefy dnd Tso. k is conductivity of silicone
insulation material, L is the thickness of the silicone, and A is the surface area of the

tip section.
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Table B.1 Values of parameters in the calculation of heat loss

Parameters Results
Conductivity of silicone, W/m.K 0.17
Surface area of the tip section’ m 3.84x 10°

Thickness of the silicone, m 0.001
Tsy, K 69.96

Ts2, K 97.48

Heat loss, W 0.18

As a result of measured heat loss from the tip section, total heat loss was calculated

as aboutl0 %based on th&quation B1.
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APPENDIX C

HEAT TRANSFER PROFILES

C.1 Rest of the Heat TransfeMMeasurements
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Figure C.1 Radial heat transfeprofile for alumina particle¢d, = 1 mm, K = 144
mm, U/Umss= 1.1, ) = 15 mm, ' = 66%)
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Figure C.2 Radial heat trarisr profile for glass particle@, = 2 mm, H = 168 mm,
UJUmss= 1.1, y = 15 mm, ' = 31v4)
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Figure C.3 Radial heat transfeprofile for alumina particle§d, = 2 mm, H = 168
mm, WUnss= 1.1, =15 mm, ' = 31V4)
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Figure C.4 Radial heat transfeprofile for alumina particle§d, = 1 mm, H = 168
mm, WUnss= 1.1, =15 mm, ' = 31V4)
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Figure C.5 Radial heat transfgprofile for zirconia particle¢d, = 1 mm, H = 168
mm, WUnss= 1.1, =15 mm, ' = 31V4)
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Figure C.6 Radial heat transfeprofile for alumina particle§d, = 1 mm, H = 235
mm, U/Umss = 1.25, 3 = 15 mm, ' = 31%4)
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Figure C.7 Radial heat trarier profile for glass particle@, = 1 mm, H = 235 mm,
UJUmgs=1.25, 3 =15 mm, ' = 31Y4)
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Figure C.8 Radial heat transfeprofile for alumina particle§d, = 1 mm, H = 168
mm, U/Umss = 1.25, 3 = 15 mm, ' = 31%4)

~4=z/Hb =0.38
~#-z/Hb = 0.76

0 01 02 03 04 05 06 07 08 09 1
r'R

Figure C.9 Radial heat transfgorofile for zirconia particle¢d, = 1 mm, H = 168
mm, WUnss=1.25, Q = 15 mm, ' = 31%)
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Figure C.10 Radial heat trarder profile for glass particlegd, = 1 mm, H = 168
mm, WUnss=1.25, Q = 15 mm, ' = 31%)

C.2 Empty Bed Heat Transfer Measurements
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Figure C.11 Radial heatransfer profile for empty be(D, = 15 mm, ' = 31v4, &
0.375 ni/min)
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Figure C.12 Radial heatransfer profile for empty be(D, = 15 mm, ' = 31v4, &
0.544 ni/min)
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Figure C.13 Comparison of heat transfer profiles between empty and filled ibeds
the middle of spout sectidiD, = 15 mm, /R = 0, ' = 31%,6 0.544 nimin, ¢, = 1

mm (glass beads))
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APPENDIX D

JET PENETRATION LENGTH

D.1 Calculation of GasJet Penetration Length

In order to understand the jet penetration behaviour of fluidizing gas during the

spoutfluid bed operation, some correlations, gived able D.1, were used.

Table D.1Correlations fohorizontaljet penetration length ()

Author

Particles

Correlation

0"
| !
Benjolloun (1991 | Catalyst, glass and sand| L1 5.52 (L)
! H P ! pf)dog
Calcinated alumina L | U2 t
Yates et al.(1991) 21 1.8 (#)
powder 'y (Pp! p)dog

101




Table D.2 Gas jet penetration lengttior different particles and bed angl@h = 1

mm, Hp, 317 168 mm, H ss:&= 144 mm)
L; (mm)
Glass Alumina | Zirconia Glass Alumina | Zirconia
. Beads _ _ Beads _ _
Correlations (= (, = (,= (= (,= (, =
y 0 o) y
310) 319) 319) 660) 660) 66°)
Benijelloun,
(1991) 16.88 15.80 15.87 12.74 13.11 12.13
Yates, (1991) 14.66 13.30 13.39 9.67 10.09 8.99

Table D.3 Values of parameters ithe gas jet penetration length correlations for

different particles (gI= 1 mm,Hp, 3= 168 mm, H, s6:= 144 mm)

Glass Glass
Parameters Beads Alumina | Zirconia Beads | Alumina | Zirconia
(. =319 (=319 | (,=319 | (= (=669 | (,=6609)
’ 669)
Gas density at
nozzle exit, kg/rﬁ 1.2 1.2 1.2 1.2 1.2 1.2
Gas velocity atthe | 55 o, 3858 | 4954 | 2128 | 2732 | 3013
nozzle, m/s
Void fraction 0.35 0.39 0.37 0.35 0.39 0.37
Particle density, 2500 3700 6000 | 2500 | 3700 6000
kg/m
Gravitational
acceleration, 9.81 9.81 9.81 9.81 9.81 9.81
kg/m?.s
Particle diameter,
m 0.001 0.001 0.001 0.001 0.001 0.001
Nozzle exit 0.001 0001 | 0001 | 0001 | 0001 | 0.001
diameter, m
Gas density in the
bed, kg/m” 1.2 1.2 1.2 1.2 1.2 1.2
Fluidizing gas flow | 50691 | 0.00745 | 0.00956 | 0.00745| 0.00956 | 0.0105
rate, m°/s
Number of holeson| 246 246 446 446 446
the conical base
Static Bfnd Height, | 168 0168 | 0168 | 0144 | 0.144 | 0.144
7.85E
Area of a hole, nf 7.85E07 7.85E07 | 7.85E07 07 7.85E07 | 7.85E07
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