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ABSTRACT

The transient bubble behavior was experinentally investigated
to fundanmental |y understand the transient notion of gas bubbles in
freely bubbling fluidized beds, simulating the FBC systenms. Due to
the oversinplified traditional two phase flow nodel concepts
devel oped and nost of the related nunerous experinental works from
1960s to 1980s, the transient bubble behaviors could not have
received due attention, resulting in sone fundamental m sconception
of the bubbling phenonena particularly in coarse fluidized beds.

For the inprovenent of the design and operation of the FBC
systens, the insight into the intrinsic transient bubbling
phenonena in freely bubbling fluidized beds is of vital inportance.
W have found several basic new bubbling nechanisns in this work
experinmentally, and some of them have not, to our best know edge,
been published in past literature. Using the two di nensional
fluidized bed, the images of transient bubbling behavior were
recorded by videos, and processed and anal yzed by conputers.

As the results of experiments, the follow ng new experinmenta
facts were found:

(1) Transient bubbles change and fluctuate their size and
shape over very short tine intervals ( on the order of 30
mlliseconds) . _

(2) Bubble dis%fpearance and reappearance occurred in the
emul sion phase in addition to the known phenomena of coal escence
and splitting. The bubble interaction occurred between the bubbles
and adj acent enul sion phase and al so anmong the transient bubbl es.

'ﬂ(3) Bubbl ers velocity fluctuated significantly, e.g., 0.6 to
3.0 m's.

(4) Under one single specific fluidization condition, two
different fluidization patterns appeared to occur randomy shifting
from one pattern to the other or vice verse.

(5) The erosion rates of in-bed tubes at anbient and el evated
tenperature could be predicted using material property data and
transi ent behavior of bubbles.

By introducing a new quantitative criterion which we call a
gas stress index in the emulsion phase, the conparison of the
fluidization quality between two and three di nensional fluidized
beds was acconplished. W found reasonabl e correspondence between
the two beds, and concluded that the new findings of transient
bubbl e behavi or should hold true for both types of fluidized beds.

The conclusions of this work are in good agreenment with the
conclusi on of the pioneering work of DOE/METC on the transient
bubbl i ng behavior in three dinensional coarse fluidized beds using
the capacitance neasurenent method.
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EXECUTI VE SUMVARY

The overall objective of this work was to fundanentally
understand the transient notion of bubbles in freely bubbling
fluidized beds. Mre specifically, the objective of this work is to
systematically help interpret the transient bubble inmages seeﬂ bg
capacitance ‘imaging nethod developed at DOE/METC™ in thre
di mensi onal fluidized beds. To accomplishthis, experinental and
t heoretical studies of the behavior of transient bubbles in two
di mrensi onal fluidized bed were carried out to elucidate the
intrinsic bubble behavior and the nechani sm of transient bubble
nmotion. Although bubbling phenomena has been heavily investigated
I n the classical fluidization papers from 1960s to 1980s, very
little of the work deals with the transi ent bubbl e behavior. Mst
of past research for bubbling have been under very limted
conditions where the bubbling gas was injected into an incipiently
fluidized bed.

In the classical two phase flow nodel for fluidization, bubble
behavior in a freely bubbling fluidized bed was assuned to be the
same as an 1injected bubble into an 'UC'P!ent fluidized bed
(Davi dson, 1963). This was obviously oversinplified and m sleadjng
in view of actual bubbling phénonena. = Unfortunately, this
oversinmplified two phase flow nodel was w dely accepted }0 t he gas-
solid fluidized bed systens, leading to a serres of critica
practical problenms particularly for fluidized bed conbustion (FBC)
syst ens. &e of the purpose of this work was to correct the

traditional m sconcept by providing new experinental evidence.

Various types of the fluidized bed conbustion system haye peen
or are being devel oped. Exanples of these systens include
at mospheric bubbling, circulating, and pressurized fluidized bed
combustors. Al though many investigations were perforned and
published, the transient notion of bubbles in fluidized beds has
not realhy yet been well understood, Which sonetines made the
desi gn and operation of fluidized beds difficult.

The phenonena of transient notion of bubbles have al so been
one of the nost fundanental key problem of fluidization science,
whi ch have not really been elucidated. Recently the inages of
transi ent notion of bubbles have been obtained by the capacitance
nmethods in three dinensional fluidized bed at METC, e. (., Halow et
al (1992) which can potentially provide a very deep insight into
this fundamental problem of fluidization.

Accordingly, the overall objectives of this research were to
provi de the basic and systematic interpretation of the above
transi ent bubble in%Pes through the experinmental and Iheor?tiCRI
studies and to fundanentally elucidate the nechanism of the
transient notion of bubbles in various types of fluidization
experinmentally and theoretically.
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Through our experinental research works, we have devel oped
several new findings.

a) There was a considerable simlarity _between the transient
bubbl e’ notion in three and two dimensional fluidized beds by
conparing the transient notion of bubbles; many observations from
the three dinensional fluidized beds (capacitance jnmage) and two
di mensi onal fluidized beds (actual video inmage) are in good
agreenent. The advantage of two dinensional fluidized beds was that
the direct visual observation could easily be carried out.
Therefore, we could get a clear experinental evidence of the basic
mechani sm of transi ént bubbl e phenonena. On the other hand, we
shoul d not forget the limtation of two dimensional fluidized beds
due to the wall effect. However it was experimentally verified that
there is no substantial difference between two and three
di nensi onal fluidized beds in terms of bubbling nechanism

b) In contrary to the classical two phase flow theory, the
bubbl e size and velocity in actual fluidized beds were not at all
constant in fluidized beds. Gas bubbles coul d di sappear into the
adj acent enul sion phase or be generated from the adjacent enulsion
phase, which was never reported in the past published gas-solid
fluidization papers but was actually and experinentally observed
both in three dimensional fluidized beds by capacitance imaging
(Halow, 1991) and in two dinensional fluidized bed by video
pictures in this work

c) The properties of both bubbles and enul sion phases could
generate fluctuations of voidage when the bubbles were passin
through the bed. Especially, the various |evels of voidage cause
by turbulence in the emulsion phase could effect the transient
forces of solid particles in fluidized beds.

Therefore, the interpretation of capacitance inages of
traq3|ent bubbl e notion had been acconplished in the follow ng
poi nts:

.Elucidation on the mechanism of transient bubble notion in
two and three di nensional fluidized beds

.Elucidation on the role of transient behavior of enulsion
phase in fluidized beds

.Analysis of digitized video inmage of transient bubble notion
together wth the transient force signa

.Elucidation of transient bubble notion

.APpIication of basic understanding on the transient notion
of bubble to the design and operation of fluidized bed combustors

The overall goal of the work was successfully acconplished
2
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t hrough the procedures described above, and the outline can be
shown as follows.

Measur ement of Transient Bubble Mtion and Behavior in
Two Di nensional Fluidized Beds and Its Conparison with
the Capacitance Inmage in Three Dinensional Fluidized Beds

~ In case of two dinensional fluidized beds, transient bubble
motion could easily and reproduci bly be nmeasured by using video
techni que, although the fluidization became slightly different due
to the wall effect fromthe three di mensional "bubbl e notion
devel oped at Merc. Through the newly devel oped experinental
techni que of measuring the fluctuation of gas phase stress forces
in horizontal direction in the enulsion phase, the difference of

two and three dinensional fluidized bed’s behavior was found to be ,

quantitatively pretty close to each other, which _has not, to our
best know edge, been known in past literature. The experinental
results showed that many common characteristics could be observed
both by capacitance nethod in three dinensional fluidized beds and
by synchronized video technique in two dinensional fluidized beds.
A dat abase was built to store bubble paraneters and rel ated
information. The data base was based on our data collections
(tapes, photos, etckP. Some characteristic factors were considered,
and anal ysis was nade to determne the key factors and to find the
relationship between these factors and bubbl e inages. The transient
vehavior of bubbl e size, bubble shape, bubble notion, bubble
coal escence/splitting were measured, analyzed, and conpared with
transi ent bubble notion inmages generated by two di nensi onal
fluidized bed and conpared with the capacitance nmethod in three
di mensi onal fluidized beds.

Conversion of Video Bubble Images into Conmputer Data
for Numerical Analysis

It was found that the transient video bubble inmages could
provide insight into the transient bubble notion, video bubble
| mge signals obtained in two dinensional freely bubbling fluidized
beds could be further digitized and analyzed by conputer. This
technique was devel oped in our lab to build a bubble imge
collection system The conputerized bubble imge collection signals
were used for classification and further analysis of the data. To
be nore specific, the systematic sinultaneous data takings were
carried out, including bubble size, bubble location, bubble shape,
bubble velocity, |local stress force's fluctuation in enulsion

hase, maxinmum solid force, etc., all of which behave very
ransiently. Further all these transient data were anal yzed and
shown as function of tine, the time interval being 0.033 sec. The
accunul ation of the precisely analyzed above data could build nost
reliable argument on experinental facts, which should be one of the
nmost conprehensive experinental data collection describing the

3



properties of transient bubbles in freely bubbling filuidized beds.

Anal ysis of transient behavior of bubble motion in freely
bubbl i ng fluidized beds.

‘Using the database constructed, statistical analysis was
carried out and a stochastic nodel was devel oped. Unlike nost
conputer nodels in the literature, this nodel could provide very
|nterest|n%, I mportant conclusion for a freely bubbling fluidized
bed under the standard fluidization condition.  (Uy/U,=1.8 to 2.3,
H/Dt=1, fluidized particles of 1 nm spherical glass beads).

Bubbl e sizes were changing transiently sometimes very qui ckly,
sonetines |ess quickly through coal escence and/or splifting with
adj acent bubbles or by the other ways of the interaction between
t he bubbl es and the emnul si on phases.” The above bubbling mechani sm
verified through experinments was significantly different from
classical two phase flow of Davidson. Note that Davidson’s node
only hold true for the bubbles injected into incipient fluidized
beds, in which the bubble size remained constant and has constant
r|S|n% vel ocity. . . _

- Bubbl e shape were changing very rapidly by the same nechani sm
expl ained for bubble size changes. "Anong the adjacent bubbles and
the enulsion phase there occurred the intensive gas flow
interaction, inducing the bubble shape change ¢, (carman's shape
factor) in the range of 0.8 to 0.1 in 0.067 sec. The classica
assunption of bubble cap shape could only hold true for the limted
case of the injected bubble into the incipient fluidized bed.

« Bubbling rising velocity could change, e.g., from-0.4 nis to
+2.0 m's in 0.067 sec. . .

- The gas phase stress in the same vertical level at half the
bed height could change, e.g., 0.7 to 1.0 kPa in 0.03 second and
this stress value changed very transiently. .

« Al these transient changes could occur due to the transient
fl ow exchanges of gas flow anong adj acent bubbl es and/or of gas
fl ow from bubbles to the enul sion phase or vice versa. Sonetines,
a bubble could disappear into the enulsion phase and a bubble could
reappear from the emulsion phase, _

+ The effect of these transient behaviors of bubble on the
erosion rate of in-bed tubes in fluidizea bed was confirned
experinmental ly.

The Study on Intrinsic Mechani sm of Transient Mtion of
Bubbl es and Transi ent Behavi or of the Enul sion Phase

The di sappearance of bubbles into the adjacent emulsion phase
was experinentally verified by photographs and the sudden
generation of bubble from the emulsion phase could actually be
confirmed, which could not be explained by the classical two Phase
fl ow nodel . The elucidation of this mechanismw || experinmentally
and theoretically be investigated by using an enulsion structure

4
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nodel . The structure of the emulsion phase could change
transiently, causing the transient notion of bubbles. The transient
structural” change “of enulsion phase was experinental |y neasured.

Interpretation of the Capacitance |nmage of Transient
Bubbl e Mbtion in Three D nensional Fluidized Beds

Through the acconplishnents of 1 through 4, we could have a
deep insight to the transient bubble notion, Then,  the
interpretation of the capacitance imge of transient bubble was
i nproved. Particularly we used these transient bubble data for the
better design and operation of fluidized combustion system

Transi ent Bubble Mdtion in Circulating Fluidized Beds

Based upon the accunul ated understanding on the transient
bubbl e motion described in 1 through 4, the transient bubble notion

of circul ating fluidized bed was investigated experinmentally and

theoretically. As experinent pieces of equipment, two dimensional
circulating cold fluidized beds was installed 110cm(width) X 100cm
(height) xlcm (thickness)) together with a ¢cyclone and a return
cycle system Because the’fluidization conditions (flow pattern)
can be vitally inportant for the basic design of circulating
fluidized beds, which has been mssing in the past research. W
found the inportance of transient behavior 1n time averaged
particle density profile mostly rePorted in CFB. The wave-like
nn}lon of particlée on the inside wall of vessels seemto play a key
role.

Transi ent Bubble Mtion in Pressurized rFluidized Beds

_ The transient notion of bubble will experinentally be measured
in a two dinmensional pressurized fluidized bed (Col d nodel,
pressure: 5-10 atnospheres, size: 10cm (W dth) X 100cm (height) X
lcm (thickness)).

The approach and anal ysis of experinents will be in the sane
way as described in 1 through 4. The transient bubble motion was
predicted formthe gas phase tensor fluctuation.

An understanding of the transient behavior of the
emul si on phase was devel oped to assess the erosion rate
of several mterials at anbient and elevated tenperature
and develop a predictive nodel for erosion and conpare to
the measured erosion rates.

The transient notion and behavior of the emulsion phase in a
fluidized bed were neasured and characterized in a fluidized
bed at anbient and el evated tenperature.

The erosion rates of several specific materials with known
mechani cal properties were neasured at anbient and el evated
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tenperatures in afluidized bed at several fluidization conditi ons.

Lblng_ the neasured erosion rate, the neasurenment an
understandi ng of the enulsion phase behavior, and the results o
the transition bubble and enul sion phase behavior (contract
original statement of work) a predictive nodel for erosion rates
were devel oped and conpared to the neasured rates. The nodel
incorporated the physical and mechanical properties of the
materials and the efflect of tenperature of the erosion rate.



1. TECHNI CAL BACKGROUND

The overall objective of this work was to fundamentally
understand the transient notion of bubbles in freely bubbling
fluidized beds. Mre specifically, our objective is to

systematically help interpreting the transient bubble imges b

capaci tance nethod devel oped at DOE/METC in three dinensiona

fluidized beds by acconplishing additional experinental and
theoretical studies and to elucidate the transient bubble images
and their notion mechanism Al though the bubbling phenomena were
much investigated in the classical fluidization papers, the nost of
transi ent bubbl e behavior has still not been well understood. As
the nost of past research for bubbllng have been acconplished under
the very limted condition where the bubbling gas was Injected into
an 1 nclplent fluidization.

In the classical tw phase flow nmodel for fluidization, the
bubbl e behavior in a freely bubbling fluidization bed was assumed
the same as the injected bubble behavior in an incipient
fluidization (Davi dson, 1963), which was obviously oversinplified
and msleading in view of actual bubbling phenonena. Unfortunately,
this oversinplified two phase flow nodel was widely applied to the
gas-solid fluidized bed systens, generating a series of problens
particularly for fluidized bed combustion (FBc) systens. One of the
purpose of "this work was to correct the traditional misconcept
experinmental ly.

The various types of the fluidized bed conbustion system have
been or are being devel oped. Exanples of these systers include
at mospheric bubbling, circulating, and pressurized fluidized bed
combustors. Al though many investigations were acconplished and

ublished, still the transient notion of bubbles in fluidized beds
as not really yet been well understood, which sometinmes made the
design and operation of fluidized beds difficult.

The phenonmena of transient notion of bubbles have al so been
one of the nost fundamental key problem of fluidization ScCience,
which have not really been elucidated. Recently the images of
transient notion of bubbles have been obtained by the capacitance
met hods in three dinensional fluidized bed at METC, whi ch can
potentially provide a very deep insight into this fundanental
probl em of * fluidization.

“Accordingly, the overall objectives of this research were to
provide the basic and systematic interpretation of the . above
transient bubble image through the additional experinmental and
theoretical studies and to fundamentally elucidate the nechani sm of
the transient notion of bubbles in various types of fluidization
experimental ly and theoretically.

Through our experimental research works, we could have found
several new findings.




a) There was a considerable simlarity between the transient
bubble notion in three and two di nensional fluidized beds by
conparing the transient notion of bubbles; many observations from
the three dinensional fluidized beds (capacitance image) and two
di nensional fluidized beds (actual video inmage) are in good
agreenent. The advantage of two dimensional fluidized beds was that
the direct visual observation could easily be carried out.
Therefore, we could get a clear experinental evidence of the basic
mechani sm of transient bubble phenomena. On the other hand, we
should not forget the limtation of two dinensional fluidized beds
due to the wall effect. However, it was experinmentally verified
that there was no substantially difference of fluidization quality
between two and three dinensional fluidized beds.

b) In contrary to the classical two phase flow theory, the
bubbl e size and velocity in actual fluidized beds were not at al
constant in fluidized beds. Gas bubbles could disappear into the
adj acent enul sion phase or be generated from the adjacent emulsion
phase, which was never reported in the past published gas-solid
fluidization papers but was actually and experimental |y observed
both in three dinensional fluidized beds by capacitance imaging
(Halow, 1991) and in two dinensional fluidized bed by video
pictures in this work

c) The properties of both bubbles and enul sion phases could
generate fluctuations of voLda?e peaks when the bubbles were
passing through the bed. Especially, the various |evels of voidage
caused by turbulence in the eniision phase could effect the
transient forces of solid particles in fluidized beds.

Therefore, the interBretation of capacitance inmages of
tranflent bubbl e notion had been acconplished in the follow ng view
poi nts:

.Elucidation on the mechani smof transient bubble notion in
two and three dinensional fluidized beds

.Elucidation on the role of transient behavior of enulsion
phase in fluidized beds

.Analysis of digitized video inage of transient bubble notion
together with the transient force signal

.Elucidation of transient bubble notion

.APpIication of basic understanding on the transient notion
of bubble to the design and operation of fluidized bed conbustors

H storically the bubble notion and its properties (size,
shape, cloud, wake, etc.) in fluidized beds had been investigated
very intensively by nmany researchers |nclud|n% fanous cl assi cal
wor ks by Davidson et al (1963) and by Rowe et al (1962).
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However, past researchers investigated nostly the behavior of
the bubble in incipient fluidized beds. Therefore, their results
shoul d not directly be applicable to the transient behavior of
bubbles in freely bubbling fluidized beds. The transient behavior
of bubbles in fiuidized beds coul d not have been predicted by the

ast open literature. lronically, the transient notion of bubbles
ecane very significant in fluidized beds (fluidized bed combustion
systens or gasifiers) using coarse particles (>0.5 nmm, in which
fluidization was generally not honogeneous and | arge bubbles were
formed. Qualitatively, the size and sShape of bubbles were partially
investigated but actually the transient bubble behaviors in
fluidized beds had not been clarified (Rowe 1968).

Some attenpts were nmade to determine the bubble parameters.

Vi swanat han and Rao (1984) used a sinple method to estimate average
bubbl e size at various height in fluidized beds. clough and wWeimer
(1985) devel oped avoi d propagation equation to describe a bubbling
fluidized bed, and predicted the dynam c response to step changes
ininlet gas flow of bubble volume fraction at any axial position
Gyure and clough (1987) estimated the bubble frequency and bubble
velocity in a fluidized bed fromthe cross-correlation function_ of
pressure nmeasurenents during dynamic changes in fluidizing
condi tions. However, strangeIY all these estimtes were still based
on the classical two phase flow theory. The bubble volune or size
obtained were the average, and could not reflect the transient
bubbl e behavior in fluidized beds. A |aser-based technique were
devel oped by Sung and Burgess (1987) for the measurement of bubble
velocities and sizes in a two dinensional fluidizea bed. Lim
Agarwal and o'neill (1990) used inage analysis to nmeasure bubble
parameters in a two dimensional fluidized bed.  Their technique
reatly inproved the accuracy of bubble paranmeter neasurenent.

wever, the transient notion 0f bubbles (slugs) has still not been
m?ll clarified, especially when coal escence and splitting take
pl ace.

Recently, Halow et al (1989, 1990, 1991) nmde aclear
break-through to neasure the transient notion of bubbles in
fluidized beds by using a capacitance nmethod. On the other side,
Kono et al (1988, 1990) al so devel oped three nethods to measure and
characterize the transient forces of solid particles in fluidized
beds, which can be used to interpret the transient notion of the
bubbl es (slugs). Furthernore a very interesting observation was
obt ai ned by Kono et al (1991) in a two dinmensional fluidized bed:
bubbl e size and velocity can drastically be changed in its
transient notion. This observation was in good agreenent with the
findings of Halow's group in three dinensional fluidized beds. W
al so found that the enul sion phase voidage fluctuate transiently
within the remarkabl e range in continuously bubbling fluidized
beds. Qur experinental approach was to recognize the transient
motion of bubbles by measuring and characterizing transient forces
of solid particles, and to support the interpretation of the
capaci tance inmages of transient bubble motion in three dinensional
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fluidized bed. For that purpose, a video image technique in two
di mensi onal fluidized beds was used.

Even though many conputational techniques were known (Sinclair
and Jackson, °1989;" Ding and Gidaspow, :wg% , sonme of their
assunptions were still not convincing. They could have shown a kind
of bubbl e imges, using various adjusting paraneters. However, the
found the difficulty of finding and explaining the devel opment o
bul k density fluctuation in the enulsion phase of fluidized beds.
W devel oped a two dinensional hydrodynamc two phase flow nodel
describing the transient bubbling ~ behavior with additional
suppl ementary equations (equation ofcontinuity, gas and solid
monent um bal ance equation, relevant drag coefficlent equation and
the emul sion deformation equation). In stead of using the very
artificial intensity function of particle tenmperature (T) proposed
by R Jackson (1989), we introduced the emulsion phase”s packing
structure randommess nodel. According to the prelimnary work,

we
could generate the sinulated conputer image of transient bubble °

nDtiPP whi ch seens to be supporting our two dinensional experinment
resul ts.

“Based upon the consideration discussed so far, we planned to
attain an understanding of the fundamentals of transient bubble
nmotion in operating “bubbling, circulating, and pressurized
fluidized bed combustors (FBC) and devel op a working nodel that can
predi ct this phenomena. The working nodel was based on experinental
results (not theoretical) and reflected the actual bubbling
phenonena. One interesting exanple of mspresentation of conputer
sinulation results were denonstrated for the case of circulating
fluidized beds at Fluidization Conference VIII, Tours, France
(1995) by Knowlton, Geldart and Matson. The tine average
computation results indicated no physical meaning at all, when 1t
IS fﬁﬂparEdk“ﬂth the corresponding experinental data (images) shown
in this work.

VW have been successfully obtaining the transient behavior of
bubbl es and found that the irregular activated transient bubble
motion could occur time to time very suddenly (approximately 20% -
30% of the total observation period in our experiment) under a
speci fic’ fluidization condition. Traditionally, nost of fhe common
sense of hydrodynam cs, showed that the flow characteristics should
be determned by a specific given flow condition. On the contrary,
we found avery interesting stochastic behavior of fluidization
characteristics in coarse particle fluidized beds. Under the sane
given fluidized bed condition, in terms of equipnents and flow
condition, obviously nore than two significantly different
fluidization behavi ors coul d stochastically coexi st, which were
defined in this work as "normal" and "abnormal® fluidization. Thi s
pecul iar characteristics has at |east to our know edge not reported
nor known. This could be a significant inmpact to understand the
erosion problem which is so inportant in terns of application.
Therefore, the understanding of the transient behavior of the
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enul si on Bhase (solid particles) caused by the above transient
motion of bubble becane very inportant. This additional approach
was useful to achieve this project nore precisely and also to
aﬂt?ln the practical application (the prediction of the erosion
rate) .

~As an index of the transient behavior of the enulsion phase,
various physical parameters were considered. The erosion rate of
i n-bed tubes can be a good index representing the transient
behavi or of the enulsion phase particles, because the erosion rate
was only sensitive to the transient maxi mum nmotion but not nuch to
the average nmotion of the solid particles. Furthernmore, this index
had a very inportant generous application significance for the
scl ence ol fluidization.

This work was carried out to understand and predict the
transi ent behavior of the emulsion phase (solid particles) at the
anbi ent and elevated tenperatures, using” the erosion rate data
obt ai ned under the anmbient condition, together with a novel
characterization nmethod of the mechanical properties of the
materials of construction concerned.

~ According to the basic fracture theory of solid, the erosion
of in-bed tubes and other bed conponents should |ogically be caused
by the following factors: the properties of materials concerned
f(tube/compone_nts and particles) , and the transient maxinum particle
orces and its frequency. Wen the maxinmum transient notion of
solid particles is specified, the properties of concerned materials
such as tensile strength and Young's nodul us) should play the
ecisive roles to determne the erosion rates.

The maxinum transient forces of solid particles were neasured
under various fluidization conditions and in various size of
fluidized beds with three different nmeasurenent nethods. The
maxi mum transient force of solid particles was found to be the
determning major factor which controls the erosion rates of in-bed
components (in-bed tubes, vessel walls etc.) in fluidized beds.

Furthernore, we could obtain an interesting experinental
observation in a two di nensional fluidized bed: i.e., bubble size
and velocity could drastically be changed in its transient notion.
Thi s observation was in good agreement with the findings of Halow's
group in three dinensional fluidized beds. We found that the
emul si on phase voidage fluctuated transiently within the remarkabl e
range 4in continuously bubbling filuidized beds. Especially, the
various |evels of voidage caused by turbul ence in the enul sion
phase could effect the transient forces of solid particles. in
fluidized beds. All these phenonmena were caused by the interaction
bet ween bubbl es or between bubbl es and enul si on phases.

~I'n another recent research, we measured erosion rates for
various materials with different nechanical properties under
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specific fluidization conditions and at anbient and el evated
temperature. The effect of the characteristic nechanical property
of the materials concerned on the erosion rates was investigated b
changing the testing materials with different mechanical strengt
and el astic nodul us.

Ve found that the erosion rates could be well predicted using
material characteristic properties (tensile strength and Youngts
modul us) and the maxi mum particle forces, regardless of the various
materials used, the scale and type of fluidized beds, and the
operating conditions. The erosion rate index is well correlated
Wwth a characteristic function qon5|st|n?_of maxi num particle
forces, and nmaterial characteristic properties (tensile strength
and Young's nodul us). The term aap, , the maxi num gas pressure
fluctuation, corresponds the maximum particle forces, since
reliable correlation between aap,, and maxi num particle forces
exi sts (kono 1990) . Furthernore, a new interpretation of gas phase
pressure fluctuation in the horizontal direction was devel oped
defined as the stress force fluctuation (AAP), i n fluidized beds.

It was our intent to determne the transient nmotion of bubbles
bY measuring and characterizing transient forces of solid particles
at both anbient and high tenperatures. The proposed research wll
apply the conclusion of the understanding of the transient notion
and behavi or of bubbles and emul sion phase to the erosion
assessment of fluidized bed conmbustion systens.

An enpirical predictive erosion characteristicC equation,
expressed by the maxi mum force of solid particles in the beds and
the properties of the bed conponents, was obtained. This approach
was generalized to predict the erosion rates at elevated
tenperature. This erosion data were also found to be useful to
characterize the transient property of fluidization. In this work,
we devel oped the predictive nethod to assess the effect of property
change of material caused by tenperature on the erosion rate. The
characteristic nmechanical properties of the materials, and their
changes at elevated tenperature, were collected from the
literature. The erosion rates of various naterials at elevated
tenperature were experinentally measured. Furthernore, the erosion
process, which consists of the fracture of solid particles, would
conmprehensi vely be expressed and interpreted by introducing erosion
characteristic function ¢, and ¢ = f (F.,, 0, Y)

The overal|l goal of the proposed work was thus successfully
acconpl i shed through the procedures described above, and the
outline was shown as follows.

1. Measurement of Transient Bubble Mtion and Behavior in

Two Dinensional Fluidized Beds and Its Conparison with
the Capacitance Image in Three Dimensional Fluidized Beds
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~In case of two dinensional fluidized beds, transient bubble
motion could easily and reproduci bly be nmeasured by using video
techni que, although the fluidization became slightly “different due
to the wall effect fromthe three di mensi onal bubble notion
devel oped at METC. The experimental results showed that many common
characteristics could be observed both by capacitance nmethod in
three dinensional fluidized beds and by synchroni zed video
technique in two dinensional fluidized beds. dat abase was built
to store bubble paraneters and related information. The data base
was based on our data collections (tapes, photos etc.). Sone
characteristic factors were considered, and analysis was nade to
determne the key factors and to find the rel afionship between
these factors and bubble images. The transient behavior of bubble
si ze, bubbl e shape, bubble nmotion, bubble coal escence/splitting
were measured, analyzed, and conpared with transient bubble notion
| mages generated by-two dinensional fluidized bed and conpared with
t he capacitance method in three dinmensional fluidized beds.

2. Conversion of Video Bubble Images into Conputer Data
for Numerical Analysis,

It was found that the transient video bubble inmges could
provide insight into the transient bubble notion, video bubble
| mage signal obtained in two dinmensional freely bubbling fluidized
beds coul'd be further digitized and anal yzed by the conputer. This
techni que were developed in our lab to build a bubble inmge
collection system The conputerized bubble inmage collection were
used for classification and further analysis. To be nore specific,
the systematic sinmultaneous data takings were carried out,
including bubble size, bubble |ocation, bubble shape, bubble
velocity, local stress force's fluctuation in enulsion phase,
maxi num'solid force, etc., all of which behave very transiently.
Further all these transient data were anal yzed and shown as
function of time, the time interval being 0.033 sec. The
accumul ation of precisely analyzed above data could build nost
reliable argument on experimental facts, which should be one of the
most conprehensi ve experinental data describing the property of
transient bubble in freely bubbling fluidized beds.

3. Anal¥$is of transient behavior of bubble motion in freely
bubbl i ng fluidized beds.

Using the database constructed, statistical analysis was
carried out and a stochastic nodel was devel oped. Unlike nost
conputer nodels in the literature, this mdel could provide very
|nterest|n%, I nportant conclusion for a freely bubbling fluidized
bed under the standard fluidization condition.” (uy/u,=1.8 to 2.3,
H/Dt=1, fluidized particles of 1 nm spherical glass ggads).

- Bubble sizes were changing transiently sometimes very quickly,
sometimes |ess quickly by the way of coal'escence and/or splitting
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of adjacent bubbles or by the other way of the interaction between
t he bubbl es and the emul'sion phases. The above bubbling mechani sm
verified through experinments is significantly different from
classical two phase flow of Davidson. Note that” Davidson's nodel

only hold true for the bubbles injected into incipient fluidized
beds, in which the bubble size remained constant wth a constant

r|S|n% vel ocity. _ , _

« Bubble shape were changing very rapidly by the same nechani sm
expl ained for bubble size changes. "Anong the &adjacent bubbl es and
the emul sion phase there occur the intensive gas flow interaction
i nduci ng the bubble shape change ¢, (carman's Shape factor) in the
range of 0.8 to 0.1 in 0.067 sec. The classical assunption of
bubbl e cap shape could only hold true for the injected bubble into
the incipient fluidized bed.

« Bubbling rising velocity could change, e.g., from-0.4 nfs to
+2.0 m's in 0.067 sec. _ _

« The gas phase stress in the same vertical level at the half of
the bed height could change, e.g., 0.7 to 1.0 kPa in 0.3 second and
this stress value changed very transiently. .

« Al these transient changes coul d occur due to the transient
fl ow exchanges of ?as fl ow anmong adj acent bubbl es and/or of gas
flow from bubbles to the emul sion phase or vice versa. Sometimes,
a bubbl e coul d disappear into the emul sion phase and a bubble coul d
reappear from the emul sion phase. _

+ The effect of these transient behaviors of bubble on the
erosion rate of in bed tube in fluidizea bed was confirned
experinental ly.

4. The Study on Intrinsic Mechanism of Transient Mtion of
Bubbl es and Transi ent Behavior of the Emul sion Phase

The di sappearance of bubbles into the adjacent enulsion phase
was experimentally verified by Phptograp s and the sudden
generation of bubble from the enul sion phase could actually be
confirmed, which can not be explained by the classical two phase
flow model . The elucidation of these mechanism will experinentally
and theoretically be investigated by using an enulsion structure
nodel. The stfucture of ‘the enulsion phase could change
transiently, causing the transient notion of bubbles. The transient
structural” change of enul sion phase was experimental |y nmeasured.

5. Interpretation of the Capacitance Image of Transient
Bubbl e Mdtion in Three Dinensional Fluidized Beds

Through the acconplishments of 1 through 4, we could have a
deep insight to the transient bubble = motion. Then, the
interpretation of the capacitance inmage of transient bubble was
|nProved. Particularly we used these transient bubble data for the
better design and operation of fluidized conbustion system

6. Transient Bubble Mdtion in Crculating Fluidized Beds
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Based upon the accunul ated understanding on the transient
bubbl e motion described in 1 through 4, the transient bubble notion
of circulating fluidized bed was Investigated experinentally and
theoretically.  As experinment pieces of eqU|Pnent, two di nensi onal
circulating cold fiuidized beds was installed (10em(width) X 100cm
(height) X 1em (thickness)) together with a cyclone and a return
cycle system Because the fluidization conditions (flow pattern)
can be vitally inportant for the basic design of C|rculat|&g
fluidized beds, which has been missing in the past research.
found the inmportance of transient behavior In tinme averaged
particle density profile nostly reported in CFB. The wave |1ke
mofion of particle on the inside was of vessels seemto play a key
role.

7. Transient Bubble Mtion in Pressurized Fluidized Beds

. The transient notion of bubble will experinentally be neasured .
in a two dinensional pressurized fluidized bed (cold nodel,
pressure: s-10 atnospheres, size: 10ecm (W dth) X 100cm (height) X
lem (thickness)).

The approach and analysis of experiment will be in the same
way as described in 1 through 4. The transient bubble notion was
predicted fromthe gas phase tensor fluctuation.

8. Erosion Rate of In-Bed Tubes in Fluidized Bed at Anbi ent
and El evated Tenperature

An understanding of the transient behavior of the enulsion
phase was devel oped to assess the erosion rate of several materials
at anbient and el evated tenperature and devel op a predictive nodel
for erosion and conpare to the nmeasured erosion rates. T h e
transi ent motion and behavior of the emulsion phase in a
fluidized bed were neasured and characterized in a fluidized
bed at anbient and el evated tenperature. The erosion rates of
several specific materials with known nechanical properties were
measured at anmbient and el evated tenperatures in a fluidized bed at
several fluidization conditions.

LBing_ the neasured erosion rate, the nmeasurement and
under standi ng of the enul sion phase behavior, and the results of
the transition bubble and enul sion phase behavior (contract
original statement of work) a predictive nodel for erosion rates
wer e de%eloped and conpared to the nmeasured rates, show ng good
agreenent .
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2. EXPERI MENTAL METHCODOLOGY
2.1 Key Points of General Strategy for Conducting Experinents

~ (a) Based upon the considerations discussed in the precedin
section, we understand that the fundamental property difference o
bubbles in freely bubbling fluidizeda beds and that in incipient
fluidized beds iS that the bubbles in the fornmer case could
vigorously interact with each other and also with the adjacent
emul si on phase, while the bubble in latter case could not.
Therefore, the experimental confirmation and verification of these
facts is a significant goal

b) Now, to characterize the transient behaviors of bubbles,
we had to measure and record the size, shape and vol ume of bubble
bubbl e velocity, the gas phase stress in the emulsion phase at
specific locations, the erosion rate (cprrespondlnP to the maxinum
of solid particle's receiving stress) simltaneously, all of which
are verytransient and fluctuating. The tine interval of data
taking should be in the range of 30 to 100 m|liseconds. The data
acqui sitions needs to be well synchronized.

(c) The interpretationof averaging the transient phenomenon's
data must carefully be acconplished. “For exanple, the bubble sizes
and shapes changed on the order of 30 to 100 mlliseconds and
bubbles interacted very extensively with the adjacent enulsion
phase. Thus, the gas diffusion nodel used in the classical two
phase flow would not predict this behavior and be refornulated.

(d) The stochastic occurrences of some bubbling phenonena was
also a critical point to be considered for fluidization phenonena
using coarse particle, which can sonetime take place in rec. Under
certain constant fluidization conditions, we found there could be
stochasticaly two different t%pes of fluidization, Whi ch was naned
the one as "normal" and the other as "abnormal" fluidization. This
finding seems to be inportant because two different flow mechanism
could shift from one to the another f£luidization quite
stochastically.

~(e) The ‘pro and con’ of using two dinensional fluidized beds
was investigated using a new fluidization qual ity index of (aAp),
which will be explained in the follow ng section.

2.2 Experinental Apparatus and O hers

2.2.1 Fluidized bed systens _ o .

. For a systematic study of transient characteristics in coarse
article flui'dized bed syst'ems, the experinmental set-up as shown in
|?ure 2.2.1 was constructed. This set-up mainly consists of: (1)

a two dinmensional fluidized bed, (2) pressure sensors, (3) a tiner
(4) a video canmera, (5) anA/'D converter, (6) a desk-top computer
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The configuration of the experinental apparatus was designed
to study the fransient behavior of gas and solid particles by
utilizing: 1) transient pressure fluctuations, and (2) image
anal ysis techniques all together in a synchronized fashion. A TTL
signal box which sets the time was manufactured to achieve
si mul t aneous vi deo recording and data sanpling. This device was
connected to a tiner to provide on-screen timng.

The two di mensional fluidized bed was made of transparent
plexi-glass material with dimensions of 1.0 x 0.254 x 0.012 m The
dimensions of the three dinensional fluidized bed was 0.11 m|.D
X 1.50 min height. The gas distributors are netal porous plates
with an average pore size of 200 pm for both beds. The beds contain
enough vol umes under the distributor plates to provide uniform gas
flux. An advantage of two dinmensional beds was that it was verK
easy.to observe and record both phases which in turn yields hig
quality images.

There have been many met hods devel oped for the investigation
of fluidization. VariouS nethods such as differential pressure
probes and |ight probes have the disadvantage of probe interference
with the bubbles as they rose. On the other hand, the non-intrusive
met hods such as the X-ray nmethod do not interfere with the flow
I nside the bed. However, they have the follow ng di sadvantages: (1)
the picture is necessarily a silhouette and bubbl es behind or
partially behind another can not be distinguished clearly; (%2 to

enetrate to a bed of realistic thickness containing X-ray
ransparent material, quite high tube voltages are necessary; (3)
since the fluidized bed is a dynam c systemw th particle and
bubble velocities extremely high, a high X-ray flux density is
necessary to obtain an adequate response. Consequently, " the
utilization of two di mensional beds anong other nethods practically
becones advant ageous.

2.2.2 Pressure fluctuation measurenents .

Five equal ly spaced pressure tan were nounted horizontally
onto the fluidized bed for pressure fluctuation nmeasurenents. The
| ocations of these sanpling points were schematically shown in
Figure 14. The taps were connected to pressure sensors through
flexible plastic tubing. Validyne (Mdel P305D) pressure
transducers were used in the experiments. The DC output of these
pressure transducers was fed to an A/D converter and then to a
desk-top conputer for data acquisition and storing.

2.2.3._ Image capturing and anal ysi s .

The experinents were recorded by an RCA video canmera. The
recordings were then played on a TV set and the inages were
captured by using a Quick Capture frame grabber and a software
package. The tine interval between each inage was as small as 0.033
seconds.
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Figure 2. 3.2 Locations of pressure taps for pressure fluctuation
measur enment s
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After the conpletion of capturing, each imge was processed
and anal yzed by using d obal Lab Inage software. In this way, a
?onphfte dat a "bank conposed of inages and processed data was
or med.

2.2.4 Materials and Experimental Conditions

In the experinents, 1 nm spheri cal %Lass beads (u,=0.46 ni's)
were used as fluidized particles. Air supplied by a conpressor via
flowmeter Was the fluidizing medium Three different superficia
gas velocities (uy/u,~=1.8, 2.0, and 2.3) were utilized. In all the
experiments, the bed height was 0.25 m i.e., the bed aspect ratio
of H/D=1.0. The fluidization conditions used in the experinent were

named as I, |l and Ill in the follow ng way:
Experinental condition |: uy/U,=2.0
Experimental condition Il: UyU,=2.3
Experimental condition Ill: Uy/U,~1.8

2.2.5 Simultaneous data taking system for transient behaviors of
~bubbles in freely bubbling fluidized beds _ .

Conbining 2.2.1 t02.2. "4, the transient bubble behavior, i.e.,
the size, shape and volume of bubbles, bubble velocity, bubble
coal escence, disappearance, and/or reappearance phenonena could be
measured sinultaneously. Al the data taking was acconplished b
fonputers. Bubbl e i mages were anal yzed by the system of 'Globe La
mage’

2.2.6 Data organization system . .

The conprehensive data taking systens are sunmmarized in Table
2.2.1. Al of the data are synchronizingly taken by using TTL
signals at the neasurenent interval of 1/30 second for the periods
of several seconds. Nanely all the data could be obtained as the
function of tinme.

Throu?h the anal ysis and processing the originally obtained
data, the tollowng data were derived, as shown in Table 2.2.2

2.2.7 CGrculating fluidized beds

The two di mensional transparent circulating fluidized bed
(1000mm (he|ght? X 92nn1(madth? 1omm (thickness)) was installed,
u5|pg|spher|ca glass beads of 0.5 nmin dianeter as the fluidized
particles.

2.2.8 Hi gh pressure fluidized beds

The effect of elevated pressure on the behavior of transient
bubbl es was investigated using a two di mensional fluidized bed
under high pressure (1 to 4 atm). Al though the visual observation
IS not easy, the AAp, nmeasurenent is eas%. As we have a plenty of
data accunul ation between the transient bubble imge and aap,, in
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Table 2.2.1 The neasured data and their. physical meanings

Measured data . Physi cal meaning etc

(1) transient bubble images in | Overall view of transient
the 2-D fluidized bed as bubbl e images are provided in
function of tine the picture form

(2) bubble areas (volunme) and Bubbl e size and vol ume can be
perimeters as the function |calculated. Bubble coal escence

of time and splitting can be observed.
Bubbl e shape factor can be
obt ai ned.
(3) bubble centroids of X and bubbl e positions in the bed
Y (X horizontal, Y. can be provided, from which
vertical) as the function bubbl e velocity can be
of tine obt ai ned too.
(4) gray average as the This value should be related
?unction of time to the density of the enulsion

phase. But this was not used
for this work due to the |ack
of reproducibility.

(5) gas pressure fluctuation Measuring the gas pressure at
at_the half of the bed z=H,/2 at five different
hei ght as the function of oints |ocated horizontally.
tine he gas pressure differences

anmong these points show the
gas phase stresses in the
emul si on phase.

Table 2.2.2 Experinental data derived from the images of transient
bubbl es and ot her transi ent phenomena

a. Pressure fluctuation of gas phase at the five horizontally
| ocated positions, and transiently occurring gas phase
stresses in the enul sion phase

b. Analyzed transient bubble's properties, e.g., Cross
sectional area (i.e., corresponding volune) , roundness

(i.e., shape factor ¢.), bubble nmotion in horizontal and
vertical direction.

c. Bubble size (cross sectional area) versus vertical distance
fromthe gas distributor

d. Difference between nornmal and abnormal fluidization, whi ch
occurred quite stochastically from one type of fl uldlzatlon
to gnoﬁher or vice versa under the sane certain given
condi tion.
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two di mensjonal fluidized bed, we decide to neasure aap,, by using
two di mensional fluidized bed under high pressure (1 to'4 atm). The
behavi or of transient bubble can be predicted through the gas phase
pressure fluctuation.

2.2.9 Comparison of two and three dinensional fluidized beds

The conparison of two and three dinensional fluidized beds
were acconplished. As the two dinensional fluidized bed, we used
the same one shown in Figure 2.2.1. For the three dinensional
fluidized beds, the 4» cylindrical fluidized bed were used. To nake
the quantitative conparison, the (Aap)” ﬁthe transient gas stress

graotlnli ent existing between two points |[ocated horizontally) was
used.
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3. EXPERI MENTAL RESULTS AND DI SCUSSI ONS

In this section, results were presented and discussed with
respect to the follow ng works:

bed (A) Behavior of transient bubbles in two dinensional fluidized
eds.

(B) Behavior of transient bubbles in two dinensional
circulating fluidized beds. . , , o

(C) Behavior of transient bubbles in two dinensional fluidized
beds at el evated pressure (P=1 t0 4 atm). _ _

(D) comparison of transient bubble-behavior in two and three
di mensi onal fluidized beds.

3.A. Behavior of Transient Bubble in Two Dinmensional Fluidized Beds

The detail experinmental data of transient bubble behavior were
obtained in two dinensional fluidized beds by changi ng gas
velocity; i.e., under experinment condition | (Uy/U,~=2.0), under
experinent condition |l (uyu,=2.3) , and under experiment condition
[ 1l (uy/u,~1.8). Detail experinental conditions were described in
Section ﬁTZO Furthernmore, under the respective experinental
conditions, we found two different fluidization nodes, normal and
abn?TnFI fluidization, Which coul d coexi st stochastically in
paral | el .

Using the exanples of experimental condition of |, a basic
concept of normal and abnormal fluidization was discussed here. To
eval uate the transient bubble perfornmance, the gas phase pressure
fluctuation was measured by using pressure taps P, B, P, P,and P,
which located horizontally as shown in Figure 2.3.2. The gas phase
pressure at p, P, P, P,and p; were fluctuating as shown in Figures
3-AI1-1 t O 3-AIl-4.

From these figures, it is clear that the gas phase pressure
fluctuation patterns seem to be not periodical but signiticantly
stochastic. As already shown in Figure 2.3.2, the gas pressure
neasurenment points were located at the sane height horizontally.
Therefore, if it were in acordance with the classical Davidson’s
prediction, the pressure differences such as p,-p, woul d be zero in
fluidized beds. However, as shown in Figures 3-AI1-5 and 3-AIl-s,
the experinmental results indicated that there were verysignificant
gas pressure stress transiently existing between p, and p,. These
experinental facts indicated that there were a considerable
interaction among the transient bubbles and al so anong the |ocation
of the enul sion phase.

_ By reviewing Figures 3-ari-i1 to 3-ari-4, Wwe found two
different types of the gas phase pressure fluctuation patterns,
l.e., Wthin the time intervals of from t=2.0 seconds to t=3.0
seconds, of from t=12.7 seconds to t=14.7 seconds, and of from 17.7
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seconds to t=18.2 seconds, the gas phase pressure fluctuation
patterns were obviously different fromthe rest of time, which were
nanmed as “abnormal” periods. And the rest of the periods were
called as normal periods. It is very inportant to recognize that
there could be two different type of fluidization patterns
coexi sting under the same definite fluidization condition. The
effect of the difference of “normal” and “abnormal” fluidization on
t he behavi or of transient bubbles will be discussed |ater.

3.4.I Normal fluidization
3.A.I.1N Transient bubble imges

The transient bubble inmages under the experimental condition
| during the tinme interval of 1.46 seconds to 1.96 seconds (nornal

fluidization period) were shown in the chtures of fromPictures 3-
AI-N1 to Pictures 3-AI-N4, where respective pictures were taken at

the time interval of 1/30 second. here we coul d observe several

new phenonena, which no classical fluidization theory could
predict. Name ly, the transient bubble behavior could be
qualitatively summarized as foll ows:

_ Sa) Bubbl e can change its size in a very short period of tine
(in 1/30 second), thus there is a plenty of evidence that the
bubbl e can exchange gas wth the adjacent enul sion phase.

_ (b) Beyond the known coal escence and splitting, the bubble
di sappearance into the emul sion Ehase and the bubbl e reappearance
fromthe enul sion phase can take place stochastically under the
certain fluidized bed conditi on.

~(c) The shape of bubble can change also in a very short period
of time in the order of 30 mlliseconds.

(d) The motion of transient bubbles are transient and the
bubbl e nmotion velocity is transient and stochastic.

Al of the description on the transient bubbling phenonena
i ndicated significant difference fromthe classical reported bubble
characterisfics in the past literature. The transient bubble
properties were summarized in Table 3-Al-1 in terns of bubble size
(cross sectional area%, bubbl e positions in the beds, roundness,
and perineters. Although gray-average was obtained and can
potentially be correlated to the density of the enulsion phase, the
treatnment was not included to avoid any oversinplification.

3.A.I.2N The bubble size (cross sectional area) versus tinme

The growth of bubbles in terns of the bubble's residence tine
(Oto 2 seconds) is shown in Figures 3-a12-N1 and 3-AI2-N2. From
these Figures, the bubble size growth was not at all straight
forward nor constant in the freely bubbling fluidized beds.
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Therefore, the well know Davidson’ s bubble r|S|ng sgeed equation
(Ug=const X (gD)%) can only be applicable to the bubbles injected
Into the incipient fluidized beds but not to the freely bubbling
fluidized beds.

3.A.I.3N The bubble roundness versus tine

The shape of bubbles was traditionally considered to be the
so-cal | ed bubbl e-cap shape. The experinental results of roundness
of bubbles of bubbling imges described were analyzed and shown in
Fi gure 3-AI3-N1 and 3-AI3-N2, |nd|cat|n? that the roundness of
bubbl es were fluctuating in_the range of from0.1 to 0.8 in terns
of carman's shape factors. These new experinmental facts indicated
potentially the intensive exchange of gas between bubbl e and
enul sion phases, which would effect the mass transfer nechani sm of
bubbles in reactors.

3.A.I.4N Vertical distance of transient bubbles fromthe gas
distributor versus tine

~ The vertical distance of transient bubbles fromthe gas
distributor is shown in Figures 3-AI4-N1 and 3-AI4-N2 as the
function of time in the time range of Oto 2 seconds. From these
figures, the bubble splitting and coal escence schemes, and bubbl e
di sappearance and reappearance schemes could well be visualized.
The bubbl e r|S|n% velocity’s changes could also be obtained from
t he sl ope of bubble nmoving |ines.

3.A.I.5N&6N Transi ent bubble's noving velocity

The effective velocities of transient bubbles in freely
bubbl i ng fluidized beds are shown in Figures 3-AI5-N1 and 3-AI5=-N2
nthe time range of Oto 2 seconds. It is extrenely interesting
t he bubbl e velocity reached sonmetines as fast as 2.0 to 3.0 ni's
before coal escence, while the mean velocity was approximately 0.4
to 0.5 m's. -The bubble velocity in horizontal direction is also
shown in Figures 3-a16-N1 and 3-AI6-N2 in the tine range of Oto
2.0 seconds. It is surprising that the horizontal velocity could
{each as fast as 3.0 m's, which was not known in the past
iterature.

3.A.I.7N Bubble size écross sectional area) versus the vertica
di stance fromthe gas distributor

The data of bubble cross sectional area vs. vertical distance
fromthe gas distributor are shown in Figures 3-a17-N1 and 3-AI7-
N. The tigures indicated that there were intensive bubble
interaction in the lower half portion of fluidized beds. Only at
the high portion of the fluidized beds, the bubble interaction
becones negligible in case of coarse particles's fluidization.
Therefore, 1 f the bubbling phenonena may be observed on the top of
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fluidized beds, the understanding of bubbling phenonena will be
very nuch msled, which happened frequently in the past classical
research (Davidson, 1962) .

3.a.1 Abnormal fluidization period
3.A.I.1.AN The images of transient bubble behavior

The transient bubble imges under the experimental condition
| during the abnormal fluidization period (t=1.99 to 2.5 seconds
were shown in Pictures 3-AI-aN1 to 3-AI-an4. Using these origindl
data, the analysis was carried out and the results were summarized
in Table 3-Al-2. The basic data of transient bub '?;ﬁ in terns of
bubbl e cross sectional area and perineter, ubbl e position

roundness etc. were calculated by conputer processing of transient
bubbl e i mages.

3.A.I.2-7.AN Characteristic properties of transient bubbles

The cross sectional area of transient bubble at the tine range
of t=1.00 to 2.00 seconds are shown in Figures 3-a12-aN1 and 3-AI2-
AN2. The roundness (carman's Shape factor ¢, of transient bubbles
is shown in Figure 3-ar3-aN1. The vertical distance of transient
bubbles fromth-e gas distributor was shown asthe function of time
in Figure 3-a14-aN1. The effective velocity and horizontal velocity
of transient bubbles are shown respectively in Figure 3-ar5-aN1 and
3-AI6-AN1. The bubbl e size (cross sectional area) versus vertical
distance fromthe gas distributor is illustrated in Figure 3-ar7-
ANL

3. Al Conparison of “abnormal” and “normal” fluidization

To conpare the "abnormal® and “normal” fluidization nodes, the
statistical analysis were made under the experimental condition of
Uy/U.~=2.0. Wth respect to the relation between the bubble size
(the cross sectional area) and the vertical distance position from
the gas distributor, the difference could be found as shown in
Fi gure 3-a18-N and Figure 3-a18-aN. |t indicated that the bubble
Interaction prevails generally nore intensive at the bottom portion
of fluidized bed during the normal fluidization period and the
interaction prevails nore widely all over the entire bed during the
abnormal fluidization period. "The figure’s results show the same
tePdency as the figures of Halow et al.’ (1992) for bubble rising
velocity.

The di sappearance of transient bubbles in the axial direction
of the bed was nore widely distributed in case of abnormal
fluidization period than that of “normal” period as shown in.
Fi gures 3-aI19-N&aAN. The regul ar disappearance of transient bubbles
was prevailing more in case of “abnormal” fluidization period as
shown in Figures 3-ario-n&anN. The splitting of transient bubbles
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Figure 3-AI1-1 Gas phase pressure fluctuation vs tine at the
points of P, to Ps; | ocated horizontally in freely bubbling
fluidized bed

3.500 1

3.000 t | .-

N

o
o a1
o )
o ()
4

1.000 1

Pressure (kPa)

0.500 ¢

0.000 | : e =
5 6 7 8 9 10
Time (Second)

Figure 3-aI1-2 Gas phase pressure fluctuation vs tine at the
points of P, to Ps | ocated horizontally in freely bubbling
fluidized bed

217




10 11 12 13 14 15
Time (Second)
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Fi gure 3-a11-4 Gas phase pressure fluctuation vs time at the
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| ui di zed bed
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Time =001.59 Time = 001.63

Time =001.66 Time = 001.69

Picture 3-aI-N2  Transient bubble imges under the
experimental condition I (normal period)
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Table 3-Al-1 Analysis results of bubbles of nornmal period (t=1.46
to 1. 96 second)

Time Bubble Ar ea CentroidX Centroidy Perinmeter Roundness G ay Av%
(Sec.) Num (sg.mm) (m) (nmm (m) (0-1) {0-25

1.46 0 757.98480 128".19740  31.64916 262.08080 .13863 118. 97480
1.46 1 73. 54625 91. 04838 48. 58946 50. 92088 . 35650 142. 31110
1. 46 2 518.27660 176.76480  47.26087 180.04070 . 20095 152. 04650
1.46 3 1125. 26900 38. 53781 58.13962 280. 46480 . 17980 178. 16510
1.49 0 904.89010 119.22270 45.70610 166. 78980 . 40883 136. 98430
1.49 1 114. 92020 85. 77701 54.86755  47.28096 . 64611 136. 35070
1. 49 2 703. 07520 173. 86590 54.88888 119. 13360 . 62260  175. 73850
1.49 3  1303.16500 39. 25438 72.51084  149. 22260 . 13556 195. 03920
1.53 0 181.33250 123.52370 26. 15600 86. 94102 . 30152 124. 01810
1*53 1 766.42180 173.97210 54.48424 242.34200 . 16402 178. 24130
1.53 2 927.43370 108. 89820 52.09116 294. 44640 . 13445 138. 83130
1.53 3 1376. 43800 41.06693 77.52248  295. 70800 . 19784 195. 14270
1.56 0 151. 61520 23. 80035 27.87499 52.09882 . 70207 83. 73476
1.56 1 885.19480 175. 13580 59.17074 151.97100 . 48172 173. 64520
1.56 2 1602. 07400 113. 90960 52.92244 277.36100 . 26174 125. 90190
1.56 3 1476. 39500 41. 25291 85.24398 183. 25770 . 55254 187.47790
1.59 0 256. 98020 21. 60868 31.10891 68. 14832 .69548,  101. 34040
1.59 1 62. 05603 79. 74240 61. 16703 32. 28639 . 14822 101.08770
1.59 2 2843.75200 138.04220 64.74783 372.02440 . 25824 143. 01400
1*59 3 1568. 85700 40. 76988 90.82612 182.62340 . 59123 182. 68140
1.63 0 280. 26340 20. 33475 37. 05495 76. 49039 . 60207 109. 03880
1.63 1 2938.56500 133.49240 75. 34269 395. 25670 . 23640  162. 82590
1.63 2 1811. 19200 42.37941 96.79077 234.10820 . 41535 177.15940
1. 66 0 286. 73360 22. 18057 44.31070 70. 97865 . 71534 119. 20830
1. 66 1 151. 67500 200. 50640 71.77863 61. 29846 . 50733 107. 76900
1. 66 2 4714.39300 91. 94113 92.90891 515.77810 . 22273 178. 31300
1.69 0 272.53600 21. 77635 51. 66669 70. 96844 . 68012 129. 05180
1.69 1 29.50302 157.79670 71.76381 20. 88264 . 85030 91. 62963
1.69 2 67.77301 167.24600 74. 99024 35. 60286 . 67199 90. 74194
1.69 3 4485.62900 84.08313 103.32810 432.20680 . 30180 189. 43090
1.73 0 60. 12606 133. 23900 23. 79485 40. 82132 . 45349 82.07273
1.73 1 49.65776 102. 48140 25. 78672 42.26184 . 34944 84. 85714
1.73 2 250. 97540 20.09748  32.08859 70. 74332 . 63031 . 98. 08658
1.73 3 265. 90290 20. 20209 61. 73237 83. 24939 . 48223 112. 60410
1.73 4 4799.71200 90.80795 110.71260 408.66210 . 36122 191. 81240
1.76 0 35. 05045 170. 37860 23. 33739 26. 13294 . 64505 84. 25000
1.76 1 291.21020 126.81260 26. 72952 89. 21809 . 45982 118. 19510
1.76 2 67.63754 97. 89463 30. 66306 38.40845 . 57626 102. 90320
1.76 3 575. 60150 20. 31178 43.44190 107.66450 . 62412 124.61320
1.76 4 156. 71580 13. 54564 72.04762 62. 92591 . 49744 117. 89620
1.76 5 42.78714 15.51339 108. 62050 31. 19426 . 55265 96. 48101
1.76 6 4723.99900 100.16190 118.62030 381.09620 .41130 194. 62960
1.79 0 63. 52813 170. 93860 24. 49941 40. 93369 . 47652 89. 27586
1*79 1 140. 15100 96. 95670 35. 88733 51. 21520 . 67156 124. 21010
1.79 2 639.55910 122. 83050 30.93231 113.97240 . 61882 138. 00340
1.79 3 847. 25400 21. 69733 58.53999 118. 90500 . 75319 150. 58680
1.79 4 5152.54700 107.79160 129.43140 369.63100 . 47398 181. 86700
1.83 0 51.48168 172. 84950 29. 29486 37. 15190 . 46878 88. 17021
1.83 1 1115. 48900 112.71680 40. 36090 165. 60960 . 51118 155. 43540
1.83 2 1004. 35300 21. 66484 67.77531 135.24980 . 69009 162. 62880
1.83 3 5543.64500 115.09100 143.34320 389.94790 . 45820 178. 32660
1.86 0 71.15919 164. 73230 32. 64220 50. 51989 . 35042 95. 64616
1*86 1 1753.60500 112.23110  45.89026 250. 88530 . 35016 154. 80940
1. 86 2 1008. 95600 20. 96735 74.38495 145, 31820 . 60051 161. 63010
1.86 3 6434.69800 118.43400 158.14840 428.61380 . 44022 176. 45500
1.89 0  2367.15200 112.62600 55.90033 225. 65880 . 58426 172. 79030
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Figure 3-AI2-N1 Volune of transient bubbles vs time under
experimental condition | (normal period)
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Table 3.AI-2 Analysis results of bubbles of abnorma
(t=1.99 to 2.49 ¢y

Time Bubbl e Ar ea
(sec.) Num (sa. mm)
i.99 0 98. 64099
1.99 1 621. 66470
1.99 2 32. 74750
1.99 3 27. 82472
1*99 4 875. 29090
1.99 5 3638. 98500
1.99 6 213.89710
1.99 7 10389.11000
2.03 0 141. 91630
2.03 1 669. 82450
2.03 2 838. 94720
2.03 3 4016. 20600
2.03 4 189. 91780
2.03 5 11206. 38000
2.06 0 58. 55061
2.06 1 236. 49480
2.06 2 143. 00920
2.06 3 281. 48140
2.06 4 672. 89660
2.06 5 30. 31862
2.06 6 652. 58780
2.06 7 4177. 31100
2.06 8 140. 42480
2.09 0 245. 66480
2.09 1 567. 43330
2.09 2 131. 51600
2.09 3 1242. 61000
2.09 4 499. 76300
2.09 5 4417. 66000
2.13 0 29. 58362
2.13 1 62. 48108
2.13 2 1235. 20900
2.13 3 1369. 29900
2.13 4 63. 98414
2.13 5 152. 19870
2.13 6 4627. 93900
2.16 0 163. 03710
2.16 1 110. 68900
2.16 2 1160. 51200
2.16 3 1417. 82100
2.16 4 31. 38741
2.16 5 4914.76600
2.19 0 122. 02670
2.19 1 50. 32154
2.19 2 112. 31860
2.19 3 1421. 21400
2.19 4 1410. 38200
2.19 5 5260. 59800
2.23 0 49. 95177
2.23 1 180. 52080
2.23 2 192. 78210
2.23 3 1701. 66600
2.23 4 1381. 47200
2.23 5 100. 95120
2.23 6 5792. 15600
2.26 0 68. 26991
2.26 1 83. 67880

186.49680

34.
126.
125

23
118
242.
127.
188.

35.

26.
120.
243.
124.
155.
122.
190.

33.

36.

7.

33.
121.
247.
154.
123.
195.

36.

37.
122.
190.
203.
131.

39830
89200
44580
62350
82280
49260
80690
43410
03491
64107
02090
27470
06760
64480
48710
82010
07855
54419
13575
64832
18870
53660
40970
01210
36120
86009
81252
84770
81940
10310
05960

. 97557
. 10457
. 86991
. 78900
. 15790
. 54590
. 27270
. 87778
. 09161
. 23190
. 77870
. 99980
. 98630
. 61580
. 23867
. 08930
. 88463
. 20910
. 97240
. 56990
. 52448
. 48742

79990
99440
50290

(i,
25.80304

36
49
58
91.
92
286.
231.
31.
45.
96.
106.
291.
255.
21.
24.
35.
35.

32
36

52

23128
87798
02802
41013
89096
21200
99170
71515
20169
62968
96290
71090
44370
58755
93639
61913
00856

. 70935
. 29912
. 47700
. 72060
. 55870
. 98106
. 18212
. 29529
. 04765
. 04760
. 80170
. 92497
. 713315
. 71781
. 15500
. 14920
.45190
. 62390
. 05394
. 62161
. 17699
. 95444
. 11330
. 80210
. 83850
. 96125
. 90533
. 51559
. 92780
. 97590
. 12363
. 59631
. 51106
. 46357
. 15552
. 77290
. 01170

13442
47552

peri od
Roundness
(mm, (0-1)
61.84720 . 32411
188. 58270 . 21971
29. 94948 . 45886
28. 94407 L 41744
220. 96340 . 22532
435. 34840 . 24132
116. 06550 . 19955
732.24430 . 24352
47.55036 . 78886
128. 67670 . 50846
128. 56280 . 63796
264. 30520 . 72257
77.42519 . 39816
559. 94260 . 44921
34. 66965 . 61223
69. 31815 .61860
51. 33634 . 68201
72. 05490 . 68142
126. 83740 . 52571
20.61718 . 89648
126. 91080 . 50925
283. 38910 . 65860
60. 79832 CA7744
132. 48750 . 17590
185. 25290 . 20781
118. 66250 . 11739
265. 52470 . 22152
229. 06460 . 11971
464. 66550 . 25715
48. 55060 . 15774
60. 44419 . 21494
394. 17940 . 09992
264.52630 . 24595
67.60713 . 17594
108. 29760 . 16310
541. 75520 . 20102
113. 16360 . 16001
73. 75988 . 25570
234. 33050 . 26563
271. 98970 . 24088
25. 56499 . 60360
510031950 . 23908
91. 69562 . 18241
41. 45108 . 36810
66. 53548 . 31887
286. 02600 . 21834
311. 37500 . 18283
575. 34780 . 20122
40. 68551 . 37929
92. 64282 . 26435
118. 36490 . 17294
323. 42150 . 20446
280. 71540 . 22034
78.32318 . 20683
547.81610 . 24257
46. 02678 . 40503
67. 14803 . 23325

Centroid X Centroid Y Perineter
(mm

G ay

Avg

(O 256)

104.
141.
93
83
161.
205
131.
202.
113.
154.
150.
207.
119.
206.

120
112
118
161.
81.
150
205.
129.
105.
148.
111.
163.
138.
204.
82.
102.
148.
174.
117.
107.
203.
121.
105.
177.
191.
97.
203.
108.
108.
132.
179.
192.
204.

126.
110

181.
194.
103

204.
126.

96

54440
08390
56667
60784
75360
59990
73030
66100
16600
82400
53880
18210
99430
44170
. 93458
06470
03830
73740
47700
39286
88540
62380
72090
03340
77190
46670
72470
07370
21050
44444
42110
97040
51390
59320
66550
81980
86580
11880
51080
06510
31035
36470
95960
10870
32190
82100
38640
69340
. 65218
57580
36360
66530
17290
24060
98040
89600
. 52287
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. 14685
. 82250
. 71600
. 04900
. 50820
. 44233
. 07600

. 02620
. 28226
. 86514
. 55940
. 36820

. 72700

. 54200
. 12630
. 40200

. 96590
. 38910

. 74950
. 90700

. 57800

. 04588
. 96400

. 04450
. 69380

. 12624
.07700

. 52600
. 52857

. 13550
. 31880
. 14467
. 54200
. 27178
. 85240
. 21500
. 14800
. 38387
. 50490
. 68280
. 65140
. 86100

. 32735
. 85674
. 82370
. 25510
. 70230
. 41500

14.
194.
126.

51.

15

11.
114.
128.

15

20.
129.
188.
125.

52.

12.
113.

20.
129.
179.

55.
120.
. 52874
111.
128.

22.

10.
100.
112.
139.
128.

25.

14.
100.
176.
138.
. 85572
100.
177.
136.
. 59499

36.
105.

17.
174.
135.

33.

41.
108.

96861
14730
87620
41009
16228
98865
67540
60540
99627
19766
74000
31060
15400
59044
11404
13020
93057
47350
70460
15605
91170

95010
88380
87514
69582
44270
22820
06970
97260
20042
33155
44450
10200
73900

65310
05620
73810

39706
93210
61994
73200
40350
82453
69198
76020

112
107
264.
23
51.
49
114.
116.
24.

55
127.
29
39
42
62
137.

37
46
51.

152
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. 54271
. 55558
. 42049
. 97196
. 94260
. 81690
. 32950
. 10753
. 64279
. 83582
. 85155
. 29872
. 60938
. 10570
. 97980
. 11460
. 67878
. 12284
. 17551
. 28820
. 09251
. 92860
. 19110
41777
. 98017

64870
23310
82870
60970
66600
38231
86820
15730
48978

. 88632

98644
94260
11918
25116
19755
03725
62430

. 44282

36067
27753
02683

. 17636

35550

. 89150
. 25030
. 13990
. 62790
. 70100
. 26366
. 89990
. 38993
. 41533
. 55359
. 25897
. 73000

. 61870

. 22530

. 21743

. 29450
. 09680
. 21520
. 16344
. 36570

. 85200
. 74166

. 22510
. 67992
. 65260
. 64238
. 35830
. 38160
. 33558

. 93396
. 81580
. 30363
. 85010
. 35258
. 82904
. 58230
. 70980
. 91820
.77175
. 80862

. 67480

. 59440
. 97037

. 54187

. 14355
. 40500
. 89080
. 31440

. 20059
. 11371
. 20634
. 21071
. 16466
. 17319
. 29909
. 50145
. 40808
. 17251
. 40044
. 17242
. 22473
. 11230
. 27316
. 19947
. 24618
. 34899
. 34925
. 09448
. 26989
. 34986
. 23655
. 29048
. 19269
.15097
. 10294
. 27553
. 37877
. 38188
. 18717
. 10096
. 12608
. 15480
. 38589
. 17257
. 10640
. 48614
. 39632
. 34923
. 09777
. 15721
. 21960
. 52336
. 30126
. 14438
. 13229
. 16594

91. 60000
109. 33690
183. 54150
185. 40210
102. 37890

86. 25806
207.90740
123. 32530

84. 69863

87.90000
132. 44810
112. 15780
196. 97210
172. 53140
121. 88600
208. 66840
110. 59890
163. 25040
137. 43380
181. 46150
200. 50570

92. 92308
213. 51690
123. 44250
128. 84900

99. 43307
190. 32420
214. 45030
100. 15380

98. 69231
125. 17690

85. 78641
190. 59100
101. 40500

119.18120

133. 21960
186. 34860
109. 89770
140. 15660
123. 01360
136.41390
184. 76190

73. 44444
110. 92040
137. 40480
149. 35390
149. 42620
202. 53680
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along the vertical distance at "normal" and "abnormal" fluidization
period is shown in Figures 3-AI11-N AND 3-aArii1-aN. Al|l the
experinental data showed that the interaction of bubble was nore
intensive during the abnormal fluidization perjod of tine than that
of the normal period of time. This finding of stochastically
existing two types of fluidization pattern provide a new
fundamental insight into fluidization.

3.|AII_&I_II Nor mal and abnormal fluidization at vari ous gas
vel oci ti es.

The systematic data taking was carried out under the
experinmental conditions of Il (uy/u,=2.3) and Il (u,/u,~=1.8) in the
same way as those done for the experinental condition | (Uy/U,=2.0)
Narmel y, the transient bubbles inages are shown in Pictures 3-a1i-i
under’ experimental condition II, and Pictures 3-arir-i under
experimental condition I11. The sunmmary of analysis results of

bubbl es are shown in Tabl e 3-a1I-1 under experinmental condition I

and Tabl e 3-a11I-1 under experinental condition IlIl. The data of
the cross-sectional area of bubbles versus tine under the
experinental conditions of Il and |Il are shown in Figure 3-AII2-N1
and Figure 3-arir2-Ni. The data of roundness of transient bubble
versus time are shown in the Figure 3-aAII3-N1 and 3-AIII3-N1
respectively. The vertical distance of transient bubbles as the
function of tinme are shown in Figure 3-AIT4-N1and3-AIII4-N1
respecti velg. The effective velocity and horizontal velocity of
transi ent bubble are shown in Figures 3-A1I5-N1 and 3-AIIIS-N1 and
Fi gures 3-a1Ie-N1 and 3-AIII6é-N1 respectively. The coal escence
mechani smis difference at normal and abnormal fluidization period
under the experimental condition Il and Ill are shown in Figures 3-
AII7-N AND 3-AIIr7-aN and Figures 3-AII8-N and 3-AIII8-AN
respectively. These results showed that the coal escence of
transi ent bubbl es at normal fluidization period occurred nore

intensively at the lower part of the bed than those at abnornal
fluidization peri od.

3.8. Two Dinensional G rculation Fluidized Bed

_ A two_dinensional transparent circulating fluidized bed
was installed. The fluidized bed vessel was 92 nmin wdth, 10 mm
in thickness and 1000 nm in height. The fluidizing particles were
spherical glass beads with the average dianeter of 0.5 mm The
m ni num fluidization velocity of this particle was 22 cm/sec, The
experiments were carried “out under the follow ng velocity:
Up/U=24.0 (U=5.29 m'S), 20.5 (U,=4.51 n'lsg and 17.0 (Um=3.73 m'S)
Wth he correspondi ng bed heights of 85 nm 135 nm and 255 mm
respectively. The two dinensional circulating fluidized bed
equi pnent provided unexpectedly very clear inmge, showi ng the
special characteristics of this type of fluidization. Experinents
0 Up/Un=24.0 and 20.5 show " typical steady circulating
fluidization. The experinent of uyu,=17.0 shows a wave-|ike
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Tabl e 3-a11

Time Bubbl e
(Sec.) Num.
0

.49
.49
.49
.49
.49
.53
+53
.53
053

GO O UIRWN MO~ hwNpRpOoSWNE

1T Analysis results of bubbles under exverimental
condition Il (t=0.49 to 0.59 second)

Ar ea centroid X centroid Y Perineter
(Bq. mn

78.26%01 ZOthEQQO 8%?21278 igm%7733
2347. 52400 32. 05880 65. 28387 238. 05910
3373. 46700 148.88070 72.96529 299. 33380
886. 88750 18. 78264 147.12270 158.04760
6397. 24400 104.25850 168.81590 439.07900
161. 27770 156. 42330 42. 74915 86. 73518
37.75367 202.85400 86. 31258 46. 06813
2704. 76400 33. 50809 79.01783 333.73650
4039. 72900 136. 30400 93.98793 506. 02650
534.97510 17. 42146 160. 92240 143.01620
29. 41667 200.46440 202.35790 30. 80099
7611.54200 109.38730 186.39710 922.98370
33.76254 231.66330 256.46140. 32. 21667
251. 45600 139.60010 26. 25151 121.04560
113. 04390 149.07290 65. 67955 81. 75181
85.80753 180. 92520 88. 94839 76.17107
2689. 83400 31. 28771 86.03149 320.63900
392. 69830 14. 20274 167.07700 157.18690
14021. 49000 115.48680 172.90280 1668. 14500
55.52728 234.55850 269. 34440 40. 40245
60. 17941 142.83800 9. 30136 66. 53780
766.68120 139. 77900 35.49643 197.01110
2420. 59700 30. 79823 94. 06792 323.02980
184. 68030 10.59214 169.97100 85. 05309
17234. 49000 114.94230 190.73130 1451.81800
313.28130 235.14210 294.28320 198.59590
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Roundness

(o

-1)
39542

. 52063
. 47320
. 44625
. 41705
. 26944
. 22358
. 30522
. 19828
. 32874
. 38970
. 11229
. 40882
. 21570
. 21258
. 18587
. 32884
. 19976
. 06364
.42751
. 17084
. 24826
. 29156
. 32087
. 10277
. 09983

G ay

Avg.

(O 256)

92.
185.
200.
157.
191.
104.

95.
204.
195.
145.

91.
191.

95.
106.
100.

89.
208.
123.
186.

96.

97.
165.
205.
113.
182.
110.

65734
86960
49260
64270
77240
44070
68116
50300
83130
17980
92593
20560
03226
83480
33820
92357
80000
60110
96800
19608
78181
56240
26140
11700
34720
83330
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Tabl e 3-a11T1  Analysis results of bubbles under experinental
condition Il (t=0.49 to 0.59 second)

Ti me Bubbl e Area centroid X Centrojid Y Perineter Roundness Gay Avg.

(Sec.) Num (sq. M) (m) (m) (m) (0-1) (O 256)

o 49 0 99. 37926 20. 91567 35. 34586 47.21238 . 56037 93. 50819
.49 1 39.92069 161. 68600 46. 03307 31.58971 . 50279 116. 02740
.49 2 555.70920 137.84910 33.85022 123. 95740 . 45455 145. 39630
o 49 3 27.82371 121. 39910 53. 31796 26. 79902 . 48692 77.09804
.49 4 227.79650 98. 73789 50. 72731 85. 46259 .39199 145. 45930
.49 5 298. 82820 28. 11324 81. 95090 74. 77041 . 67182 153. 45920
.49 6 2524. 21600 116.11100 135.64500 241.48450 .54403 172. 75920
.49 7 353. 25900 16. 72626 176. 28580 97. 75130 . 46466 129. 24460
.92 0 111. 83800 22. 34581 45.13594 64. 36861 . 33926 118. 74760
.92 1 38. 27355 162. 96660 52. 58002 33. 75721 . 42213 102. 48570
.52 2 1117.71600 118.76120 53. 02041 326. 25110 . 13198 152. 57300
.52 3 310. 07390 24.68243 89.69714  148. 04240 . 17782 151. 14340
.52 4 2781. 05500 112.91480 150.76210 367.26930 . 25913 167. 41070
.52 5 298. 56400 12. 58566 183.15770 173.37880 . 12483 129. 82280
.95 0 94. 46224 24.25288 49. 02662 58. 22005 . 35027 125. 44830
.55 1 45.92910 163. 89460 55. 16701 44. 49615 . 29156 85. 80952
.55 2 1238. 15500 113.20720 60. 65569 360. 23930 . 11992 155. 94980
.55 3 286. 71590 23. 65194 91.74124 150. 62820 . 15883 142. 75610
.95 4 3030.10100 111.67400 159.85060 363.42880 . 28833 171. 58180
.55 5 292.01100 11.39707 184.13520 125.00040 . 23489 138. 18480
.98 0 220.79720 137.25080 27.58438 68. 90353 . 58451 125. 04950
.98 1 78. 70734 26. 56037 55. 91574 34.09126 . 85118 119. 82070
.98 2 32.25636 166.49190 60. 00721 26. 61392 . 97237 92. 91525
.58 3 1235. 79900 110. 04550 71. 14351 166. 44560 . 56064 182. 98590
.98 4 292. 05180 21. 33417 97. 38242 89. 32969 . 46000 127. 20220
.98 5 295. 26460 12. 45105 188. 51910 74.18017 . 67440 122. 44970
6

3331.85400 113.67110 171.33940 269.51900 . 57648 175.70270
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a) U,/U,=24 .0 _ b) Uy/Up=17 .0
Figure 3.B.1 Images of circulating fluidized bed at different gas
vel ocity
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circulation. As shown in Picture 3. B.1, the enulsion phase was
pretty much diluted at gas velocity of Uyu,=24.0. No bubbles are
observed. G rcul ating was not continuous but 1n a wave-like manner.

For gas velocity of Uyu,=17.0, typical bubbles were observed.

Picture 3..2 shows typical images obtained at gas velocity of
U,/U,=20.5 at the time interval of 0.0333 second. Wile keeping the
st eady C|rculat|nﬂ fluidization, bubbl es can still be observed at

| ower region of the fluidized bed. The residence tinme of particle
in the fluidized bed seens to be in the range of 2 to 9 seconds
under the fluidization velocity of 3.5 to 5.5 m's, using the 0.5 mm
| ass beads as the fluidized particles. Although many papers have

een published in relation to circulating fluidized beds, these
sets of pictures have not been seen in the past literature.

To characterize the filuidization condition, we neasured the
transi ent qas pressure fluctuation at various |ocations of the two
di mensi onal fluidized beds. Three sensors were used. The pressure
from the three sensors were simultaneously neasured and
synchroni zed with video inmage using TTL signal. The results are
given as follows (refer to Figures 3.B.1, 3.B.2 and 3.B.3):

(a) The gas pressure fluctuation (Aar) increases fromthe top
of the bed towards the bottom of the bed. In other words, the
hi gher the concentration of particles of a specific location, the
hi gher the (aap),.

_ﬂb) Wth respect to the gas velocity, the higher the gas
velocity, the lower the (aap),. It is interesting that the
circul ating fluidized bed can be 'stabilized by increasing the gas
vel ocity, judging fromthe values of (aap),. Furthernore, the |
C|rﬁu”at|ng fluidized beds will be nore stabilized by using fine
particles. _ _ _ _

(c) The average circulation rate and residence tine for the
above experinments are:

_ . At.U=s.29 m's, circulation rate is 2.84 kg/rein, residence
time is 1.74 seconds. _ . . _ _

_ _ At u=4.51 m's, circulation rate is 2.60 kg/rein, residence
time is 4.47 seconds. _ _ _ . _

_ _ At Uu=3.37 m's, circulation rate is 2.48 kg/rein, residence
time is 8.01 seconds.

The pressure signals were further analyzed by Power Spectrum
of Frequencies. Discrete Fourier Transform of blna”y pressure data
{ln volts) were conputed with a fast Fourier transformalgorithm

he power spectral density, a neasurenent of the energy at:-various
frequencies was al so computed for these pressure signals. Results
show that the power density has higher values at |ow frequencies (
<5), The powder density curve appears to have a peak at a |ow
frequency (around 2 to 3) for the signals from bottom sensor. But
for the signals obtained fromthe top sensor, the peak of the power
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dednssit g)urve moved very close to zero (See Figures 3. B.4, 3.B.5
and 3. B. 6).

3.C Fluidization Pressure Effect on the Transient Behaviors

_ Transi ent bubble notion in pressurized fluidized bed was
investigated by neasuring the stochastic gas phase pressure
transient fluctuation in the bed. A two dinensional fluidized bed
uni t floo mm X 500 mm X 12 nmm) was installed in a pressurized
vessel to acconplish a pressurized fluidization. The fluidized
articles are 1 mm gl ass beads. The gas distributor is the same as
he one used for anbient pressure two di mensional fluidized bed.
Thedlfl_uidization condi tions were maintai ned under the follow ng
condi tions:

U,/U,~=1.8, 200, 2.3
P=1 t0o 4 atm
Bed aspect ratio=1.0

?I ass beads with dianeter of 0.5. were used, which have the v, as

ol | ows:
0.46 ms at 1 atm
0.38 mMls at 2 atm
0.33 ms at 4 atm

Because a lot of experinmental data of transient pressure
fluctuations and images have al so been accunul ated for anbient
pressure conditions, “transient bubble notion under pressurized
conditions be predicted by c_orrﬁarl ng the pressure fluctuations at
the experinmental condition with the corresponding ones at anbient
pressure. Figure 3.c.1 gives the pressure fluctuations under
di fferent operating pressures at Uy/U,=2.0. It can be seen that the
pressure fluctuation under the pressurized conditions and al so
under the sanme fluidization condition (Uy/U,=2), the bigger the
?ressure fluctuation (AAP),, the higher the pressure. The noti'on_of

he solid Hoartlcles got better in higher operation pressure. The

pressure effect on the gas pressure fluctuation could be observed
fromFigure 3.c.1.
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3.0 Conparison of Two and Three Dinensional Fluidized Beds
3.D.1 comparison.of two and three dinmensional fluidized beds

The di scussions of tw and tgr?e di rren?l onal féuidize.d be
have a pretty long history, and frequently two dinensiona
fluidized bed was criticized due to its wall effect. However, there
has been no quantitative conclusion. Through the study of this
work, we found a very interesting index of fluidization, !.€.,
transient gas stress in the enulsion phase (aAp)¥, which was defined
the transient pressure difference between two points horizontally
| ocated. The theoretical neaning of (48P)" can be interpreted as the
intensity of transient bubble iInteraction. Wen a few gas bubble
are injected into an incipient fluidized bed, the aAP* should be
zero. (AAap*=0 is the assumed oversinplified condition of classical
two phase flow theory.)

Now (aAP)* was experinentally neasured in three dinmensional

fluidized bed rn.10m 1. D.) and in a two dinensional fluidized bed
height 1-00m X width o0.254m x thickness o.012m). The AAPf in three
| nensi onal fluidized bed is shown in Figure 3.p.1 and the AAP* in
the two dinensional fluidized bed is shown in Figure 3.p.2 and
Figure 3.p.3. In case of three dinensional fluidized bed, the
pressure difference bgt,ween t he ?enter and wall of the vessel was
defined as (aap*), and in case of two dinensional fluidized beds,
(P-P;) and (P,~Ps) were defined in Figure 2.3.2. Although some wall
effects were observed in two dinmensional fiuidized beds, the basic
behavi or of aAp* seems to be substantially conparable for the cases
under which the experiment was conducted. Judging from those three
figure's results, the transient bubble interaction intensity was
found to be not nuch different each other so that the wall effect
of two dinensional fluidized bed should not be very critical.

20 l

H/Da-ﬂ
-5t AL

I 1 A1 L
5 6 7 8 ] 0
TINE (SECONDS)

Figure 3.p.1 Pressure difference between two horizontal points
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3.D.2 Rel ati on between (44P),, AND (AAP)* .,

As the physical neaning of (M?) #was clarified in the
preceding section, the physical neaning of gas phase pressure
fluctuation between bed center against outside atnosphere aap
shoul d al so be defined.

~ A cylindrical fluidized bed with a diameter of 108 nm and
hei ght of 1500 mm was used. A sintered plate with average hole
opening of 150 wm was |ocated at the bottom of the bed as the gas
distributor. Air is introduced through the porous distributor as
fluidizing gas. The fluidized particles used was gl ass beads of
averaged dianeter of 1 mm (particle density: 2.49 g/em®; m ni mum
fluidization velocity: 0.46 ms).

Pressure fluctuation was taken by differential pressure
transducer (validyne P305D) which had ‘two input channels and

Broduces an output vol tages proportional to the pressure difference -

etween the two input channel's. During the neasurenent, pressure
Qrobes were inserted into the specific locations of interested.
hen pressure fluctuation signals were sent through the pressure
transducer and A/D convertor into conputer for storage and
anal ysis. An | BM PC conputer was used for pressure fluctuation data
acqui sition and processing. The data acquisition system has the
capability of storing up to 20,000 data points at any sanpling rate
between 10 to 28,000 Hz. It could store the data to a floppy disk.
The maxi mum response frequency of the transducer used in thi's study
was 200 Hz. From preI|n1nar¥ experiment  measurement, t he
appropriate sanpling rate was 100 Hz and sanpling time was 60
second in order to get reproducible and representative data.

Two nethods taking pressure fluctuation were used during the
experiment. One nethod was to detect the pressure fluctuation at a
single point, e.g. , at center of the cross section of the fluidized
bed. The other nethod was to nmeasure two horizontal points pressure
difference, e.g., between the center point of the cross section of
the bed and the point at wall. Then the analyzed results obtained
by these two nmethods were conpared. Two vertical positions were
used to neasure the pressure fluctuation described above. One
position was at the bottom of the bed, i.e., close to the gas
di stributor i1Z/H=0). The other position was at the mddle of the
hei ght of the fluidized bed (z/H=0.5). The bed aspect ratios (HD)
were chosen as follows: 1.0, 2.0 and 3.0. The gas velocities
(U,/U,) used are: 1.3, 2.0 and 2. 4.

. Figure 3.p.4 shows the pressure fluctuations of two horizontal
points at wall and center of the cross sectional area. The
experimental conditions were the bed aspect ratio of 2 and neasured
at the mddle position of the bed height (z/H=0.5). W coul d see
that the intensity of pressure fluctuation increased as the
superficial gas velocity increased.
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Previously Kono (Kono et al., 1989) devel oped a novel
techni que using transient pressure fluctuation to correlate the
maxi mum transient forces in fluidized beds. LBIH% fracture
sensitive sensor particles, the relationship was found between the
maxi mum transient force and the maxi mum pressure fluctuation. The
maxi mum of transient gas pressure fluctuation MP, which
reF[esented the intensity of pressure fluctuation or the transient
solid particle force, could be calculated taking the difference
bet ween transi ent hlﬁhest gas pressure and transient |owest gas
pressure follow ng the above hl?hest pressure. Figures 3.p.5 and
3.d.6 show the superficial gas ve OC|t¥ effect on maxi mum pressure
fluctuation. It could be seen clearly that for different bed aspect
ratios the higher the gas velocity the higher the maxi num pressure
fluctuation. Figure 3.p.5 is for case of tw horizontal points.
Figure 3.p.6 is for the case of single point neasurement, which
shows the same tendency as Figure 3.p.5. Figures 3.p.7 and 3.D.8
present the bed aspect ratios effect on the maximum pressure
fluctuation for both single point and two horizontal point
measurenent at different superficial %as velocity. Like the gas
velocity effect, the bed aspect ratio had the sane effect on the
maxi num pressure fluctuation. \Wen high bed aspect ratio was used,
the higher maxinum pressure fluctuation was observed and hence the
hi gher transient solid particle force was prevailing in the
fluidized bed.

_ Results of maxi mum pressure fluctuation nmeasured by two
di fferent nmethods, i.e., single point _measurement and _two
horizontalpoint neasurenent, are shown in Figure 3.D.9. The
horizontal pressure fluctuation was very significant. The maxi mum
?ressure fluctuation by two horizontal point nmeasurenent was found

0 be approximately 1/2 of the maxi num pressure fluctuation by
single point pressure fluctuation
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4, ERCBEIDg\I: AN | NDEX TO THE TRANSI ENT MOTI ON OF SOLIDS | N FLUIDIZED

4.1 Introduction

One of the inportant aspects of fluidization iS its stochastic
nature: the behavior of gas and solid particles in fluidized beds
is fully transient. These transient characteristics are nost
Inportant to describe the basic features of fluidized beds which
have not been taken into consideration in past classical
fluidization research. A vital consequence of the transient solid

articles notion is the so-called erosion phenonena which has
requently been a major operational problem

As is well accepted, the assessnment and prevention of the
erosion of in-bed tubes is a critical engineering problem
especially for the design of fluidized bed combustors. However,

t here has” been no practical answer nor quick renmedy for this

problem On the other hand, 1in _view of engineering science
research, the erosion phenonenon is interesting because it can
provide a very inportant picture of Intrinsic fluidization
mechani sms.

The objective of this study was to develop a predictive nodel
for the erosion rates of different in-bed tube materials in
fluidized beds. The approach consists of the follow ng three na{or
steps: (1) developnent of a working nodel by assumng that the
erosion rates, defined as erosion index (1) , should be a function
of the maxi mum forces of solid particles which are in transient
motion in the fluidized bed and the mechani cal properties of tube
material and the fluidized particles, (2) measurenment of both the
erosion rates of several different in-bed tubes under various
fluidization conditions and the maximum force of solid particles;
(in these experinents, the nechanical properties of the test tupes
and fluidized particles are intentionally changed by selecting
different materials), (3) introduction of an erosion rate equation
with a dinensionless erosion characterization nunber based upon the
principles of solid state fracture theory, (4) The effect of
el evated tenperature on the errosion rate, i.e., first by the
change of properties of materials and secondly by the change of the
maxi mum force prevailing due to the change of tenperature.

In general, the removal of materials froma solid surface by
the action of hitting solid particles is terned as erosion.
Therefore, erosion rates of in-bed tubes are affected by: 1) the
properties of the in-bed tube nmaterial such as tensile strength,
modul us of elasticity, etc; 2) the properties of fluidizead
particles such as particle size and size distribution, shape
factor, etc.; 3) operating conditions such as fluidizing velocity,
tenperature and pressure

In the early stages of the devel opnent of fluidized bed
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t echnol ogy, researchers did not pay too much attention to erosion

However, ‘as larger scale equipment and |arger capacities handling
coarse solid particles were utilized, a severe wear of in-bed tubes
was encountered. Thus, detailed studies on erosion becane necessary
particularly in relation to fluidized bed combustors. Sone
researchers (Lyczkowski and Bouillard, 1991; Ding and Lyczkowski,
1992; Nesic and Postlethwaite, 1991) proposed erosion nodels that
aimed to describe both solids and gas transient nmotions. O hers
(Levy et al., 1992 and Frinnie, 1972) approached the probl em
experimental Iy by nmeasuring the erosion rates of in-bed tubes under
certain operating conditions with specific scale and configuration.

_ Despite the volum nous published literature, it has still been
I mpossible to at |east explain the erosion phenomenon conpletely.
As a consequence, it is difficult for engineers to design a

fluidized bed wWith mnimzed erosion problem

In this study, a unique characterization nmethod was deveIoPed
to assess the “erosion rates of in-bed tubes. Unlike the
conventional erosion measurenent nethods that consider only weight
| oss or diameter change and operating tine, this method defines an
erosion rate index considering surface area, weight loss of in-bed
tubes and operating tine.

~ The characterization nethod of the maxi num transient forces of
solid particles in fluidized beds was first devel oped by Kono et
al. (1987). They presented that there is a correlation béetween the
mexi mum of gas pressure fluctuation and the maxi nrum force
preva|l|n? in a fluidized bed. Here, that method was further
|nProved or the erosion study. The maxi num force concept was
refined to take frequency into account. |n other words, the average
of the top five maxi mum forces, Wwhich takes both the maxi num and
the frequency into account, was used for the assessment of the
transient forces of solid particles as an index for erosion.

Systematic studies were carried out in a 4“ rectangular
fluidized bed to study the relationship between erosion rates and
the peaks of the transient forces of solid particles in fluidized
beds. Three different kinds of netal tubes with well defined
tensile strength (o) and nodul us of elasticity (ﬁ) were used. They
are copper, alumnum (alloy) and stainless Steel. By considering
the tensile strength and nodulus of elasticity together with the
peaks of the transient forces of solid particles, a characteristic
erosion function was introduced. This function was found to have a
good correlation with the erosion index. Cbnsiayently, the
prediction of in-bed tube erosion rates was achieved when the peaks
of the transient forces of solid particles and tube materi al
properties are known.

To investigate the effect of fluidization particles on the
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erosion index, two different particles were used, silica sand
(6,=1.1 nM and glass beads (4,=t. Omm) . As a result, silica sand
particles caused .more intense erosion than glass beads. This
conclusion was included in the predictive equation qualitatively b

consi dering the material properties and geonetrical factors o

fluidized particles.

The maxi mum forces in the peripheral direction around the
surface of the in-bed tube were also neasured and anal yzed. The
position of the probe on the tube surface in the radial direction
were changed from 0° to 180° in increnents of 45°. At each of the
five probe locations (0°, 45°, 90°, 135° and 180°) the peaks of the
transient maxi num forces were neasured under different fluidization
conditions. Results show that the maxinum forces (expressed as the
?&grage of top five maximum forces) reached the nmaxi num val ue at

The erosion rate distribution along the |ongitudinal direction
of the in-bed tube was al so neasured. Accordingly, the maximm
erosion occurred at a point close to the center of the tube. Both
edges experienced |esser erosion

These conclusions indicated that the local erosion rate could
be predicted by neasuring the l[ocal maxinum forces. Furthernore,
the transient fmotion of solid particles in fluidized beds was found
to be inportant for the assessnent of maxi num forces.

4.2 Literature Review

Fl ui di zed beds commonly contain immersed naterials such as
heat transfer tubes, dip legs, probes, etc. Due to the transient
forces of solid particles caused by the bubble and particle notion,
t hese i mmersed objects experience severe wastage especially under
continuous operations.

Forces on imersed objects in fluidized beds were studied by
several investigators. Bordet and coworkers (1968) neasured the
kinetic energy of particles and the collision frequency against a
wall_ey a smal | piezo-electric crystal m crophone Inmersed in the
| i quid fluidized bed. Their experinental results were used to
explain sone wall mass transfer properties in fluidized beds.
However, this nmethod was reported to have some technical
difficulties as applied in gas-solid fluidized beds.

_ N%uyen and Grace (1978) reported that the net buoyancy force
I nposed on an immersed object in a fluidized bed can be estinated
by Iakln% the particul ate phase density equal to the bed density at
m ni num Tluidization. By synchronizing the photographic filnms” and
pressure fluctuations on the surface of subnerged tubes, they also
concluded that the bubbles passing imersed objects cause transient
forces leading to tube vibrations.
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Kennedy, Donovan and Trigas (1981) used strain-gauge | ocal
cell to measure the external forces inparted by the bed material on
tubes in a fluidized bed pertinent to the structural design of
heat - exchanger tube systens. They reported that the |oad cell” data
support the view that "the force pulses on the tubes are produced by
the passage of bubbles. They also suggested that the forces on the
tubes are the result of an inpulse caused b% the transfer of the
?Dgﬁntun1of a body of solids in the wake of the bubble striking the

ube.

- Grace and Hosny (1985) neasured vertical and horizontal forces
using externally-mounted strain-gauge force transducers for three
bare tubes and one finned tube In fluidized beds. They concl uded
that static forces domnated at | ow gas fl ow rates, while
bubbl e-i nduced pul ses beconme dom nant at high flow rates.
Vertical forces tend to be nuch larger than horizontal forces. They
al so proposed a sinple mechanistic nodel for the prediction of the
root - mean-square forces and of the variation of these forces with
superficial gas velocity, tube size, and particle properties.

Meijer and coworkers (1986) used a |iquid fluidized bed to
study particle inpact against bed colum. They reported that the
Maxwell-Boltzmann vel ocity distribution appeared not to be valid
when the values of conparatively |ow velocity inpacts were
i ncl uded. They also reported that the nean perpendicul ar velpcjty
at inpact was about a factor 10 times |ower than the superficia
fluid velocity at a porosity of 0.8

I'n the work of Nieh et al. (1991), the in-bed tube erosion was
studi ed experinentally by usi ng wax cylinders. The usage of
erosi on-prone_tubes permited to obtain erosion data in a short
time period. They investigated the effects of tube arrangenment and
flow conditions. As a result, they concluded that under the sane
conditions, the weight |loss of "horizontal tubes is naxinmm
fol lowed by inclined tubes and vertical tubes. They al so showed
that when the tube is placed close to the distributor, the erosion
rate increases rapidly due to high velocity jets.

Sone researchers concentrated on developing model s both for
the hydrodynami cs and erosion in fluidized beds (Bouillard and
Lyczkowski, (1991); Ding and Lyczkowski, (1992)). In these” detail
model s, however,” only the fluidizing conditions were taken into
account. The nechanical properties of the in-bed naterials were
di sregarded. Nevert hel ess, the(fredlctlons were conpared with
I&nlteg experinmental data an

obt ai ned.

A novel approach came from Kono et al. (1987, 1990) in which
three experinmental nethods were devel oped to neasure the transient
forces of solid particles in fluidized beds. In a recent study by
t he same ?roup 1990), the effect of bed configuration on'the
transient forces were also presented. The nost inportant conclusion
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of these studies is that the transient forces of solid particles in

fluidized beds which are solely responsible for he erosion

Erenpnﬁnon can be eval uated through the nmeasurement of pressure
uct uations.

4. 3 Experinental
4.3.1 Evaluation of t he force

Conventionally, erosion rates of in-bed tubes have been
measured by placing the tube in a fluidized bed for a long tine
under the defined conditions. Accordingly, the application of-these
results are rather limted and restricted to the specific
experimental conditions.

Kono et al. ( 1987) described an experinental technique for
measuring the transient forces of solid particles in gas-solid

fluidized beds. The neasurenment of these forces was acconﬁlished by -
C

the use of fracture sensitive tracer particles of known nechanica

strength. Then, the maxi mum of the measured forces ( F,) was
correfated to the maxi mum of the pressure fluctuations (AAp,,) as
shown in Figure 4.3.1. This correlation suggests that througﬁxthe
measurenent of pressure fluctuations at a point in a fluidized bed,

one can evaluate the maxinum force prevailing at that |ocation. The
correlation equation was given as:

,\0-7088
i’“& 1.2842 {%] (1)
-4

To apply this technique to the erosion rate study, the maxi num
force concept was further elaborated by taking the frequency of the
maxi mum forces into account. It is assumed-that there e-Xists a
threshold of transient forces that determnes the erosion rate. The
transient forces exceeding this threshold shoul d cause wast age.
Then, the top five maxi num pressure fluctuations were neasured at
a sgeC|f|c | ocation in the bed and averaged. This value is assumed
to be the force (through Figure 4.3.1) responsible for material
wast age.

4.3.2. Erosion rate index

. Erosion rates are_generallg reported as wei ght |o0ss (or the
di aneter change of the in-bed tube) per hour in the literature. To
eneralize the erosion results, the erosion rate index as a
unction of weight loss, area and tine was defined in this study

as: _ Aw
T= 5 (2)
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where | has the units of (kg/m¥/hr).

Since erosion is a fracture Process occurring on the tube
surface caused by the collision of solid particles that are in
transient nmotion in the bed, it follows that the erosion index is
afunction of: (1) the nechanical properties of the in-bed tube
such as its tensile strength and nodulus of elasticity, (2) the
roperties of fluidized particles such as particle size, shaﬁe
actor, tensile strength, etc., (3) the operating condition of the
fluidized bed such as gas velocity, tenperature, pressure, etc.
Consequent |y, by Qhangln%]these.paraneters experinentally, it is
possible to I nvestigate the erosion phenomena.

To cover a wde range of nechanical properties, three tubes
(al um num al | oy, copper and stainless sLeeIP were sel ected. These
test tubes are 1/2" in diameter and 4 in l[ength. The nechanica
properties of aluminium all oy, copper 122, and 304 stainless stee
were summarized in Tables 4.3.0a to 4.3.0c. These tubes were used
for elevated tenperature tests.

Table 4.3.0a Tensile Strength and Young’s Mdulus for A um num
Al l oy eo61-T6 at Different Tenps

Tenperatures (“F) Tensile Strength Young's Modul us

75 310.2 *10°kPa 74.5 *10° kPa
200 268.0 *10° 71.7 *10°
300 234.4 *10° | 70. 3 *10¢

| 400 131.0 *10° | 68.9 *10°

I 500 51.7 #10° 67.6 %108

I 600 31.0 *10° 66.2 *10°

| 700 ° 20.7 *10° | 62.7 *108

" 800 | 58.6 *10f
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Table 4.3.0b Tensile Strength and Young's Mddul us for Cooper 122
at Different Temps

Temperatures (“F) | Tensile Strength iYounq's Modul us
75 228.6 *10°kPa 114. 4 *10% kPa
212 202.7 *10° 118.6 *10¢
300 189.1 *10° 108. 2 *10¢
400 173.6 *10° 102. 0 *10¢
550 149. 3 *10° 89. 6 #*10¢
700 121.0 *10° 74.5 *10¢
850 90.9 *10° 55. 2 *10°
925 76.5 *10°
1000 56.1 *10°
1100 43.2 *10°

Tabl e 4.3.0c Tensile Strength and voung's Mydulus for 304 Stainless
Steel at Different Tenps

Tenperatures (“F) Tensile Strength Young's Mbodul us
85 586 *10°kPa 199. 9 *10% kPa

300 489 *10° 190.5 #10%

600 427 *10° 175.9 *10°

750 414 *10° 169. 6 *10°

900 392 *¥10° 162. 7 *10°

1000 371 *10° 158. 6 *10°

1100 336 *10° 153.7 *10°
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Tochange the properties of fluidized particles, silica sand
and gl ass beads were used. Silica sand is very irregularly shaped
and has a mean dianeter of 1.1 mm @G ass beads, on the other hand,
are spherical with a diameter of 1 mm The m ni nrum fluidization
velocities of silica sand and glass beads are 0.76 and 0.46 m's,
resgectlve[y. Size distribution of particles were checked after
each experinent so that constant average particle dianmeter could be
mai nt ai n_ed.IThe results showed that attrition and | oss of particles
were mnimal .

~ The operating condition of the fiuidized bed was chanqed by
using different “superficial gas velocities. In nmost of the
experiments vu,/u, values were 1.5, 2.0, 2.5, and 3.0. In assessing
t he fiuidization particle effect, however, u,/u, values were 1.50,
2.00, 2.21, 2.94, 3.68, and 4.42. The tenperature was changed in
the range of 25 to 400 “C.

_The experinental apparatus is shown in Figure 4.3.2. It nainly .
consists of a 4" X 4" plexi-glass fluidized bed wth a porous (200
um) netal distributor plate, an imrersed thin pipe for the
measurenment of pressure fluctuations, a validyne (Mdel P305D)
pressure sensor, an A/D converter and a desk-top conputer for data
acquisition and storing. For elevated tenperature experinent, 4°
cylindrical quartz fluidized beds were used.

Ni trogen was used as a fluidizing mediumto avoid the netal
surface oxidation. It was supplied to the system by a conpressor
Vi a flowmeter.

4.4,  Experinental Results and Di scussions
4.4.1. Effect of tube material

One of the inportant factors in the erosion phenomenon is the
nmechani cal properties of in-bed tubes. To investigate this effect,
three different in-bed tubes (alumnum alloy, copper, stainless
steel; each 1/2” in dianmeter) were tested under tcpe foll owing
experinental conditions: 4" x 4vsquare fluidized bed, U,/U,=1.5,
2.0, 2.5, and 3.0. Fluidized particles were silica sand (irregular
in shape) with d=1.12 nm The bed height was 8". PreSsure
fluctuation neasurements were also conducted to evaluate the
maxi mum force of solid particles. The in-bed tube and the pressure
probe | ocations are shown in Figure 4.3.3.

Firstly, the pressure fluctuation data as a function of U,/Uy

was anal yzed to obtain the top five maxi num pressure fluctuations
and averaged to get aaAp,,. These values were plotted in Figure
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Figure 4.3.2 Experimental set up for erosion tests.
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Figure 4.3.4 Relation between the maximum pressure fluctuations
and the dinensionless gas velocity.

4.3.4. Therefore, Figure 4.3.4 establishes the relationship between
maxi mum pressure fluctuations and dimensionless gas velocity.

Secondly., the erosion index was evaluated for all the
experiments. The detailed data and | values were tabulated in
Tables 4.3.1 to 4.3.3 for different tube materials. The eraosion
i ndex values as a function of aap, is shown in Figure 4.3.5. As
can be seen, there is a good correratlon between the erosjon index
and the maxi num pressure fluctuation, It I's possible to interpret
these results by noting that aap, is actually the maxinum force
(i.e., Figure 4.3.1) exerted by the solid particles during their
transient notion in the fluidized bed. Thus, as the maximum force
increases, the anmount of material eroded per unit area per unit
time also increases.

On the other hand, the amount of erosion is different for
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Table 4.3.1 Erosion Index Data (Aluminum Alloy)
D=15.80 mm L=48.30 mm A,=23.97cm’ = 2.397x10°m?

=
U,/U,, 1 2 3 4 5 total
| 9.850E-5 | 7.648E-5 | 9.387E-5 | 8.344E-5 | 8.344E-5 | 9.039E-5
30 | aw 0.017 0.0044 0.0054 0.0048 0.0048 0.0364
t 72 24 24 24 24 168 ||
| 3.477E-5 | 5.389E-5 | 6.605E-5 | 6.605E-5 | 5.447E-5 | 5.041E-5 ]
25 | AW || 0.006 0.0031 0.0038 0,0038 0.0094 0.0261 |
t 72 24 24 24 72 216 |
| 3.592E-5 | 2.781E-5 | 3.687E-5 | 4581E-5 | 2.177E-5 | 3.443E-5
20 | aw || 0.0062 | 0.0016 0.0019 0.0028 0,0012 0.0137
t 72 24 215 255 23 166
| 1.564E-5 | O.869E-5 | 0.869E-5 | 1391E-5 | 6.953E-5 | 1101 E5
1.5 AW [ 0.0027 0.0005 0.0005 0.0008 0.0012 0.0057
t 72 24 24 24 72 216
Table 4.3.2 Erosion Index Data (Copper)
D= 15.85 mm L= 101.30 mm A,=50.442 cm’= 5.044x10°m?
f U, /Ups I 1 2 3 4 5 total
1 | 2206E5 | 20.988-5 | 218585 | 1755E5 | 19.49E-5 | 18.055E-5
30 |aw | o.0m 00254 | 00270 | 00208 | 0.0236 0,153
t " 7 24 245 23.5 24 168
I || N/A 11.68E-5 | 9.75E-5 | 8.76E-5 | 8.95E-5 | 9.806E-5
25 | Aw N/A 0.0277 0.0118 0.0106 0.0325 0.0826
t N/A 47 24 24 72 167
I | 4.048E-5 | 4520E-5 | 5430E-5 | 5.121E-5 | 3.910E-5 | 4.410E-S
20 | Aw || 0.0049 0.0057 0,0063 0.0062 0.0138 0.0369
¢l 2 25 23 24 70 166
1 | 2460E5 | 1.980E-5 | 2.310E-5 | 1.817E-5 | 1.625E-5 | 1.947E-5
15 AW || 0.0032 | 0.0022 0.0028 0.0022 0.0059 0.0163
el 2 22 24 24 72 166
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Table 4.3.3 Erosion Index Data (Stainless Steel)

D=15.80 mm L=50.90 mm A=25.26 cm’= 2.526x10°m?
U,/U,, 1 2 3 4 5 total
| 3.299E-5 3 .464E-5 3.629E-5 3.629E-5 2.639E-5 3.323E-5
3.0 AW 0.060 0.0021 0.0022 0.0022 0.0016 0,0141
t 72 24 24 24 24 168
I 2.584E-5 3.629E-5 2.969E-5 1.979E-5 2.584E-5 2.676E-5
2.s AW 0.0047 0.0022 0,0018 0,0012 0.0047 0.0146
t 72 24 24 24 72 216
I 1. 375E-5 0. 825 E-5 2.025 E-5 2.018 E-5 1.549E-5 1.502E-5
2.0 .\ Y 0.0025 0.0005 0.0011 0,0013 0.0009 0.0063
t 72 24 21.5 255 23 166
I 8.248 E-6 4.949E-6 1.650E-6 6.598E-6 2.749E-6 1.502E-6
1.5 AW 0.0015 0*0003 0.0001 0.0004 0.0005 0.0028
t 72 24 24 24 72 216

Table 4.3.4 Mechanical properties of test tubes.
Modulus of Elasticity (kPa)

Tensile Strength
(kPa)

2.76 x10°

Copper 1.17 x 108
Stainless Steel 2.09 x 108 5.76 x10°
Aluminum Alloy 7.05 X 10’ 2.90 x10°
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Figure 4 .3.5 Erosion index versus maxi mum pressure fluctuations
for the in-bed tubes.

different materials, as expected. The increase in the erosion rate
I's more severe in the case of copper than in stainless steel. This
material dependency can be explained by referring to the mechanica
properties of the tubes. The tensile strength and nodul us of
el asticity values for the test tubes are listed in Table 4.3.4.
From the experinental erosion data, it is possible to develo? a
predi ction equation which includes the nechanical properties o

the test tubes. Figure 4.3.6 shows the plot of the erosion index
correlation and the resulting prediction equation is:

| = 12,039 |2A%mx E (3
o%
In this equation, | has the units of kg/m!/hr and correlation

coefficient was found to be 0.99. Fromthis equation F, can be
calculated by using the reported result of Kono et al. (1987) and
correlated as shown in Figure 4.3.7. For this case, the correlation
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Figure 4. 3.6 Correlation between the erosion index and aap,,.

coefficient is 0.97 and the equation becomnes:

2
| = 35083, 11 fmuE (4)

[

_ It is inportant to note that the term ((aap,, E)/o2) iS a
di nensi onl ess nunber which represents both the properties of the
in-bed tube material and the maxinum force. This nunber is called,
here, as the dinensionless erosion characteristic number. o
Figure 4.3.7, asthe erosion characteristic nunmber increases, {RE
erosion rate index also increases. Wth the I}FIB of this
correlation, the prediction of erosion rates of in-bed tubes can be
achi eved when AAp,,, and E and o, of the material are known.
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Figure 4.3.7 Correlation between the erosion index and the
di nensi onl ess characteristic erosion nunber.

4.4.2. Effect of fluidization particles

To investigate the particle effect on erosion rates
experiments were carried out by using glass beads (d4=1 M. The 4
X 4" square fluidized bed was utilized wth a copper test tube. The
di mensi onl ess gas velocity values were u/u,=1.50, 2.00, 2.21,
2.94, 3.68, and 4.42. The bed height was again s".

The erosion data was tabulated in Table 4.3.4. In Figure
4.3.8, the erosion index was plotted as a function of the maximum
pressure fluctuation for silica sand and gl ass beads.

From Figure 4.3.8 it can be seen that silica sand caused
consi derably higher erosion rates than glass beads. Thus, the
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Table 4.3.4 Erosion Index Data (Copper) with glass beads.
D=15.85 mm L=101.30 mm A=50.442cm’= 5.044x10°m’

U /U 1 2 3 4 5 total

I 9913 E-5 | 1.050E-4 | 9.252E-5 8.591E-5 | 8.447E-5 | 8.963E-5
4.42 AW 0.0120 0.0127 0.0112 0.0195 0.0409 0.0963

t 24 24 24 45 96 213

I 4956 E-5 | 5.617E-5 | 6.856E-5 | 7.600E-5 | 6.749E-5 | 6.419E-5
3.68 AW 0.0060 0.0068 0.0083 0.0092 0.0016 0.0463

t 24 24 24 24 47 143

I 2.643E-5 | 3.056E-5 | 3.800E-5 2310E-5 | 2913E-5 | 2932E-5
2.94 AW 0.0032 0,0037 0.0046 0.0028 0.0169 0.0312

t 24 24 24 24 115 211

I 2.230E-5 | 3.220E-5 | 2.230E-5 1.652E-5 | 2.279E-5 | 2316 E-5
221 AW 0.0027 0,0039 0.0027 0.0020 0.0050 0.0163

t 24 24 24 24 435 139.5

I 9.087E-6 | 1.189E-5 | 1.074E-5 | 9.494E-6 | 9637E6 | 9913 E6
2.00 AW 0.0011 0.0015 0.0013 0.0034 0.0035 0.0108

t 24 25 24 71 72 216

I 4.130E-6 | 7.209E-6 | 4.506E-6 1.950E-6 | 1.652E-6 | 3.284E-6
1.50 AW 0.0005 0.0008 0.0005 0.0007 0.0002 0,0027

t 24 22 22 71 24 163 |

effect of different fluidized

However ,

that both particles have
tensile strength values (
significant difference, then,

silica sand is very irregular
resul ted higher erosion rates (note that the glass bead particles
ssible to state qualitatively

are spherica
) be in the formof:

t hat

Therefore, .
he erosion rate equation wil

It Is

I = const ant
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Figure 4. 3.8 Effect of fluidized particles on the erosion index.

where Ny, is a dinensionless particle characterization nunber and
it n;af%nctlon of fluidized particle properties such “as the
tensile strength, shape factor, etc.

4.4.3. Measurenment of maxinmum forces in peripheral and |ongitudina
tube directions

, For the measurenment of the maximumforce in the peripheral
direction, a special test tube was constructed. The pressure probe
was |ocated on the surface of the test tube from its inside. For
each experinment, this tube was rotated inside the bed so that the
maxi mum force can be neasured at 0°, 45°, 90°, 135°, and 180°. The
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| ayout of these |ocations are shown in Figure 4.3.9.

Top of the t UDE

Conter on the curve Det ween
top and side ( 45 degrees from
the top )

Side of the tube ( 90
degrees from the top)

Cent er on the curve between
ide and bottom (135 degrees
from the top )

Bottom of the tube ( 180
degrees from the top)

Figure 4.3.9 Peripheral nmeasurenent points on the in-bed tube.

In the experinments, silica sand (d,=1.1 mm) was utilized
her with copper sanple tube. The bed was 4" X 4" square and
ed height was 8", as dinensionless gas velocities U,/u,~1.5,

, 2.5, and 3.0 were used.

Figure 4.3.10 shows the maxi num pressure fluctuation versus
the degrees fromthe top of the tube as a function of dimensionless
as velocity. As can be seen, up to u,/u,=2.0, there is not so much
ifference’in the maxi mum pressure fldctuafion values. However,
starting fromu,/u,=2.0, the maxi mum pressure fluctuation val ues
becone higher at 90°, 135° and 180°. at u,/u,=3.0, AAP,, reaches a
maxi mum at 135°. This neans that at high gas velocities, at 135° and
because of symmetry at 225°, there will be higher material wastage

conpare to other peripheral points.

_Erosion rate  distribution was also measured in the
l ongi tudinal direction of the test tube. For this furpose, five
alumnumrings were installed as shown in Figure 4.3.11. During the
experinents, these rings were weighed separately and the erosion
i ndex was cal culated accordingly.
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Figure 4.3.10. Distribution of maxi mum pressure fluctuation al ong
the peripheral direction of the tube.

As fluidized particles, silica sand was used (d4,=1.1 mm). The
bed was 4" x 4" square and bed hei ght was 8. Only u,/u,=3.0 was

enpl oyed.

"Results were plotted in Figure 4.3.12 as a function of
| ongi tudi nal tube distance. As can be seen, the general tendency is
that the maxi mum erosion rate is near the tube center, and it
decreases towards the walls. This is probably because of the fact
that the tube center experiences nore-bubble-activities and since
each bubbl e wake has a stronger inpact on the tube, the erosion
rate obtained was higher. This observation was also reported in the
recent literature (Levy et al., 1992).
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Figure 4.3.11 Tube rings for the neasurenent of erosion rates in
| ongi tudi nal direction.

The effect of tenperature on the maxi mum pressure fluctuation
(AAP),,. IS shown in Figure 4.3.12.

The errosion rates of in-bed tubes with the specified
properties , e.g., aluminium_alloy 6061-T1, copper 122, or 304
stainless steel” (refer to Tableés 4.3.0a to 4.3.0c), can be
expressed also in the same way for which we devel oped the
predictive equation, i.e.,

I=11 .687 (AAP,, Eg2)2 (6)

the experimental results were shown in Figure 4.3.14. The key words
used in Figure 4.3.14 were shown in Table 4.3.5. As seen in Figure
4.3.14, when the (aap)_,, can be neasured at plant site, and the in-
bed tube's mechanical properties are provided as the function of
tenperature, the errosion rate_of in-bed tube at a known elvevated
tenperature can be predicted. This results could be practically a
very useful information to design and operate all the types of FBC
systens. Using this relation the reverse way, in view of
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Figure 4.3.12 FErosion index in the longitudinal direction of the
i n-bed tube.

fundamental scientific view point, the prediction of nmaxi num gas
ressure fluctuation can also be acconPllshed by an errosion test.
urther as there is the relation o x and AAP* (gas stress

gradient), we can detern1g&] q$ | nt n3| 0 Pubble |nteract*
in the émulsion phase, | C Cou a use u teriron tor

fluidization.
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To sunmarize the results, we can draw

1) By inproving the method devel oped by Kono et al. (1987),
the peaks of the transient forces of solid particles were

experinmental ly neasured and characterized by taking the maxi mum
force and the frequency of these forces into account.

~2) As a tool for the neasurenent of the transient forces of
soléd particles, the gas phase pressure fluctuation method was
used.

3) Experinental results indicate that there is a good
correlation between the erosion rate index and the characterized
maxi mum f or ce.

4) A prediction nodel was developed that correlates the
erosion rate index to the maxi num force through the materia
properties of in-bed tubes.

~5) This correlation was achieved through a di mensionl ess
erosi on characterization nunber which is based on the principles of
solid state fracture theory.

_ 6) The effect of fluidized particles on erosion was al so
investigated. It was seeh that the properties of fluidization
particles such as shape, significantly affect the erosion rates of
I n-bed conponents.

_ 7) Hi gher erosion rates were observed near the center of the
i n-bed tube than near the wall.

_ 8) The transient force distribution in the peripheral
direction around the in-bed tube surface was al so obtained. The
transient maxinum force has the maxi mum value at the center of the
cu&vgégetmeen the side and bottom of the in-bed tube, i.e., at 135°
an °.
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5. CONCLUSI ONS

1. The fundanental behavior of transient bubbles was
experinentally investigated in two dinensional freely bubbling
fluidized bed, "taking the video pictures of transient bubbles, and
processing the transient bubble inmages by computers. Very
Interesting and useful experimental results were obtained, which

rovi ded a new I nsi ?h_t into the intrinsic physical neaning of
reely bubbling fluidization. The results obtained ~are
significantly different fromwhat have been assuned by classical
two phase flow nodel and its related experinmental interpretation.

_ 2. New experinmental facts of the behavior of transient bubbles
in freely bubbling fluidized can be summarized as foll ows:

2.1 Transient bubbles change its size and shaPe very
drastlcalby within the very short tine interval of 30
mlliseconds. .

2.2 In addition to the known bubbling phenonena of
coal escence and splitting, there are considerable bubble
di sappearance into the adjacent emulsion phase and also
bubble  reappearance from the adjacent emul si on
phase sinultaneously. .

2.3 As the results of experimental evidence of 2.1 and 2.2,
there is a significant gas bulk flow between the bubble
and the adjacent enul sion phase and al so anong the
transi ent bubbl es. o _

2.4 The bubble rising velocities change transiently and
rapldly,.e.%, the velocity can change from 0.5 nm's to
3.0 mMs in 30 mlliseconds.

Al these new experinental facts have been not, at least to
our best knowledage, really considered for the design and oPeration
of traditional fluidization engi neeri n?, but substantially agree
with the experinental data of transient bubbling published by J.
Halow et al., (1992), which was experlmantall(y observed by using

|

gaé)autance method in freely bubbling three dimensional fluidized
eds.

3. Under a certain definite fluidization operation condition
using a specific equipnent, there could be two different types of
fluidization node. W named themas normal and abnhormal
fluidization periods, which can shift fromone node to other or
Vi ce versa very stochastically.

4. The erosion rate of in-bed tubes in FBC system jg
practically a very critical engineering problem which is strongly
affected by the behavior of transient bubbles. At the same tine,
the erosion rate can be recogni zed as an important i'ndex to
understand the transient bubble property. The erosion rates were
nmeasured experinental |y at anbient and el evated tenperature, taking
the transiently occurring maximum solid particle's stress and the
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properties of the in-bed tube into consideration. The experimenta
results were analyzed based upon fracture ghy3|cs and a predictive
equation was developed. Measuring the “gas phase pressure
fluctuation (Aap) at plant site and know ng the mechani cal
properties of in-bed tubes as the function of tenperature, the
erosion rate of in-bed tubes can be predicted.
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6.

NOVENCLATURE
A

Ar

RE,

AAP?

O,

P gas

p particle

"

metal tube surface area

Archi nedes nunber, & **0u* (0,uce=Pgu) /1

di ameter of fluidized particle, m
Young' s Modul us, KPa

maxi mum transi ent force, N

mass m ni mum fluidization velocity
gravitational constant, 9.8 m/s2

bed height, m

erosion index, (kg/nt/h)

mass of the particle in the fluidized bed

Renold nunber at m ni num fluidization,
dp*Umf*pgas/u

pressure difference between two horizantol
points, KPa

maxi mum pressure fluctuation, KPa
t enperature

operating tinme

m ni mum fluidization velocity, nis
superficial gas velocity, m's
volunetric flow rate, ft¥/min

wei ght change of the netal tube

tensile strength, KPa
density of the fluidizing gas, kg/m’

density of the particle, kg/m

viscosity of fluidizing agent, Pa*s
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