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Abstract

It has been demonstrated that the non-intrusive positron emission particle tracking (PEPT) could be a potential technique for observing bubble
flow pattern, measuring bubble size and rise velocity in bubbling fluidised beds according to the solid motion in bubble and its wake. The results
indicate that the behaviour of air bubbles varies greatly with the bed materials and superficial gas velocity. Three types of bubbling patterns (namely
A, B and C) have been reported in this study, in which the pattern C is observed when the polyethylene fluidised bed is operated at the superficial
gas velocity (U — Uyy) of 0.25-0.5 m/s and the ratio of bed height to bed diameter is unity. After the comparison of the results measured by the
PEPT technique with the values calculated by using a number of empirical correlations, two modified correlations are recommended to calculate

the bubble size based on the PEPT data.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Bubbling fluidisation has been seen as an effective means for
providing good mixing and contact of gas and solid phases, as
well as providing good heat transfer [1-3]. These attractive fea-
tures are achieved by injection of air to create a bubble flow via
a perforated or porous surface through the solid beds. The fluidi-
sation quality of a bed is, therefore, highly dependent on bubble
distribution and bubble physical properties in a bed. Ideally, for
there to be good quality fluidisation the population of bubbles
in a bed should be large, but the bubbles should be small in size,
and homogeneously occupy the bed [4-8].

Despite the extensive work carried out since 1960s, ques-
tions still remain. Grace and Harrison [9] were among the first
to systematically and quantitatively investigate the spatial dis-
tribution of bubbles in a two-dimensional bed by means of
photography. They suggested that the bubbles with small sizes
were uniformly distributed in a layer close to the distributor and
then shafted inwards to the central region of the bed with the
increase in the bed height, resulting in the reduction in concen-
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tration of bubbles in the region near the walls. This was used
as a basis by Darton et al. [10] for the popular model of bubble
coalescence. However, a different observation was reported by
Werther and Molerus [11,12] when they investigated the bubble
spatial distribution in three-dimensional beds containing quartz
sand, glass spheres and spherical copper powder under various
operating conditions by using capacitance probes. Close to the
distributor air bubbles preferentially formed in the vicinity of
the walls, rather than being uniformly distributed in the whole
cross-section area. As the bubbles rose in the bed, the diameter
of this annulus of bubbles decreased until a single peak formed
at the centre of a bed. The packing geometry of the particle
layers near the wall was altered, as in packed beds and liquid-
fluidised beds, therefore, leading to an increased flow through
this region. In experiments recently carried out by Lim et al. [8]
in a planar fluidised bed, the bubble void fraction (BVF) was cal-
culated by real-time vision instrumentation which accumulated
images over time. The reported bubble distribution was similar
to Werther and Molerus [11,12] wherein a pair of narrow bands
of high bubble concentration was observed along either sides
of the bed close to the walls near the distributor, which gradu-
ally migrated inwards, spreading over the centre of the bed and
higher up in it. A region of bubble deprivation was observed in
the bed centre near the bottom. The tapering of bubble distribu-
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Nomenclature

Ag distributor plate area per hole (m?)

A cross-sectional area of the bed (m?)

A, Archimedes number, pg(0p — ,og)dg g/ /Lé

dp spherical equivalent diameter of the bubble (m)
dp average size of solids (m)

D diameter of a fluidised bed (m)

fw ratio of wake to the bubble by volume, f;, = Vi /V4
g gravitational acceleration (m/s”)

h height of the bubble above the distributor (m)

U superficial gas velocity through a bed of solids

(m/s)
Up velocity of a bubble rising through a bed (m/s)
Ut minimum fluidisation velocity (m/s)
V. Vy and V, particle velocities in x, y and z coordinates

(m/s)

Vw particle upward velocity in bubble and its wake
(m/s)

Greek symbols

y the through flow factor

Pg, pp  the densities for air and solid particles (kg/m3)
Mg air viscosity (1.82 x 107 kg/ms)

tion also left the regions close to the wall in the upper part of the
bed deprived of bubbles.

To predict the average rise velocity and average size of bub-
bles in a fluidised bed, many empirical correlations have been
proposed [10,13-24], and several techniques have been devel-
oped to measure the physical properties of bubbles in fluidised
beds, such as X-ray, ultra-fast magnetic resonance imaging
[25-30]. In this study, attempts have been made to measure and
characterise the bubbling pattern, average bubble size and its
rise velocity through the analysis of the solid motion by using
the positron emission particle tracking (PEPT) technique. The
relationship between solid flow structure and the physical prop-
erties of bubbles is further discussed, and the comparison of
PEPT measurement with empirical predictions is also reported.

2. Experimental technique and materials

The experimental setup consisted of a positron emission par-
ticle tracking system and a gas—solid fluidised bed as shown
in Fig. 1. The gas—solid fluidised bed was a Plexiglas cylindri-
cal column with 152 mm inner diameter and 1000 mm height.
The column was placed vertically between the two y-ray detec-
tors of the Birmingham positron camera which cover a field
of approximately 590 mm x 470 mm and offer a resolution of
1-2 mm under the conditions of this study. Air at ambient tem-
perature was injected into the bed through a conical section,
passing through a stainless steel porous plate distributor that
supported the bed. The air was supplied by a GA11CFF air
compressor and the flowrate was measured and controlled with
calibrated rotameters.
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Fig. 1. Schematic diagram of the experimental setup.

The solids used were glass beads and polyethylene particles.
A single polyethylene particle and a glass bead were radioac-
tively labelled. Polyethylene is a less dense material (0.76 g/cm?)
and has a mean size of 717 wm. Glass is a dense material
(2.7 g/lem®) and has a mean size of 352 wm. Fig. 2 shows the
size distribution of the polyethylene particles and glass beads.
Both of them can be classified as group B according to the Gel-
dart classification of particles [22]. Their Archimedes number,
A, is 10,012 (polyethylene) and 4265 (glass beads). The ini-
tial bed height for both materials was approximately 152 mm,
chosen to be equal to the bed diameter which would eliminate
slugging [17]. All experiments were carried out in the bubbling
regime which was characterised by the bed pressure drop and
visual observation. The bed pressure drop was measured with a
FCO0510 micro-manometer interfaced to a PC through a RS232
port. To avoid disturbing the flow patterns, the bed pressure
drop was measured after each PEPT measurement. The min-
imum fluidizing velocity Unr was determined to be 0.24 m/s
for the polyethylene bed and 0.15 m/s for the glass beads bed.
For polyethylene, the fluctuation of the average pressure drop
was not significant when the gas velocity increased from 0.24
to 1 m/s, and therefore, the fluidisation within this range can be
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Fig. 2. Size distribution for the polyethylene particles and the glass beads.
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seen to be in the bubbling regime [22,31]. Similarly for the glass
beads, bubbling fluidisation can be achieved with gas velocities
ranging from 0.15 to 0.7 m/s.

The tracking time for each experiment was 2h and each
experiment was repeated three times. Average results are pre-
sented hereafter. The obtained data, i.e., an extensive list of
consecutive particle locations (every 4 ms), determine the instan-
taneous velocity as well as the probability of the tracer being
located in specific parts of the equipment domain allowing
an average velocity vector plot and an occupancy plot to be
derived.

3. Particle tracking technique

Positron emission particle tracking (PEPT) technique con-
sists of tracer labelling, detection of 511keV gamma rays, and
algorithms for location calculation and time reconstruction at
every tracking step. When a polyethylene particle or a glass bead
is labelled using 18R, positrons annihilate with local electrons,
resulting in emission of many y-rays from the labelled particles.
These y-rays are in pairs and each pair emits almost exactly back-
to-back, thus all y-ray trajectories from the labelled particle can
be triangulated back to (within the resolution of the camera) a
point where the labelled particle is located. The location algo-
rithm operates through minimizing the sum of perpendicular
distances to the various trajectories of the y-rays. To smooth
the tracking, the y-ray events detected within 1s are usually
divided into many sets. For a given set of events, the point that
minimises the sum of perpendicular distances to the trajectories
will be close to the tracer. The trajectories passing further away
from the tracer are regarded as corrupted events and discarded.
The minimum-distance point is recalculated using the remain-
ing subset. The iteration procedure continues until the location
of the tracer is calculated using just the uncorrupted events from
the tracer [32-34].

For aselected set, S, of sequential trajectories, L1 . . .Ly, which
are recorded as data from the camera, the sum of distances
from any point (x, y, z) to the y-ray trajectories can be stated
as follows:

Dy(x,y,2) = Y _8i(x,y,2) e

where 8i(x, v, 2) is the distance of

the ith  trajectory from  the point (x, Y,
2).
The minimum solution can be obtained by:
IDy(x, y,2) _ 0. IDs(x, y,2) _ 0. IDy(x, ¥, 2) _ 0 @
ox ay 0z

The minimum distance point (xo, Yo, zo) is then obtained as the
first approximation for the tracer position. The mean deviation
of these trajectories from the minimum distance point is given
by:

Dy(x0, Yo, 20)

dg(x0, Y0, 20) = W 3)

where N(S) is the number of events in the set S.

For a given set of trajectories, the first approximation (xg,
yo, zo0) of the tracer is located using Eqgs. (1) and (2), and the
corresponding distance 8;(xg, Yo, zo) of the ith trajectory to the
point (xg, Yo, zo) is calculated. If the calculated §;(xq, yo, z0) is
larger than kds(xo, Yo, zo), the trajectory is discarded, leaving
a new subset Sp, in which the number of corrupted events is
smaller. An improved location (x1, y1, z1) with a small mean
deviation dg1(x1, y1, 21) is then calculated from this subset S; of
events. The algorithm proceeds by iteration in this way, selecting
subsets 52, S3, S4, etc. The k in kds(xo, yo, 20) is a fixed parameter
and determines the rate at which trajectories are discarded. The
optimum value of the k lies somewhere between 1 and 1.5.

The final outcome is that the subset Sg of trajectories is
selected from the original set, from which the location of parti-
cle, during the time interval covered by this subset, is calculated
as its minimum distance point (xg, yg, zr). Each event L; has its
time of measurement #; recorded, and the location thus arrived
at is considered to represent the particle’s position at time

1
t=—S ¢ )
NF%::'

where Ng = N(SF) is the number of trajectories in the final subset
SF.

Having located the particle once, the new set starts immedi-
ately from the end of the previous set. Despite being discarded as
corrupt, during one iteration of the algorithm, many events actu-
ally correspond to later particle positions, and are thus involved
in subsequent sets.

The final data will provide the tracer locations against the time
in three dimensions (x, y, z). Typically, a radioactively labelled
tracer can be located 100-200 times per second. In the past, this
technique has been extensively used for characterisation of the
solid motions [27,32-36].

The velocity of a tracer v; = (vy;, vy, V) during the time inter-
val between locations (x;, yi, zi, #;) and (Xj4+ 1, Yi+ 1> Zi+ 1> li+1)
is given by vy, = (X1 — x;)/(tiv1 — 1), etc.

The tracer velocity is given by vy, = (Xi+1 — x;)/(tit1 — 1),
etc.

The tracer speed is given by v = /v, + v2, + v2.

4. Bubble size and rise velocity

4.1. Calculations of bubble velocity and bubble size by
using the PEPT data

Several methods have been developed for the measurement of
sizes and rise velocities of bubbles in fluidised beds. Many early
measurements relied on submersible probe designs employing
visible light or laser beam in 2-D beds to determine struc-
ture. X-ray and ultra-fast magnetic resonance imaging were
developed later and used to study the rise velocities of bubbles
non-intrusively in 3-D fluidising beds made of opaque materials
[11,21,24,37].

In this study, the average rise velocities and sizes of bubbles
in a fluidised bed are measured by using the data acquired by
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Table 1
Correlations used most frequently for the prediction of bubble rise velocity

Davies and Taylor [13,14]

Davison and Harrison [15]

UB =0.71 x \/gdB

Ug =U — Un¢ +0.7114/gdg

Werther [20] Up = (U — Unp) + d(gdp)*?
Wallis [16] Up =071 x \/gdy x 1.13exp (— %) for 0.125 < %% < 0.6

Kunii and Levenspiel [22]

Baeyens and Geldart [17] Ug = y(U — Uny) + 0.711(gdp)"?

Ug = 1.6[(U — Upp) + 1.13d3°1D' +0.711(gdp)"*

For an isolated bubble

Simple two-phase theory
For Geldart B particles, ¢ = 1.6D0‘4, 0.lm<D<Im

For0.125 < % < 0.6

For Geldart B solids D < 1mand % < 0.125

_227 4 _ 3 pe(pp—pe)g
Y= 02 4r= 2
Ay Mg

Where Us is the average velocity of a bubble rising through a bed (m/s); dp the spherical equivalent diameter of the bubble (m); U the superficial gas velocity through
a bed of solids (m/s); Upy the minimum fluidisation velocity (m/s); D the diameter of a fluidised bed (m); y the through flow factor; A, the Archimedes number; pg
and p,, are the densities for air and solid particles; d,, the average size of solids and ji is air viscosity [38], (1.82 x 1073 kg/ms).

the non-intrusive PEPT technique. This is based on the fact that
particle in bubble wakes or in bubbles travels upwards at an aver-
age velocity as high as the bubble. As illustrated by a number
of studies, when a bubble travels upward through a bed of parti-
cles, the particles tend to flow around it in a manner somewhat
like that encountered when a body moves through a fluid stream.
Typical bubbles are not spherical but have a flattish profile. The
region just below the bubble is the wake region. The particles
in a wake and a bubble are carried along with the bubble as if
attached to it for a certain distance [22,38]. Even though they
are moving within the limited space, the average upward veloc-
ity of the particles in a wake and a bubble should be equal to
the bubble rise velocity. The wake fraction, defined as the ratio
of wake to the bubble by volume fy, = Vy,/V}, varies with bed
materials, and is greater than 0.4 in most cases. For example,
the fy, is greater than 0.4 for glass spheres, and is greater than
0.6 for acrylic granules [22]. There is also 0.2—-1.0% of solids
by volume in the bubbles. In considering the total volume of
bubbles in a fluidised bed, the amount of solids in the wake is
significant and large enough for the calculation of bubble rise
velocity.

The velocity associated with particles in a bubble wake or in
a bubble can be calculated by taking a suitable top fraction from
the solid upward velocity map as shown in Figs. 4-6, since the
upward velocities of particles in bubble wakes and in bubbles are
significantly higher than those of the particles outside the wake
and the bubble. The size of the top fraction can be determined
from Fig. 3 which shows no significant difference in the rise
velocity when the size is between 2 and 20%. This indicates
that the top 10% of the upward velocity is certainly associated
with the particles in the bubble and its wake. In order to see the
bubble velocity at different bed levels, we divided the bed into
a number of layers, and each layer being 5 mm in height. The

Table 2
Correlations used most frequently for the prediction of bubble size

average upward velocity of particles within the top 10% was
calculated to represent the bubble rise velocity in each layer.
These results will be presented later.

4.2. Prediction of bubble velocity and bubble size by using
the empirical correlations

A number of correlations have been proposed to predict the
average rise velocity and the average size of bubbles in fluidised
beds. Table 1 shows the correlations used most frequently for the
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Fig. 3. Average rise velocities of particles as a function of the top fraction of

the upward velocity map (Vy).

Yasui and Johanson [14]

Whitehead and Young [21] dg = 0'34( U;éff/—l

Rowe [19] dg = w
Darton [10,39]

Werther [20]

Mori and Wen [18]
Cai et al. [23]

)0463

dy = 1.6ppdy (772

dp = 0.74(U — Un)*P[h + 3.94./A0]
dp =8.53 x 1073[1+27.2(U — Unmp)]"3-[1 + 6.84(h + hg — hy)]'"*! for Geldart B type solids hg — hy ~ 0
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prediction of bubble rise velocity proposed by Davies and Taylor
(1950) [13,14]; Davison and Harrison (1963) [15]; Wallis (1969)
[16]; Baeyens and Geldart (1974) [17]; Werther (1980) [20] and
Kunii and Levenspiel (1991) [22]. Table 2 shows the correlations
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Fig. 4. Flow pattern A, bed material: glass beads, gas velocity
U—Un=0.25m/s. (a) Vy at a bed height of 20mm (y=160mm). (b)
Vy at a bed height of 60 mm (y=200mm). (c) V) at a bed height of 200 mm
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Fig. 4. (Continued)

used most frequently for the prediction of bubble size proposed
by Yasui and Johanson [14]; Whitehead and Young [21]; Rowe
[19], Darton et al. [10,39]; Werther [20]; Mori and Wen [18] and
Cai et al. [23].

5. Results and discussion
5.1. Solid flow patterns

A literature search shows that solid flow patterns in bubbling
fluidised beds vary mainly with the bed height [22,40]. When
the ratio of the bed height to the bed diameter is unity, the solid
travels upwards either along the annulus or along the central part
of the bed, inducing two circulation cells within the whole bed.
However, the observation through PEPT measurements shows
that solid flow pattern can vary significantly with the bed mate-
rials and gas velocity. Three types of flow patterns, designated
patterns A, B and C, have been observed in our studies on glass
beads and polyethylene fluidised beds as shown in Figs. 4-6,
where the ratio of the bed height to the bed diameter is unity,
and the superficial gas velocity was from 0.16 to 0.66 m/s. In
the pattern A (Fig. 4), a single large circulation cell is observed
within the whole bed, and particles move upwards at one side
of the bed to the splash zone, and then return to the bed bottom
along another side of the bed. This pattern can be observed in
both glass beads and polyethylene fluidised beds when they are
operated at a low superficial gas velocity (U —Upnr<0.25 m/s
for glass beads, U — Uyt < 0.2 m/s for polyethylene). It may not
be a desirable flow pattern, but it reflects the effect of superficial
gas velocity on solid/bubble flow structure.

Pattern B (Fig. 5) is a more typical flow pattern and has been
reported frequently in literature. In a layer of 30 mm immedi-
ately above the air distributor, particles move upwards across
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the whole area of the air distributor at a relative uniform veloc-
ity. After this layer, solids move inwards and travel upwards in
the centre of the bed along the axis to the splash zone, and then
return to the bed bottom along the annulus. The pattern reported
in this study is observed in a glass beads fluidised bed when it
is operated at a superficial gas velocity (U — Upy) of 0.42 m/s.
The pattern C (Fig. 6) is observed in this study through the
PEPT technique when a polyethylene fluidised bed is operated
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Fig. 5. (Continued)

at a superficial gas velocity (U — Upys) of 0.25-0.50 m/s, and the
ratio of bed height to the bed diameter is unity. Solid motion
in the pattern C is much more complex than that observed in
patterns A and B. The bed can be divided into three sections. At
the bottom section, solids travel upwards along the annulus, and
move down in the bed centre. At the top section, solids travel
upwards at the centre of the bed along the axis to the splash
zone and then return to the intermediate height of the bed along
the annulus. At the intermediate height of the bed (60-100 mm),
the upward solid flow from the bottom section encounters the
downward flow from the top section of the bed at the annulus
(Fig. 6d). The two solid flows merge and change the direction
towards the bed centre where the particles are mixed and redis-
tributed to the circulation cells at bottom and top sections. A
similar flow pattern is also observed in sand (90 wm) fluidised
beds with bed diameters of 150 mm and 90 mm in our studies.

5.2. Bubble flow patterns

The bubble flow patterns in the studied fluidised beds can
be disclosed through analysing the solid flow structure and the
solid upward velocity map. As described earlier, the solids in
a fluidised bed are driven upwards by air bubbles. The upward
velocity (Vy) of solids is higher in the bubbles or their wakes
than in the region away from the bubble path. The peaks of
the Vy, map of solids, therefore, correspond to the position of
bubbles. Through plotting the V, map at any level of the bed, the
favoured ascending gas channels can be identified through the
cumulative acquisition of large quantities of data during PEPT
measurements.

Figs. 4-6 show the solids V), map for the conditions under
which the three solid flow patterns can be observed, where each
experiment was lasted for 2-h. It can be seen that the favoured
ascending gas channels vary greatly with bed materials and
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superficial gas velocity. Three patterns of bubble flows, corre-
sponding to the three solid flow structures, have been observed
in this study. In pattern A, the favoured channel of ascending
bubbles was located at one side of the bed under the experi-
mental conditions. As shown in Fig. 4, there was not a single
bubble that travelled upwards from the valley region within the
2-h experiment. The injected air was forced to one side of the
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(y=350 mm). (d) Solid flow pattern.
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Fig. 6. (Continued)

bed by the returning flow of solids, inducing a large circulation
cell within the whole bed. This pattern (A) was observed when
the glass beads or polyethylene fluidised beds were operated
at a low superficial gas velocity (U=0.40 m/s for glass beads,
0.34 m/s for polyethylene particles).

Pattern B of the bubble flow (Fig. 5) was observed when the
glass beads fluidised bed was operated at a superficial gas veloc-
ity (U — Uny) of 0.42m/s. The solid velocity V) was relatively
uniform within a 30 mm layer immediately above the air distrib-
utor (Fig. 5a), then a peak in the V), map was observed in the
central region of the bed (Fig. 5b). This indicates that the bubbles
distributed relatively uniformly in a layer close to the distributor.
The rising bubbles then moved inwards to the central region of
the bed. This bubble flow pattern agrees with the observations
from Grace and Harrison [9] and Darton et al. [10], where the
air bubbles are relatively uniformly distributed in a layer close
to the distributor and then coalesced and shafted inwards to the
central region of the bed with the increase in the bed height,
resulting in the emptying of bubbles in the region near the walls.

When the polyethylene fluidised bed was operated at super-
ficial gas velocities (U — Upyr) of 0.25 and 0.42 m/s, the bubble
flow followed the pattern C. Air bubbles were favoured to form
and initially travel upwards in the annulus of the bed, rather
than being uniformly distributed in the whole cross-section area.
Fig. 6a shows that there was not a single air bubble that trav-
elled upwards in the central region of the bed at the bottom
section throughout the entire data collection period of 2 h. The
bubbles then moved inwards to the central region at an interme-
diate height of the bed (60—100 mm) by the solid flows returning
from the top section of the bed as shown in Fig. 6¢ and d. Above
the intermediate layer, air bubbles travelled upwards from the
central region of the bed and formed a peak in the Vy map as
shown in Fig. 6¢ and d. This agrees with the bubble flow pattern
observed by Werther and Molerus [11,12] and Lim et al. [8].
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Overall, the favoured ascending gas channels within a bub-
bling fluidised bed varies not only with bed geometry and
the ratio of bed height to bed diameter as described in litera-
ture [22,40], but also appears to vary with bed materials and
superficial gas velocity. Under the similar operation conditions,
different bed materials give a different gas/solid flow pattern.

5.3. Comparison of PEPT measurement with empirical
predictions

Many empirical correlations have been proposed to predict
the rise velocity and the size of bubbles in fluidised beds as listed
in Tables 1 and 2. In this section, the investigation will focus
on the comparison of the PEPT measurement with empirical
predictions, and on the impact of gas/solid flow pattern on the
rise velocity and the size of air bubbles.

Firstly, the bubble sizes are calculated by using equations
listed in Table 2, respectively for each flow pattern (A, B and
C). The calculated bubble sizes are then put into each corre-
lation listed in Table 1 to calculate the bubble rise velocity.
There are totally 42 combinations of velocity-size correlations,
i.e., for each flow pattern, 42 calculated values can be obtained
for the bubble rise velocity. Figs. 7-9 present those results
that have a good agreement between the PEPT measurements
and empirical predictions for the flow patterns A, B and C.
For pattern A, the PEPT measurements agree well with the
rise velocities calculated from Eqs. (5)—(7) and (9)—(10) as
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shown in Figs. 7-9. The equations are the combinations of
Baeyens—Rowe, Baeyens—Yasui, Werther—Darton, Kunii—Rowe
and Kunii—Yasui. The rise velocities calculated from the PEPT
data agree well with Egs. (5)—(10) for the flow pattern B, where
the Eq. (8) is the combination of Davison and Darton.

For the flow pattern C, the bubble rise velocities calculated by
using particle rise velocity in bubble wakes and in bubbles did not
show a constant increase with the bed height as indicated by the
empirical approaches. The bubble rise velocity firstly increased
with the bed height to 0.7 m/s, and then decreased to 0.35 m/s
at the bed height from 130 mm (y=270) to 200 mm (y =340).
Above a bed height of 200 mm, the rise velocity dramatically
increased again. This data matched very well with the measured
solid flow structure. The empirical correlations listed in Egs. (6)
and (10)—(13) can be used to predict the bubble rise velocity at
the bottom section of the bed (2 < 150 mm) for the pattern C,
but cannot predict the bubble rise velocity at the intermediate
level of the bed. The explanation could be that the empirical
correlations were deduced based on the flow patterns A or B
(Figs. 4 and 5), rather than on the pattern C. In the pattern C, the
air bubbles travel upward along the annulus in the bottom section
of the bed, and then shifted to the bed centre in the intermediate
section of the bed; therefore, the bubble sizes and bubble rise
velocity are reduced. After the intermediate height of the bed,
the bubbles rapidly coalesce again, resulting in a fast increase in
the bubble size and their rise velocity. Another reason may be
due to some empirical models used in the work for bubbles are

-
[S]

o
(o]
1

o
~
1

Bubble velocity (m/s) T

o
o

0 50 100 150 200 250
Bed height (mm)
—o— Werther —a— Kunni Wallis
—— g%»g?on —+— Baeyens —o— Davies
.

Flow pattern B

(c) 12
0
E
0.8 +
2
o
L2
€ 04 -
2 A
o
g o
@ 00 T T !
0 100 200 300
Bed height (mm)
—o— Werther  —a— Kunni Wallis
—%— Davision —+— Baeyens —o— Davies
¢ PEPT

Flow pattern C

Fig. 7. Comparison of bubble velocity measured by PEPT with empirical correlations, where bubble sizes are calculated by using Darton correlations.
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Fig. 8. Comparison of bubble velocity measured by PEPT with empirical correlations, where bubble sizes are calculated by using Rowe correlation.
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5.4. Prediction of bubble size by using solid upward
velocity in bubble wakes

From the results listed in Figs. 7-9, it can be seen that the bub-
ble rise velocities calculated from the PEPT measurement have
a good agreement with many correlations, particularly with the
correlations proposed by Baeyens and Kunii. Based on these
two correlations, Eqs. (14) and (15) are derived for calculating
the bubble size in the studied bubbling fluidised beds by using
the upward velocity of particles in bubble wakes and in bubbles.
From Fig. 10, it can be seen that the bubble size calculated from
Egs. (14) and (15) can reflect the variation of solid/bubble flow
pattern. For the flow patterns A and B, the air bubbles travel
straight upwards from the air distributor to the splash zone, and
their sizes increased constantly when rising through the fluidised
bed. The bubble sizes calculated by using the upward velocity of
particles in bubbles and their wakes agree well with the predic-
tions from Rowe (Eq. (13)) and Yasui (Eq. (11)). For the flow
pattern C, the bubble size calculated by using the PEPT data
is significantly different from the empirical prediction and the
descriptions in literature. The bubble sizes firstly increase until
the bed height of 150 mm (y=290) and then reduce in the mid-
dle section of the bed, rather than expanding constantly. This
matches the solid/bubble flow structure detected by the PEPT
technique. The bubble size in the intermediate section of the bed
is much smaller than the predictions from empirical correlations.
Above the bed height of 200 mm (y =340), the bubbles expand
again rapidly, and the expanding rate is much higher than the
predicted value.

Vw — 1.6D3(U + U,
dB _ w ( + mf) (14)
1.81D135 4+0.711g95

Vi — (U + Unp)]?
dB _ [ J/( + mt)] (15)
0.506g

where V,, is particle upward velocity in bubble and its wake
(m/s),

2.27 _ dape(pp — P8

y = —, =
Ap 1

6. Conclusions

It has been demonstrated that bubble flow pattern and the
bubble behaviour are much more complex than the descriptions
in literature when the beds are operated in a bubbling regime and
the ratio of bed height to bed diameter is unity. They can vary
greatly with the bed materials and applied gas velocity. Three
types of patterns (A, B and C) have been observed in this study on
the glass beads and polyethylene fluidised beds. For the pattern
A, a favoured channel of ascending gas is found along one side
of the bed when the glass beads bed and the polyethylene bed are
operated at a low superficial gas velocity. It is not a favourable
flow pattern for mixing and chemical reaction but reflects the
effect of operating gas velocity on the bubble flow pattern. In
this pattern (A), the bubbles travel straight upwards, their size

and rise velocity increased constantly through the vertical plane.
For the pattern B, the bubbles distribute relatively uniformly
in a layer close to the distributor, and then move inwards to
the central region of the bed. The size and rise velocity of the
bubbles also increase constantly through the beds. Pattern C is
a newly observed flow pattern and manifests itself when the
polyethylene fluidised bed is operated at superficial gas velocity
(U — Unyr) of 0.25-0.5m/s and the ratio of bed height to bed
diameter is unity. In this pattern, air bubbles are favoured to
form and initially travel upwards in the annulus of the bed, rather
than uniformly distribute in the whole cross-section area. The
bubbles are splitting and move inwards to the central region at
an intermediate height of the bed by the solid flows returning
from the top section of the bed. Above the intermediate layer,
air bubbles travel upwards from the central region of the bed and
expand rapidly. The bubble size and rise velocity do not increase
constantly as described in the literature. The rise velocity firstly
increased with the bed height to 0.7 m/s, and then decreased to
0.35 m/s at the intermediate level of the bed. At the top section of
the bed, the rise velocity and bubble size dramatically increased
again.

The comparison of the results calculated by using upward
velocity of solids in bubbles and their wakes with the predic-
tions from a number of empirical correlations indicates that
non-intrusive positron emission particle tracking (PEPT) can be
a potential technique for measuring the bubble size and bubble
rise velocity. The bubble rise velocity is calculated based on the
solid upward velocity in bubbles and their wakes, and the bubble
size in this study is calculated by using the Egs. (14) and (15).
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