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bstract

It has been demonstrated that the non-intrusive positron emission particle tracking (PEPT) could be a potential technique for observing bubble
ow pattern, measuring bubble size and rise velocity in bubbling fluidised beds according to the solid motion in bubble and its wake. The results

ndicate that the behaviour of air bubbles varies greatly with the bed materials and superficial gas velocity. Three types of bubbling patterns (namely
, 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

as velocity (U − Umf) 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
EPT technique with the values calculated by using a number of empirical correlations, two modified correlations are recommended to calculate

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

Bubbling fluidisation has been seen as an effective means for
roviding good mixing and contact of gas and solid phases, as
ell as providing good heat transfer [1–3]. These attractive fea-

ures are achieved by injection of air to create a bubble flow via
perforated or porous surface through the solid beds. The fluidi-
ation quality of a bed is, therefore, highly dependent on bubble
istribution and bubble physical properties in a bed. Ideally, for
here to be good quality fluidisation the population of bubbles
n a bed should be large, but the bubbles should be small in size,
nd homogeneously occupy the bed [4–8].

Despite the extensive work carried out since 1960s, ques-
ions still remain. Grace and Harrison [9] were among the first
o systematically and quantitatively investigate the spatial dis-
ribution of bubbles in a two-dimensional bed by means of
hotography. They suggested that the bubbles with small sizes

ere uniformly distributed in a layer close to the distributor and

hen shafted inwards to the central region of the bed with the
ncrease in the bed height, resulting in the reduction in concen-

∗ Corresponding author. Tel.: +44 1214144705; fax: +44 1214144719.
E-mail address: X.Fan@bham.ac.uk (X. Fan).

i
t
o
o
a
h
t

385-8947/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2007.10.013
ure

ration of bubbles in the region near the walls. This was used
s a basis by Darton et al. [10] for the popular model of bubble
oalescence. However, a different observation was reported by
erther and Molerus [11,12] when they investigated the bubble

patial distribution in three-dimensional beds containing quartz
and, glass spheres and spherical copper powder under various
perating conditions by using capacitance probes. Close to the
istributor air bubbles preferentially formed in the vicinity of
he walls, rather than being uniformly distributed in the whole
ross-section area. As the bubbles rose in the bed, the diameter
f this annulus of bubbles decreased until a single peak formed
t the centre of a bed. The packing geometry of the particle
ayers near the wall was altered, as in packed beds and liquid-
uidised beds, therefore, leading to an increased flow through

his region. In experiments recently carried out by Lim et al. [8]
n a planar fluidised bed, the bubble void fraction (BVF) was cal-
ulated by real-time vision instrumentation which accumulated
mages over time. The reported bubble distribution was similar
o Werther and Molerus [11,12] wherein a pair of narrow bands
f high bubble concentration was observed along either sides

f the bed close to the walls near the distributor, which gradu-
lly migrated inwards, spreading over the centre of the bed and
igher up in it. A region of bubble deprivation was observed in
he bed centre near the bottom. The tapering of bubble distribu-

mailto:X.Fan@bham.ac.uk
dx.doi.org/10.1016/j.cej.2007.10.013
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Nomenclature

A0 distributor plate area per hole (m2)
At cross-sectional area of the bed (m2)
Ar Archimedes number, ρg(ρp − ρg)d3

pg/μ2
g

dB 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, fw = Vw/Vb
g gravitational acceleration (m/s2)
h height of the bubble above the distributor (m)
U superficial gas velocity through a bed of solids

(m/s)
UB velocity of a bubble rising through a bed (m/s)
Umf minimum fluidisation velocity (m/s)
Vx, Vy and Vz particle velocities in x, y and z coordinates

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

(m/s)

Greek symbols
γ the through flow factor
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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
ρg, ρp the densities for air and solid particles (kg/m )
μg air viscosity (1.82 × 10−5 kg/ms)

ion also left the regions close to the wall in the upper part of the
ed deprived of bubbles.

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

. Experimental technique and materials

The experimental setup consisted of a positron emission par-
icle tracking system and a gas–solid fluidised bed as shown
n Fig. 1. The gas–solid fluidised bed was a Plexiglas cylindri-
al column with 152 mm inner diameter and 1000 mm height.
he column was placed vertically between the two �-ray detec-

ors of the Birmingham positron camera which cover a field
f approximately 590 mm × 470 mm and offer a resolution of
–2 mm under the conditions of this study. Air at ambient tem-
erature was injected into the bed through a conical section,

assing through a stainless steel porous plate distributor that
upported the bed. The air was supplied by a GA11CFF air
ompressor and the flowrate was measured and controlled with
alibrated rotameters. F
Fig. 1. Schematic diagram of the experimental setup.

The solids used were glass beads and polyethylene particles.
single polyethylene particle and a glass bead were radioac-

ively labelled. Polyethylene is a less dense material (0.76 g/cm3)
nd has a mean size of 717 �m. Glass is a dense material
2.7 g/cm3) and has a mean size of 352 �m. Fig. 2 shows the
ize distribution of the polyethylene particles and glass beads.
oth of them can be classified as group B according to the Gel-
art classification of particles [22]. Their Archimedes number,
r, is 10,012 (polyethylene) and 4265 (glass beads). The ini-

ial bed height for both materials was approximately 152 mm,
hosen to be equal to the bed diameter which would eliminate
lugging [17]. All experiments were carried out in the bubbling
egime which was characterised by the bed pressure drop and
isual observation. The bed pressure drop was measured with a
C0510 micro-manometer interfaced to a PC through a RS232
ort. To avoid disturbing the flow patterns, the bed pressure
rop was measured after each PEPT measurement. The min-
mum fluidizing velocity Umf was determined to be 0.24 m/s
or the polyethylene bed and 0.15 m/s for the glass beads bed.
ig. 2. Size distribution for the polyethylene particles and the glass beads.
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een to be in the bubbling regime [22,31]. Similarly for the glass
eads, bubbling fluidisation can be achieved with gas velocities
anging from 0.15 to 0.7 m/s.

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

. Particle tracking technique

Positron emission particle tracking (PEPT) technique con-
ists of tracer labelling, detection of 511 keV gamma rays, and
lgorithms for location calculation and time reconstruction at
very tracking step. When a polyethylene particle or a glass bead
s labelled using 18F, positrons annihilate with local electrons,
esulting in emission of many �-rays from the labelled particles.
hese �-rays are in pairs and each pair emits almost exactly back-

o-back, thus all �-ray trajectories from the labelled particle can
e triangulated back to (within the resolution of the camera) a
oint where the labelled particle is located. The location algo-
ithm operates through minimizing the sum of perpendicular
istances to the various trajectories of the �-rays. To smooth
he tracking, the �-ray events detected within 1 s are usually
ivided into many sets. For a given set of events, the point that
inimises the sum of perpendicular distances to the trajectories
ill be close to the tracer. The trajectories passing further away

rom the tracer are regarded as corrupted events and discarded.
he minimum-distance point is recalculated using the remain-

ng subset. The iteration procedure continues until the location
f the tracer is calculated using just the uncorrupted events from
he tracer [32–34].

For a selected set, S, of sequential trajectories, L1. . .LN, which
re recorded as data from the camera, the sum of distances
rom any point (x, y, z) to the �-ray trajectories can be stated
s follows:

s(x, y, z) =
∑

s

δi(x, y, z) (1)

here δi(x, y, z) is the distance of
he ith trajectory from the point (x, y,
).

The minimum solution can be obtained by:

∂Ds(x, y, z)

∂x
= 0,

∂Ds(x, y, z)

∂y
= 0,

∂Ds(x, y, z)

∂z
= 0 (2)

The minimum distance point (x0, y0, z0) is then obtained as the
rst approximation for the tracer position. The mean deviation
f these trajectories from the minimum distance point is given
y:
s(x0, y0, z0) = Ds(x0, y0, z0)

N(S)
(3)

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

n
[

i

Journal 140 (2008) 358–369

For a given set of trajectories, the first approximation (x0,
0, z0) of the tracer is located using Eqs. (1) and (2), and the
orresponding distance δi(x0, y0, z0) of the ith trajectory to the
oint (x0, y0, z0) is calculated. If the calculated δi(x0, y0, z0) is
arger than kdS(x0, y0, z0), the trajectory is discarded, leaving

new subset S1, in which the number of corrupted events is
maller. An improved location (x1, y1, z1) with a small mean
eviation dS1(x1, y1, z1) is then calculated from this subset S1 of
vents. The algorithm proceeds by iteration in this way, selecting
ubsets S2, S3, S4, etc. The k in kdS(x0, y0, z0) is a fixed parameter
nd determines the rate at which trajectories are discarded. The
ptimum value of the k lies somewhere between 1 and 1.5.

The final outcome is that the subset SF of trajectories is
elected from the original set, from which the location of parti-
le, during the time interval covered by this subset, is calculated
s its minimum distance point (xF, yF, zF). Each event Li has its
ime of measurement ti recorded, and the location thus arrived
t is considered to represent the particle’s position at time

= 1

NF

∑
SF

ti (4)

here NF ≡ N(SF) is the number of trajectories in the final subset
F.

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

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

The velocity of a tracer vi = (vxi , vyi , vzi ) during the time inter-
val between locations (xi, yi, zi, ti) and (xi + 1, yi + 1, zi + 1, ti + 1)
is given by vxi = (xi+1 − xi)/(ti+1 − ti), etc.
The tracer velocity is given by vxi = (xi+1 − xi)/(ti+1 − ti),
etc.
The tracer speed is given by v =

√
v2
xi

+ v2
yi

+ v2
zi
.

. Bubble size and rise velocity

.1. Calculations of bubble velocity and bubble size by
sing the PEPT data

Several methods have been developed for the measurement of
izes and rise velocities of bubbles in fluidised beds. Many early
easurements relied on submersible probe designs employing

isible light or laser beam in 2-D beds to determine struc-
ure. X-ray and ultra-fast magnetic resonance imaging were
eveloped later and used to study the rise velocities of bubbles

on-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
n 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] UB = 0.71 ×
√

gdB For an isolated bubble

Davison and Harrison [15] UB = U − Umf + 0.711
√

gdB Simple two-phase theory
Werther [20] UB = (U − Umf) + φ(gdB)0.5 For Geldart B particles, φ = 1.6D0.4, 0.1 m < D < 1 m

Wallis [16] UB = 0.71 ×
√

gdB × 1.13 exp
(
− dB

D

)
for 0.125 <

dB
D

< 0.6 For 0.125 <
dB
D

< 0.6

Kunii and Levenspiel [22] UB = 1.6[(U − Umf) + 1.13d0.5
B ]D1.35 + 0.711(gdB)0.5 For Geldart B solids D ≤ 1 m and dB

D
< 0.125

Baeyens and Geldart [17] UB = γ(U − Umf) + 0.711(gdB)0.5 γ = 2.27
A0.2

r

Ar = d3
p ρg(ρp−ρg)g

μ2
g
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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

T
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here UB is the average velocity of a bubble rising through a bed (m/s); dB the s
bed of solids (m/s); Umf the minimum fluidisation velocity (m/s); D the diame

nd ρp are the densities for air and solid particles; dp the average size of solids

he non-intrusive PEPT technique. This is based on the fact that
article in bubble wakes or in bubbles travels upwards at an aver-
ge velocity as high as the bubble. As illustrated by a number
f studies, when a bubble travels upward through a bed of parti-
les, the particles tend to flow around it in a manner somewhat
ike that encountered when a body moves through a fluid stream.
ypical bubbles are not spherical but have a flattish profile. The
egion just below the bubble is the wake region. The particles
n a wake and a bubble are carried along with the bubble as if
ttached to it for a certain distance [22,38]. Even though they
re moving within the limited space, the average upward veloc-
ty of the particles in a wake and a bubble should be equal to
he bubble rise velocity. The wake fraction, defined as the ratio
f wake to the bubble by volume fw = Vw/Vb, varies with bed
aterials, and is greater than 0.4 in most cases. For example,

he fw is greater than 0.4 for glass spheres, and is greater than
.6 for acrylic granules [22]. There is also 0.2–1.0% of solids
y volume in the bubbles. In considering the total volume of
ubbles in a fluidised bed, the amount of solids in the wake is
ignificant and large enough for the calculation of bubble rise
elocity.

The velocity associated with particles in a bubble wake or in
bubble can be calculated by taking a suitable top fraction from

he solid upward velocity map as shown in Figs. 4–6, since the
pward velocities of particles in bubble wakes and in bubbles are
ignificantly higher than those of the particles outside the wake
nd the bubble. The size of the top fraction can be determined
rom Fig. 3 which shows no significant difference in the rise
elocity when the size is between 2 and 20%. This indicates

hat the top 10% of the upward velocity is certainly associated
ith the particles in the bubble and its wake. In order to see the
ubble velocity at different bed levels, we divided the bed into
number of layers, and each layer being 5 mm in height. The

F
t

able 2
orrelations used most frequently for the prediction of bubble size

asui and Johanson [14] dB = 1.6ρpdp

(
U

Umf−1

)0.

hitehead and Young [21] dB = 0.34
(

U
Umf−1

)0.33
h

owe [19] dB = (U−Umf)
0.5(h−h0)3/4

g0.25

arton [10,39] dB = 0.74(U − Umf)2/5[
erther [20] dB = 8.53 × 10−3[1 + 27.
ori and Wen [18] dB = 0.652[At(U − Umf

ai et al. [23] dB = 0.21h0.8(U − Umf)0.
al equivalent diameter of the bubble (m); U the superficial gas velocity through
a fluidised bed (m); γ the through flow factor; Ar the Archimedes number; ρg

g is air viscosity [38], (1.82 × 10−5 kg/ms).

verage upward velocity of particles within the top 10% was
alculated to represent the bubble rise velocity in each layer.
hese results will be presented later.

.2. Prediction of bubble velocity and bubble size by using
he empirical correlations
ig. 3. Average rise velocities of particles as a function of the top fraction of
he upward velocity map (Vy).

63
h

0.54

, h0 = 1.61[A0
1.6g0.2(U − Umf)−0.4]

1/3

h + 3.94
√

A0]
4/5

/g1/5

2(U − Umf)]1/3·[1 + 6.84(h + h0 − hy)]1.21 for Geldart B type solids h0 − hy ≈ 0
)]0.4 − {0.652[At(U − Umf)]0.4 − 0.347[A0(U − Umf]0.4} exp

(−0.3h
Dt

)
42 × exp[−0.25(U − Umf)2 − 0.1(U − Umf)]
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rediction 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
unii and Levenspiel (1991) [22]. Table 2 shows the correlations

ig. 4. Flow pattern A, bed material: glass beads, gas velocity
− Umf = 0.25 m/s. (a) Vy at a bed height of 20 mm (y = 160 mm). (b)

y at a bed height of 60 mm (y = 200 mm). (c) Vy at a bed height of 200 mm
y = 340 mm). (d) Solid flow pattern.
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Fig. 4. (Continued)

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

. Results and discussion

.1. Solid flow patterns

A literature search shows that solid flow patterns in bubbling
uidised beds vary mainly with the bed height [22,40]. When

he ratio of the bed height to the bed diameter is unity, the solid
ravels upwards either along the annulus or along the central part
f the bed, inducing two circulation cells within the whole bed.
owever, the observation through PEPT measurements shows

hat solid flow pattern can vary significantly with the bed mate-
ials and gas velocity. Three types of flow patterns, designated
atterns A, B and C, have been observed in our studies on glass
eads and polyethylene fluidised beds as shown in Figs. 4–6,
here the ratio of the bed height to the bed diameter is unity,

nd the superficial gas velocity was from 0.16 to 0.66 m/s. In
he pattern A (Fig. 4), a single large circulation cell is observed
ithin the whole bed, and particles move upwards at one side
f the bed to the splash zone, and then return to the bed bottom
long another side of the bed. This pattern can be observed in
oth glass beads and polyethylene fluidised beds when they are
perated at a low superficial gas velocity (U −Umf < 0.25 m/s
or glass beads, U − Umf < 0.2 m/s for polyethylene). It may not
e a desirable flow pattern, but it reflects the effect of superficial

as velocity on solid/bubble flow structure.

Pattern B (Fig. 5) is a more typical flow pattern and has been
eported frequently in literature. In a layer of 30 mm immedi-
tely above the air distributor, particles move upwards across
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he whole area of the air distributor at a relative uniform veloc-
ty. After this layer, solids move inwards and travel upwards in
he centre of the bed along the axis to the splash zone, and then
eturn to the bed bottom along the annulus. The pattern reported
n this study is observed in a glass beads fluidised bed when it

s operated at a superficial gas velocity (U − Umf) of 0.42 m/s.

The pattern C (Fig. 6) is observed in this study through the
EPT technique when a polyethylene fluidised bed is operated

ig. 5. Flow pattern B, bed material: glass beads, gas velocity
− Umf = 0.42 m/s. (a) Vy at a bed height of 20 mm (y = 160 mm). (b)

y at a bed height of 60 mm (y = 200 mm). (c) Vy at a bed height of 160 mm
y = 300 mm). (d) Solid flow pattern.
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Fig. 5. (Continued)

t a superficial gas velocity (U − Umf) of 0.25–0.50 m/s, and the
atio of bed height to the bed diameter is unity. Solid motion
n the pattern C is much more complex than that observed in
atterns A and B. The bed can be divided into three sections. At
he bottom section, solids travel upwards along the annulus, and

ove down in the bed centre. At the top section, solids travel
pwards at the centre of the bed along the axis to the splash
one and then return to the intermediate height of the bed along
he annulus. At the intermediate height of the bed (60–100 mm),
he upward solid flow from the bottom section encounters the
ownward flow from the top section of the bed at the annulus
Fig. 6d). The two solid flows merge and change the direction
owards the bed centre where the particles are mixed and redis-
ributed to the circulation cells at bottom and top sections. A
imilar flow pattern is also observed in sand (90 �m) fluidised
eds with bed diameters of 150 mm and 90 mm in our studies.

.2. Bubble flow patterns

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

Figs. 4–6 show the solids Vy map for the conditions under

hich the three solid flow patterns can be observed, where each
xperiment was lasted for 2-h. It can be seen that the favoured
scending gas channels vary greatly with bed materials and
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uperficial gas velocity. Three patterns of bubble flows, corre-
ponding to the three solid flow structures, have been observed
n this study. In pattern A, the favoured channel of ascending
ubbles was located at one side of the bed under the experi-

ental conditions. As shown in Fig. 4, there was not a single

ubble that travelled upwards from the valley region within the
-h experiment. The injected air was forced to one side of the

ig. 6. Flow pattern C, bed material: polyethylene, gas velocity
− Umf = 0.25 m/s. (a) Vy at a bed height of 20 mm (y = 160 mm). (b)

y at a bed height of 90 mm (y = 230 mm). (c) Vy at a bed height of 210 mm
y = 350 mm). (d) Solid flow pattern.
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Fig. 6. (Continued)

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

Pattern B of the bubble flow (Fig. 5) was observed when the
lass beads fluidised bed was operated at a superficial gas veloc-
ty (U − Umf) of 0.42 m/s. The solid velocity Vy was relatively
niform within a 30 mm layer immediately above the air distrib-
tor (Fig. 5a), then a peak in the Vy map was observed in the
entral region of the bed (Fig. 5b). This indicates that the bubbles
istributed relatively uniformly in a layer close to the distributor.
he rising bubbles then moved inwards to the central region of

he bed. This bubble flow pattern agrees with the observations
rom Grace and Harrison [9] and Darton et al. [10], where the
ir bubbles are relatively uniformly distributed in a layer close
o the distributor and then coalesced and shafted inwards to the
entral region of the bed with the increase in the bed height,
esulting in the emptying of bubbles in the region near the walls.

When the polyethylene fluidised bed was operated at super-
cial gas velocities (U − Umf) of 0.25 and 0.42 m/s, the bubble
ow followed the pattern C. Air bubbles were favoured to form
nd initially travel upwards in the annulus of the bed, rather
han being uniformly distributed in the whole cross-section area.
ig. 6a shows that there was not a single air bubble that trav-
lled upwards in the central region of the bed at the bottom
ection throughout the entire data collection period of 2 h. The
ubbles then moved inwards to the central region at an interme-
iate height of the bed (60–100 mm) by the solid flows returning
rom the top section of the bed as shown in Fig. 6c and d. Above

he intermediate layer, air bubbles travelled upwards from the
entral region of the bed and formed a peak in the Vy map as
hown in Fig. 6c and d. This agrees with the bubble flow pattern
bserved by Werther and Molerus [11,12] and Lim et al. [8].
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Overall, the favoured ascending gas channels within a bub-
ling fluidised bed varies not only with bed geometry and
he ratio of bed height to bed diameter as described in litera-
ure [22,40], but also appears to vary with bed materials and
uperficial gas velocity. Under the similar operation conditions,
ifferent bed materials give a different gas/solid flow pattern.

.3. Comparison of PEPT measurement with empirical
redictions

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

Firstly, the bubble sizes are calculated by using equations
isted in Table 2, respectively for each flow pattern (A, B and
). The calculated bubble sizes are then put into each corre-

ation listed in Table 1 to calculate the bubble rise velocity.
here are totally 42 combinations of velocity-size correlations,

.e., for each flow pattern, 42 calculated values can be obtained
or the bubble rise velocity. Figs. 7–9 present those results

hat have a good agreement between the PEPT measurements
nd empirical predictions for the flow patterns A, B and C.
or pattern A, the PEPT measurements agree well with the
ise velocities calculated from Eqs. (5)–(7) and (9)–(10) as

v
t
t
d

Fig. 7. Comparison of bubble velocity measured by PEPT with empirical corre
Journal 140 (2008) 358–369 365

hown in Figs. 7–9. The equations are the combinations of
aeyens–Rowe, Baeyens–Yasui, Werther–Darton, Kunii–Rowe
nd Kunii–Yasui. The rise velocities calculated from the PEPT
ata agree well with Eqs. (5)–(10) for the flow pattern B, where
he Eq. (8) is the combination of Davison and Darton.

For the flow pattern C, the bubble rise velocities calculated by
sing particle rise velocity in bubble wakes and in bubbles did not
how a constant increase with the bed height as indicated by the
mpirical approaches. The bubble rise velocity firstly increased
ith the bed height to 0.7 m/s, and then decreased to 0.35 m/s

t the bed height from 130 mm (y = 270) to 200 mm (y = 340).
bove a bed height of 200 mm, the rise velocity dramatically

ncreased again. This data matched very well with the measured
olid flow structure. The empirical correlations listed in Eqs. (6)
nd (10)–(13) can be used to predict the bubble rise velocity at
he bottom section of the bed (h < 150 mm) for the pattern C,
ut cannot predict the bubble rise velocity at the intermediate
evel of the bed. The explanation could be that the empirical
orrelations 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
ir bubbles travel upward along the annulus in the bottom section
f the bed, and then shifted to the bed centre in the intermediate
ection of the bed; therefore, the bubble sizes and bubble rise

elocity are reduced. After the intermediate height of the bed,
he bubbles rapidly coalesce again, resulting in a fast increase in
he bubble size and their rise velocity. Another reason may be
ue to some empirical models used in the work for bubbles are

lations, 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.

Fig. 9. Comparison of bubble velocity measured by PEPT with empirical correlations, where bubble sizes are calculated by using Yasui correlation.
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(15),

t
m

Fig. 10. Air bubble sizes calculated by using Eqs. (14) and

wo-dimensional, and agreement with fully three-dimensional
easurements is difficult due to coalescence and splitting.

Combination of Baeyens–Rowe:

UB = 2.27

A0.2
r

(U − Umf)

+0.711
√

g0.75(U − Umf)0.5(h + h0)0.75 (5)

with h0 = 1.61[A1.6
D g0.2(U − Umf)−0.4]

1/3

Combination of Baeyens–Yasui:

UB = 2.27

A0.2
r

(U − Umf)

+0.711

√
1.6gρPdP

(
U

Umf − 1

)0.63

h (6)

Combination of Werther–Darton:

UB = (U − Umf)

+1.6D0.4
√

0.74g0.8(U − Umf)0.4(h + 3.94A0.5
0 )

0.8
(7)
Combination of Davison and Darton:

UB = (U − Umf)

+0.611g0.4(U − Umf)
0.2(h + 3.94A0.5

0 )
0.4

(8)
and empirical correlations from Darton, Rowe and Yasui.

Combination of Kunii–Rowe:

UB = 1.6D1.35(U − Umf) + (1.81D1.35

+0.711g0.5)

√
(U − Umf)0.5(h − h0)0.75

g0.25 (9)

Combination of Kunii–Yasui:

UB = 1.6D1.35(U − Umf)

+(1.81D1.35 + 0.711g0.5)

√
1.6ρpdp

(
U

Umf − 1

)0.63

h

(10)

Combination of Baeyens–Darton:

UB = 2.27

A0.2
r

(U − Umf)

+0.611g0.4(U − Umf)
0.2(h + 3.94A0.5

0 )
0.4

(11)

Combination of Kunii–Darton:

UB = 1.6D1.35(U − Umf) + (1.81D1.35 + 0.711g0.5)

0.86(U − Umf)0.2
(
h + 3.94

√
A0
)0.4

0.1 (12)

g

Combination of Davies–Darton:

UB = 0.611g0.4(U − Umf)
0.2(h + 3.94A0.5

0 )
0.4

(13)
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.4. Prediction of bubble size by using solid upward
elocity in bubble wakes

From the results listed in Figs. 7–9, it can be seen that the bub-
le rise velocities calculated from the PEPT measurement have
good agreement with many correlations, particularly with the

orrelations proposed by Baeyens and Kunii. Based on these
wo correlations, Eqs. (14) and (15) are derived for calculating
he bubble size in the studied bubbling fluidised beds by using
he upward velocity of particles in bubble wakes and in bubbles.
rom Fig. 10, it can be seen that the bubble size calculated from
qs. (14) and (15) can reflect the variation of solid/bubble flow
attern. For the flow patterns A and B, the air bubbles travel
traight upwards from the air distributor to the splash zone, and
heir sizes increased constantly when rising through the fluidised
ed. The bubble sizes calculated by using the upward velocity of
articles in bubbles and their wakes agree well with the predic-
ions from Rowe (Eq. (13)) and Yasui (Eq. (11)). For the flow
attern C, the bubble size calculated by using the PEPT data
s significantly different from the empirical prediction and the
escriptions in literature. The bubble sizes firstly increase until
he bed height of 150 mm (y = 290) and then reduce in the mid-
le section of the bed, rather than expanding constantly. This
atches the solid/bubble flow structure detected by the PEPT

echnique. The bubble size in the intermediate section of the bed
s much smaller than the predictions from empirical correlations.
bove the bed height of 200 mm (y = 340), the bubbles expand

gain rapidly, and the expanding rate is much higher than the
redicted value.

B =
(

Vw − 1.6D1.35(U + Umf)

1.81D1.35 + 0.711g0.5

)2

(14)

B = [Vw − γ(U + Umf)]2

0.506g
(15)

here Vw is particle upward velocity in bubble and its wake
m/s),

= 2.27

A0.2
r

, Ar = d3
pρg(ρp − ρg)g

μ2
g

. Conclusions

It has been demonstrated that bubble flow pattern and the
ubble behaviour are much more complex than the descriptions
n literature when the beds are operated in a bubbling regime and
he ratio of bed height to bed diameter is unity. They can vary
reatly with the bed materials and applied gas velocity. Three
ypes of patterns (A, B and C) have been observed in this study on
he glass beads and polyethylene fluidised beds. For the pattern
, a favoured channel of ascending gas is found along one side
f the bed when the glass beads bed and the polyethylene bed are

perated at a low superficial gas velocity. It is not a favourable
ow pattern for mixing and chemical reaction but reflects the
ffect of operating gas velocity on the bubble flow pattern. In
his pattern (A), the bubbles travel straight upwards, their size

[

[

Journal 140 (2008) 358–369

nd rise velocity increased constantly through the vertical plane.
or the pattern B, the bubbles distribute relatively uniformly

n a layer close to the distributor, and then move inwards to
he central region of the bed. The size and rise velocity of the
ubbles also increase constantly through the beds. Pattern C is
newly observed flow pattern and manifests itself when the

olyethylene fluidised bed is operated at superficial gas velocity
U − Umf) of 0.25–0.5 m/s and the ratio of bed height to bed
iameter is unity. In this pattern, air bubbles are favoured to
orm and initially travel upwards in the annulus of the bed, rather
han uniformly distribute in the whole cross-section area. The
ubbles are splitting and move inwards to the central region at
n intermediate height of the bed by the solid flows returning
rom the top section of the bed. Above the intermediate layer,
ir bubbles travel upwards from the central region of the bed and
xpand rapidly. The bubble size and rise velocity do not increase
onstantly as described in the literature. The rise velocity firstly
ncreased with the bed height to 0.7 m/s, and then decreased to
.35 m/s at the intermediate level of the bed. At the top section of
he bed, the rise velocity and bubble size dramatically increased
gain.

The comparison of the results calculated by using upward
elocity of solids in bubbles and their wakes with the predic-
ions from a number of empirical correlations indicates that
on-intrusive positron emission particle tracking (PEPT) can be
potential technique for measuring the bubble size and bubble

ise velocity. The bubble rise velocity is calculated based on the
olid upward velocity in bubbles and their wakes, and the bubble
ize in this study is calculated by using the Eqs. (14) and (15).
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