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a b s t r a c t

Phase holdups were measured in the riser section of a gas–liquid–solid circulating fluidized bed (GLSCFB).
Electrical resistance tomography (ERT) as a non-invasive imaging technique, pressure transducers (PTs)
and fibre optic probes were employed. Water was used as continuous and conductive phase, air as the gas
phase and glass beads as solid nonconductive phases. ERT technique is based on conductivity measure-
ment of the continuous phase (water in this study), which provides color-coded cross-sectional view of
phases with a frequency of up to 250 images per second. The local conductivity measured by a number
of electrodes located at the periphery of the plane was then further converted into a local phase concen-
tration distribution based on Maxwell’s relation. The results obtained by PTs, when combined with ERT
Phase holdup results, were used to determine gas and solid holdups. Fibre optic probe was also employed to measure gas
holdup independently. To measure gas and solid holdup, a model was introduced to exploit the fibre optic
data in differentiating gas bubbles from solid particles in the riser. Radial profiles of the phase holdups
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were determined.

. Introduction

Gas–liquid–solid circulating fluidized beds (GLSCFBs) have been
idely used in chemical, petrochemical and biochemical and

nvironmental processes, such as hydrogenation, desulfurization,
ermentation, due to its efficient mixing, heat and mass transfer
apabilities. Most of the studies on gas–liquid–solid fluidiza-
ion systems have mainly focused on conventional expanded bed
egime in the past decades [1]. Therefore a number of theoretical,
mpirical and semi-empirical models have been developed about
ydrodynamics of such systems. The application of these models

s limited in GLSCFB. Conventional fluidized beds also suffer from
imitations such as liquid and gas velocities, solid particles size,
ensity, etc. In GLSCFB, solid particles are circulated between the
iser and the downer at higher velocities compared to conventional
uidized beds, which leads to formation of smaller bubbles and a
etter contact between phases. GLSCFB also offers great flexibility
n terms of solid particles or catalyst regeneration in the downer.
n spite of substantial work the hydrodynamics of GLSCFB is not
ompletely understood yet.

∗ Corresponding author. Tel.: +1 519 661 3807; fax: +1 519 661 3498.
E-mail address: jzhu@uwo.ca (J.-X. Zhu).

h
d
d

2

m

385-8947/$ – see front matter. Crown Copyright © 2008 Published by Elsevier B.V. All rig
oi:10.1016/j.cej.2008.07.022
Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

Different methods have been employed in the study of hydro-
ynamics such as direct sampling, optical fibre, electric conductive
robe, process tomography, static-pressure, ultrasound and iso-
inetic separation. Phase holdups as a main parameter was of major
oncern. Warsito and Fan [2] used electrical capacitance tomogra-
hy (ECT) to distinguish the three phases qualitatively. Due to the
omplexity of the systems, different techniques should be applied
imultaneously for quantitative measurement of phase holdups.

In this study, electrical resistance tomography (ERT), a newly
eveloped method for the measurement phase holdups, is pre-
ented. However ERT cannot measure phase holdups for all the
hases, therefore an optical fibre probe and pressure transduc-
rs (PTs) are used simultaneously to measure phase holdups for
ll three phases. In the experiments, water was used as the liquid
continuous and conductive) phase, air as the gas phase and glass
eads with 500 �m range as the solid phase. Combination of these
easurement techniques provided valuable information about the

ydrodynamics of GLSCFB riser. Average phase holdups, and local
istribution of phases were obtained and compared with published
ata wherever applicable.
. Available measurement techniques

Different measurement techniques have been developed to
easure phase holdups such as; optical fibre technique, ultrasound
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Nomenclature

A cross-sectional area
P pressure (psia)
r radial position (m)
R radius of the riser (m)
S standard deviation
Ua auxiliary liquid velocity (m/s)
Ul superficial liquid velocity (m/s)
Ug superficial gas velocity (m/s)
V̄ average voltage of the signals

Greek letters
ε holdup
� density (kg/m3)
� conductivity (�Si/cm)
�i local conductivity for single phase (�Si/cm)
�m estimated local conductivity (�Si/cm)
�0 local conductivity for mix phases (�Si/cm)

Subscripts
g gas phase
l liquid phase
s solid phase
ls liquid–solid phase
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gls gas–liquid–solid phase
bed fluidized bed

echnique, electric conductive probe technique, and process tomo-
raphic technique.

Lee and de Lasa [3], de Lasa et al. [4] and Yong and Sang [5]
sed fibre optic probe to measure the gas holdup directly in a three
hase system. A single core silica optical fibre of 400 �m U-shape
robe was employed to detect gas bubbles. The gas holdup was
etermined by measuring the time elapsed by the gas bubbles trav-
lling inside the bed. Air was introduced through large nozzles
0.94 cm) producing large bubbles compared to particles average
ize (250 �m). Wang et al. [6] studied bubble behaviour in a flu-
dized bed using 62.5 �m diameter optical fibre probe. Pipe type
istributor was employed to produce large bubbles. Single emitted

ight beam is sent into the fibre through the fibre coupler and then
ach beam is reflected at the end of the fibre. Although the applica-
ion of fibre optic sensor in detection of gas bubbles in a fluidized
ed is simple, it is limited by the size of bubbles and not capable of
etecting fine bubbles in a dispersed flow regime.

Uchida et al. [7] developed a new technique for solids holdup
easurement in a three phase fluidized bed using ultrasonic sound
ave. Later, Vatanakul et al. [8,9] used similar concept for flow
etection. This technique is based on the change in speed and
mplitude of ultrasonic wave incident on a surface. Similar to light
eams, when ultrasonic waves strike at the interface between two
edia, they may be partially/totally reflected, scattered or trans-
itted. Vatanakul et al. [9] reported that the effects of gas bubbles

n sound velocity were contradictory. Some believe that sound
elocity is independent of gas holdup whereas others argued that
he bubbles could affect sound velocity due to great distortion of
ltrasound waves around bubbles [18]. Vatanakul et al. [8] reported
hat that temperature sensitivity and complicated data analysis

ere major disadvantages of commercially available ultrasonic

nstruments.
A dual electrical resistivity probe system was developed by

atsuura and Fan [10] to measure phase holdup and bubble rise
elocity in a fluidized bed. The probe was capable of detecting
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he difference in conductivity of gas and liquid. The dual con-
uctivity probe consisted of two 0.4 mm diameter stainless steel
yringe needles coated with epoxy resin. The vertical distance
etween the tips was 0.3 mm. The striking bubbles generated sig-
als which were recorded digitally. The average lag time of signals
due to the passing bubbles) were used for calculation of average
ubble rise velocity. The technique was claimed to be effective

n detecting bubbles as small as 1 mm in size. The method is
ore applicable to larger bubbles compared to solid particles. The

xperiments were carried out where the bubbles average size was
bout 5 mm which was 10–15 times larger than the solids par-
icles used in the experiments. Liang et al. [11,12] used similar
etup for gas holdup measurement and a horizontal probe for the
easurement of solid holdup in the bubble wake and the emul-

ion phase. They also measured the solids holdup from the same
ignals by using the conductivity of the pure liquid as the base
ine.

Process tomography is an area which has experienced a sig-
ificant growth over the last 10 years in the study of multiphase
ow due to its non-intrusive technique [13]. There are many tomo-
raphic techniques, which have been developed in the past 5–10
ears and employed in the study of three phase systems such
s slurry bubble columns and three phase fluidized beds. How-
ver, there are no imaging techniques available for the study of
hree phase systems in real time [2]. Most of the tomographic
echniques such as electrical capacitance tomography, electri-
al impedance tomography (EIT) or ERT are suitable for two
hase systems. George et al. [14] developed a combined system
f EIT and gamma-densitometry tomography (GDT) to measure
istribution of phases in a vertical three phase flow system simul-
aneously. Razzak et al. [15] measured phase holdups and velocities
n a GLSCFB system by combining ERT and PTs. Warsito and
an [2] successfully developed a new reconstruction technique
or electrical capacitance tomography based on the Hop-field
eural network multi-criteria optimization technique (neural net-
ork multi-criteria image reconstruction technique, NN-MOIRT).
owever this imaging technique was useful only in qualitative
etermination of phases. The application of tomographic technique

n the study of multiphase flow systems continues to grow due to
ts qualitative and quantitative advantages.

. Experimental setup

Schematic diagram of the experimental setup of GLSCFB is
hown in Fig. 1. The GLSCFB consists of two main sections, riser
nd downer, both made of Plexiglas. The riser is 5.97 m tall and
.0762 m in diameter and the downer is 5.05 m and 0.2 m in diam-
ter. A gas–liquid–solid separator is located at the top of the riser
o separate out the solids from the gas and liquid flow and a solids
irculation rate measurement device is located near the top of the
owner to measure the solids circulation rate.

There are two liquid distributors at the bottom of the riser shown
n Fig. 2, the main liquid distributor, made of seven stainless tubes
ccupying 19.5% of the total riser cross-section and extending 0.2 m
nto the riser, and the auxiliary liquid distributor, a porous plate

ith 4.8% opening area at the base of the riser.
The gas distributor shown in Fig. 2 is a tube of 19 mm in diame-

er and bent in a ring shape of approximately 0.0413 m in diameter,
ocated at 0.34 m above the bottom of the riser. There are 460 small

oles of 0.5 mm in diameter on the ring, giving a total opening
rea of 361 mm2, pointing downwards for gas flow. There is also
ring-type liquid distributor in the conical area near the bottom

f the downer, which is a tube of 25.4 mm in diameter and bent in
ring shape of approximately 0.114 m in diameter, with 96 small
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Fig. 1. The schematic diagram of the exper

Fig. 2. Schematic diagram of the distributor section in GLSCFB.

h
o

u
fl
d
c
b
t
r
b
t
b
m
c
l
i
i
e
p
t

imental setup of the GLSCFB system.

oles of 1 mm in diameter on the ring, giving a total opening area
f 301 mm2, pointing downward for gas flow.

Solid particles are carried up in the riser mainly by the liq-
id flow, but also assisted by the gas flow. The auxiliary liquid
ow is employed to facilitate the flow of solid particles from the
owner to the riser, with the main purpose of controlling the solids
irculation rate and acting as a non-mechanical valve. The com-
ined effects of both primary and auxiliary liquid flow produce
he total liquid flow, which carries the solid particles up in the
iser. Air introduced from the gas distributor forms dispersed bub-
le flow in the riser. Entrained particles in the riser, collected in
he gas–liquid–solid separator at the top of the riser, are returned
ack to the downer after passing through the solids circulation rate
easuring device located near the top of the downer. The solids

irculation rate measuring device is a special section of the downer
ocated near the top of the downer and just below the solid return-

ng pipe connecting to the riser. A vertical partition plate divides
nto two halves and there are two half butterfly valves installed at
ach end of this section. By properly flipping the two half butterfly
lates from one side to the other, solids circulated through the sys-
em can be accumulated on one side of the measuring section for
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Fig. 5. Fig. 5 shows a segment of the data collected in 1 s. This sit-
uation changes from location to location not only under the same
Fig. 3. Optical fibre probe system for

given time period. All the measurements were carried out in the
iser.

. Optical probe setup and measurement method

Optical fibre probe was successfully employed to measure phase
oldups in three phase system by Lee and de Lasa [3]. They used a
ingle core U-shape (radius of the tip = 0.5 mm) optical fibre probe
400 �m in size) to measure gas holdup. Lee and de Lasa [3] mea-
ured time average gas holdup from the signal analysis by counting
he fraction of time occupied by the gas bubbles. In a similar fash-
on, Wang et al. [6] used single core 62.5 �m diameter probe to

easure gas holdup. They also measured the gas holdup by count-
ng the number of data points occupied by the gas bubble. In those
xperiments, the average bubble size was about 5 mm which was
lmost 10–15 times of the average solid particles size.

The optical fibre probes used in the present study were model
V-5, produced by the Institute of Process Engineering, Chinese
cademy of Sciences, capable of measuring solids concentration in

hree phase fluidized beds. Details of the optical fibre probes sys-
em are shown schematically in Figs. 3 and 4. They consist of both
ight emitting and receiving quartz fibres, arranged in an alternat-
ng array, corresponding to emitting and receiving layers of fibres as
hown in Fig. 3. The diameter of the probe is approximately 4 mm

nd contains approximately 8000 emitting and receiving quartz
bres with a diameter of 15 �m each. These fibres are arranged in
n alternating array, corresponding to emitting and receiving lay-
rs of fibres, within a 1.5 mm2 area at the centre of the probe tip.
heir small size does not significantly disturb the overall flow struc-

Fig. 4. Schematic diagram of phase holdups measuring optical fibre probe.
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oldup measurement in GLSCFB riser.

ure. The results were not significantly influenced by temperature,
umidity, electrostatics and electromagnetic fields. In order to pre-
ent particles from occupying the blind zone, a Plexiglas cover of
.2 mm was placed over the probe tip.

The received light reflected by the particles and gas bubbles
as multiplied by the photo-multiplier and converted into volt-

ge signals. The voltage signals were further amplified and fed
nto a computer. The high voltage adjustment is used to adjust the
pper measuring limit. There is also a zero voltage potentiometer,
hich produces a zero output signal by adjusting the appropriate

ignal intensity. In order to obtain more accurate representation
f radial solids concentration profiles, three measurement ports
ere installed around the periphery of the column to measure the

olids concentration. The sampling time was 10 s with a frequency
f 2 kHz. To ensure the validity and repeatability of sampled signals,
t least three samples were taken at each measuring position for
ach run.

In this study, water was used as the liquid and continuous phase.
ypical offset was initially set at zero for the liquid output voltage.
onsequently water does not produce any voltage output signal.
owever in the presence of the solid particles in the liquid–solid

wo phase system, signals were detected. Since the solid particles
oved randomly, a fluctuating signal was produced as shown in
ondition but also for different operating parameters. The average
oltage of the signal produced of this particular case was 1.334 V

ig. 5. The typical voltage output signal produce by optical fibre probe for
iquid–solid system in GLSCFB riser.
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uid–solid system in GLSCFB riser for two different superficial gas velocities.
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Fig. 6. Voltage output signal produced by optical fibre probe for gas–liq

ith a standard deviation of 0.241 V. The output voltage in the
resence of bubbles was larger. The analysis of the data under differ-
nt conditions showed that the critical voltage for the detection of
ubbles was the average voltage ±3 times the standard deviation:

c = V̄ + 3�ls (1)

here V̄ is the average voltage of the signals and �ls is the standard
eviation for the liquid–solid system. Therefore, any voltage out of
his range is the indication of a gas bubble.

Gas holdup measurement in gas–liquid–solid systems is really
hallenging when the gas is in dispersed phase and bubbles are
uch larger than solid particles. In the present experiments aver-

ge bubble size lies in between five and twenty times of the
olid particles size in a wide operation ranges. Bubble sizes are
educed when the liquid velocity is sufficiently high and grow
t lower liquid velocities. Fig. 6 shows the signals produced in
he gas–liquid–solid system for two particular operating cases,
g = 3.66 cm/s and 4.88 cm/s with the same superficial liquid veloc-

ty. It can be observed that bubble produces distinctively bigger
ignals than those of solid particles. Signals associated with large
ubbles can be easily distinguished and differentiated from the rest
s shown in Fig. 6. The amplitude of the small bubbles’ signals was
uite small and quite close to that of solid particles, which made
t difficult to differentiate this bubbles. However, the contribution
f the small bubbles to the average gas holdup was small and was
hus ignored. It is to mention that signal amplitude and bubbling
requency increased with increasing gas velocity.

The signals obtained in the GLSCFB were similar to the
iquid–solids system. However the detailed review of these signals
as useful in developing an empirical model to detect the bubbles
hich were at least three times larger than the average diameter

f solid particles. The proposed model used to measure the gas
oldup is

c = V̄ls +
(

V̄gls − V̄ls

V̄ls

)
�ls + 4�ls (2)

here V̄ls is the average voltage of the signals produced from the
iquid–solid system, V̄gls is average voltage of the signals in the
LSCFB, and �ls is the standard deviation for liquid–solid system.

The multiplying factor (V̄gls − V̄ls)/V̄ls used in the equation is to
nd out the exact critical voltage above which all the data points
epresent the gas bubbles. Any change in the gas and liquid flow
ates can affect the size and number of gas bubbles. Fig. 7 shows

ritical voltage measurement used to measure gas holdups using
ptical fibre probe in GLSCFB riser. The average voltage of the signals
n the GLSCFB riser is influenced by the bubbles size and num-
ers. The dimensionless multiplying factor was then adjusted to
easure the particular critical voltage. The time averaged local gas

Fig. 7. Critical voltage measurement used to measure gas holdups using optical fibre
probe in GLSCFB riser.
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the liquid with adding sodium chloride.

A reconstruction algorithm was used to determine the inter-
nal resistivity and the phase holdups within the GLSCFB riser from
the acquired data. With input values of the electrical potentials
Fig. 8. Schematic diagram of the measu

oldup then can be obtained by counting the number of data points
ccupied by the gas bubbles above the critical voltage threshold.

. ERT setup and measurement method

ERT is a non-intrusive soft-field tomographic system, by which
he phase holdups and velocity distributions can be measured.
n principle, both qualitative and quantitative measurements esti-

ated on the basis of local conductivity and/or resistivity of
ifferent phases in a multiphase flow system measured by a num-
er of sensors installed at the periphery of the ERT system. A typical
easurement setup illustrated in Fig. 8, comprises an ERT sensor, a

ata acquisition system and a personal computer. Data acquisition
ystem connected with the electrodes in ERT sensor is responsible
or setting currents and reading voltages.

The ERT system used in the present study (EnERT) manufac-
ured by En’Urga Inc. The ERT sensor has two sets of signal cable
onnecters as well as one for a ground cable. The inner diameter of
he sensor section is built equal to the inner diameter of the riser
o that the sensors can be lined up with the riser. The liner of the
ensor section supports three planes of electrodes. Sixteen elec-
rodes equally spaced on the first plane provide the voltage signals
or reconstructing fine phase distributions, primarily for the dis-
ribution of solids and gas (nonconductive phase) holdups. Each
f the two other planes contains eight electrodes, used to provide
oltage signals for reconstructing coarse phase distributions. Cross-
orrelating between the latter two planes yields estimations of
ocal or zone-averaged phase propagation velocities. For the current
tudy, the sensor section is installed at the height of 2.02 m.

The electronic circuit of the EnERT has two additional cables, a
ower cable and a data acquisition cable. The data acquisition cable

s a standard cable from National Instruments (NI) used to link the
I connectors on the electronic box and the data acquisition board

n the computer.
AC currents were applied to the electrodes. For each driving cur-

ent, the ERT measures the electrical potential distribution through
he electrodes flush mounted on the wall. Fig. 9 shows the cur-
ent injection strategy through the pair-electrodes attached on the
oundary of the ERT sensor for voltage measurements. During each

perating frame, multiple driving currents are sequentially fed into
pair of neighbouring electrodes. The voltages are measured on all
ther electrodes except the current injecting electrodes pair. The
ay in which the driving pair is switched and the voltage mea-

urements are collected varies. With the applied current source,
F
o

nt principle of ERT for GLSCFB system.

lectrical potential distributions are generated within the fluids and
he wall. Electronic circuits captured voltages between the elec-
rodes and send them to a PC-based data acquisition system. The
aved data is processed with an image reconstruction algorithm
hich provides the phase distributions occurred in the experi-
ents.
In the presents study, water is used as a conductive and continu-

us phase. On the other hand gas and solids both are nonconductive
nd dispersed phases. Proper calibration is crucial to get the actual
hase distributions as it reduces the measurement error in con-
erting the conductivity data to phase concentrations. Prior to each
xperiment, calibration was done by adjusting the conductivity of
ig. 9. Current injection strategy through pair-electrodes attached on the boundary
f the ERT sensor for voltage measurements.
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nd currents, the local conductivity (or resistivity) of the mix-
ure can be reconstructed through a state-of-the-art optimization
lgorithm. The algorithms reside in the personal computer con-
ected with data acquisition system and can be used on an off-line
asis. Algorithm produces images quantitatively and depicting the
onductivity or phase holdups for each pixel. A 2D finite element
ethod (FEM) model was employed for the phase holdup measure-
ents due to its speed, overall simplicity and accuracy. Most of the

rocess vessels have circular cross-section, which facilitate finite
lement meshing process [16]. Forward problem is solved using
he FEM-solver and the resultant set of voltages then compared
ith the boundary voltages measured from the data acquisition

ystem. The least square error between the two sets of voltages
hen calculated and compared with the predefined error. If the least
quare error is less then the predefined error then iteration process
s stopped. If it is greater then the error then the resistivity of each
lement is updated via Newton–Raphson technique and then is fed
o the solver for further iteration.

The final conductivity distribution is then further converted into
he local phase concentration distribution based on Maxwell’s rela-
ion. The ERT system obtains data at 250 (500 optional) frames per
econd. For a steady-state condition, the data can be collected for a
ertain period of time. Before the conversion, the local conductivity
s first non-dimensionalized using the equation:

= �m − �1

�0 − �1
(3)

here �m denotes the estimated local conductivity, �1 denotes the
ocal conductivity when the pipe is full of single liquid phase and
0 denotes the local conductivity when the pipe is full of gas or
olid or both phases. The conductivity of the first phase (�1) can be
ound easily with available commercial conductivity meters, while
he local estimated mixture conductivity (�m) is determined from
he pixel conductivity of ERT image data. The Maxwell relation is
mployed to convert the local conductivity to the local gas and solid
oldups [15]:

= 1 − 3�∗

2 + �∗ (4)

. Pressure transducers and measurement method

PTs (OMEGA-PX61) were used to measure average solids phase
oldup by measuring pressure gradient in the riser. This method
alculated solids holdup on particular measurement location which
ill be used for the verification the cross-sectional average solids
oldup measured by ERT. Calibrated PTs were installed at six axial

ocations on the riser column wall, which were connected to the
omputer via an A/D converter. For all experiments, the pressure
ignals were sampled with a frequency of 1000 Hz for a total of
0 s. The two PTs located closest to the ERT measurement sen-
or were used to provide the local pressure data across the sensor
ection.

Pressure drop in the riser is mainly due to liquid and solid static
ead, plus the friction at the wall. Since the fluidization velocity

n GLSCFB is not very high compared to gas–solid fluidization, the
all friction is not significant. The measured pressure drop per unit

ength of the bed is therefore proportional to bed density, �bed, i.e.:

�P = �bedg = (εs�s + εl�l + εg�)g (5)

�Z

here �P is the pressure drop across the measured section of the
ed and �Z is the height of the measured section. Since, �g is about
wo orders of magnitude smaller than either �l or �s, the gas effect is
egligible and thus ignored. From ERT data the average conductive

l
e
l
fi
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iquid phase holdup can be obtained, which can be put into the
bove Eq. (5), to obtain the solid holdup:

s ∼= (�P/(�Z g)) − εl�l

�s
(6)

. Phase holdups measurement

Little work has been done in the study of local phase holdups in
ultiphase flow systems, particularly in GLSCFBs due to the com-

lexity of the available measurement techniques. In this study new
pproach was considered to measure the local phase holdups by
sing the combination of ERT and optical fibre probe data. Seven
adial positions (distributed radially, centred at r/R = 0, 0.2034,
.492, 0.6396, 0.7615, 0.8641, and 0.9518) were considered to mea-
ure gas and solids holdups. These locations were considered for
ividing the cross-sectional area of the GLSCFB riser in six equal
ones to measure zone and time based average solid and gas
oldups.

As discussed, the ERT system can provide phase distributions of
multiphase flow by differentiating between the conductive and
onconductive phases. Therefore, when the nonconductive phase
onsists of two phases, e.g. gas and solid phases as in this study, it
ould be impossible to determine the holdups of the two phases

eparately at particular location. However if the holdup of one of
he phases can be determined by another method, the complete
istribution of phases can be estimated. Therefore fibre optic probes
ere employed to measure the gas holdup. The combination of ERT

nd fibre optic data successfully revealed the phase holdups of all
he phases at different locations.

Fig. 10 shows the radial distributions of gas, solids and liq-
id phase holdups at different superficial gas and liquid velocities
here superficial liquid velocity Ul = 5.6 cm/s and auxiliary liquid

elocity Ua = 1.4 cm/s in the GLSCFB riser. All measurements were
arried out at an axial location of H = 2.02 m above the distributor.
olids holdup initially remained constant at the central location
nd started to increase radially toward the wall. Opposite trend was
bserved for the gas holdup as it sharply decreased in wall region.
imilar results were reported by Yang et al. [17] and Vatanakul et
l. [8].

Optical fibre probe data in a particular radial location was used
o calculate the time averaged cross-sectional phase holdup, from
hich the area averaged cross-sectional phase holdup is calculated

y

¯ = 2
R2

∫ R

0

εr dr (7)

hereas in ERT, phase holdup was measured in six equal zones with
he same area. Therefore, cross-sectional average phase holdup was
alculated from the time average data captured using ERT by

¯ =
∑6

i=1εiAi

A
(8)

Cross-sectional average phase holdups are depicted in Fig. 11.
ross-sectional average solids holdup sharply decreases with the

ncrease of superficial liquid velocity. Cross-sectional average of
olids holdup increased with the increase of superficial gas veloc-
ty. A slight increase of solids circulation rates, thus the solids
oldup, was observed after introducing gas to the system. Simi-
ar observation was reported by Vatanakul et al. [9] and Razzak
t al. [15]. This trend disappeared with the increases of superficial
iquid velocity. Cross-sectional average of solid holdup also veri-
ed with the data measured by PTs. PTs measured solids holdup
round the measurement locations and it can be assumed that
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ig. 10. Radial distribution of gas, liquid, and solids holdup measured for different
uperficial gas velocity at superficial liquid velocity Ul = 5.6 cm/s and auxiliary liquid
elocity Ua = 1.4 in a GLSCFB riser using the combination of ERT and optical probe.

ross-sectional average solids holdup will not vary within short dis-

ances. Table 1 shows the average solids holdup measured with both
echniques.

The error was less than 5% as shown in Table 1. The data provided
y PTs are averaged values which were assumed to be constant,
owever due to the distance between the PT and ERT sensors there

able 1
omparison between the average solids holdup values obtained with different
ethods

l (cm/s) ERT and OP ERT and PT % Error

5 0.0281 0.0267 4.98
2.4 0.0502 0.0484 3.58

11.2 0.0941 0.0915 2.79
8.4 0.0981 0.0962 1.95
5.6 0.1522 0.1448 4.87

t

i
i
r

8

t
e
t
t
m

ig. 11. Cross-sectional average gas, liquid, and solids holdup measured varying
ifferent superficial liquid velocity for different superficial gas velocity at auxiliary

iquid velocity Ua = 1.4 in a GLSCFB riser using the combination of ERT and optical
robe.

ould be small changes. Major part of the errors may be attributed
o these changes.

Cross-sectional average of gas holdup increases with the
ncreases of superficial gas velocity and it goes down with the
ncreases of superficial liquid velocity. On the other hand the
emaining phase (liquid phase) has shown the reverse trend.

. Conclusions

Measurement techniques of phase holdups in three phase sys-

ems were reviewed in this paper. The new ERT technique was
mployed to measure the local distribution of phase holdup in a
hree phase circulating fluidized bed. In spite of being an advanced
echnology, ERT application in three phase systems is limited to the

easurement of conductive phase only, which makes it impossible
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o differentiate between the other nonconductive phases, e.g. solids
nd gas in this study. A new method was developed to determine
he phase holdups of all phases for a better understanding of hydro-
ynamics in GLSCFB systems. Combining the advanced technology
f ERT and optical fibre probe revealed the phase holdups in GLSCFB
iser quantitatively. Optical fibre probe was capable of measuring
as holdup, which was one of the nonconductive phases. Combi-
ation of both technologies successfully measured three phases
eparately.

Radial distribution of phase holdups showed that the solid
oldup was lower in the central region and increased radially
oward the wall region, while opposite trend was observed for the
as holdup. Cross-sectional average of gas holdup increased with
he increase of superficial gas velocity and it decreased with the
ncreases of superficial liquid velocity. Both ERT and OP and ERT
nd PT have shown a good agreement with little percentage error.
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