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Particle image velocimetry was used to investigate the evolution of multiple inlet gas jets located at the distributor base of a
two-dimensional fluidized bed setup. Results were used to estimate the solid circulation rate of the fluidized bed as well as
particle-entrainment into the individual jets. The effects of fluidization velocity, orifice diameter, orifice pitch, particle
diameter, and particle density were studied. It was determined from this study that the solid circulation rate linearly increased
with an increase in the fluidization velocity until the multiple jet system transitioned from isolated to an interacting system. In
the interacting system of jets, the solid circulation increased with fluidization velocity but at a much lower rate. For multiple
jet systems, this phenomenon may indicate the presence of an optimum operating condition with high circulation rate and low
air input in the bed. VVC 2011 American Institute of Chemical Engineers AIChE J, 58: 3003–3015, 2012
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Introduction

Fluidized beds commonly consist of multiple jets of oxy-
gen containing gas located at the bottom of the bed to fluid-
ize particulate media as well as support the combustion and
gasification of solid fuel. The importance of these jets is
reflected by their ability to act as a reacting medium and to
control the reactors that produce syngas from gasification of
fuels such as coal and biomass. These jets entrain gas and
particles from the emulsion thereby enhancing the gas-parti-
cle mixing. Thus, the entrainment process helps to promote
heat transfer, mass transfer, and chemical reaction rates for a
fluidized bed reactor. For proper performance estimation, the
patterns and extent of gas-particle mixing must be deter-
mined for a reactor. Failure to predict these factors may lead
to problems such as particle agglomeration, temperature hot
spots, and partial defluidization.

Various mathematical and empirical models for particle
entrainment rate have been suggested in the literature. One
of the earliest studies in this regard was done by Thorley
et al.1 using semicylindrical spouted beds. In the research
conducted by Thorley et al.,1 the forces acting on particles
in the jet spout were balanced to estimate the particle veloc-
ity profile. Lefroy2 suggested an alternative approach to pre-
dict the solid circulation rate by solving mass and momen-
tum equations for bed voidage and particle velocities in the
jet spout. This approach was further supplemented by vari-
ous works in the literature.3–7 Van Deemter8 developed the
counter-current flow model for gas–solid fluidized beds to
propose the bubble induced particle mixing and solid circula-

tion. This was further extended by Baeyens et al.9 and van
Deemter10 into comprehensive models and empirical equa-
tions to estimate the model parameters, particle velocities,
circulation flux, bed turnover time, gas back mixing, resi-
dence time, segregation, and defluidization. Merry11 devel-
oped a particle entrainment model based on particle stream
function and validated it experimentally using a liquid–solid
fluidized bed. Donsi et al.12 developed a mathematical model
based on the turbulent jet theory13 to describe the observed
jet characteristics in a two-dimensional bed. This was further
extended by Massimilla14 to a more detailed model which
included mode of discharge, jetting regions, penetration
depths, expansion angle, entrainment, bubble size and trans-
port models. Further computational studies were conducted
by various researchers to understand the influence of solid
circulation on bed dynamics.5,10–14

Various experimental studies have been performed to pro-
vide the empirical input parameters for these mathematical
models, as well as to provide the data for model valida-
tion.3,15,16 The most important parameters to quantify the
particle entrainment rate are particle velocities and void frac-
tion values. These parameters are estimated either inside the
jet or along the jet periphery. Several intrusive and non in-
trusive techniques have been applied to quantify these pa-
rameters in experimental fluidized beds setups. Some of
these techniques include photographs and visual analy-
sis,1,11,12,17–20 pitot tubes,12,18,21 fiber optic probes,4,22–27

tracer particles,7,21,28,29 tracer gas,19,30 gamma-ray densitom-
eter,15,31 positron emission particle tracking,32,33 x-ray to-
mography,34,35 digital image analysis,36–39 and particle-
image velocimetry (PIV).40,41 Most of these experimental
studies have been conducted using single jet spouted beds.
Also, reports on the influence of multiple jet systems on
solid circulation are still sparse in the literature.
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The motivation behind this study was to understand the
effect of distributor orifice diameter, orifice pitch, particle
types, and operating conditions on the solid circulation
dynamics of a multiple jet system fluidized bed. PIV has
recently been used on a single jet system to analyze the solid
circulation behavior.40 However, its application onto multiple
jet systems has not been reported in the literature. In this
study, PIV and a two-dimensional bed were used to visualize
and analyze the solid circulation phenomena, including jet
entrainment, on a multiple jet system.

Experimental

Experimental setup

A two-dimensional fluidized bed setup of dimensions 0.76
m high and 0.25 m wide was used in this research. Figure 1
contains a schematic of the experimental setup. The thick-
ness of the bed was 0.0127 m to ensure that the ratio of bed
thickness to particle diameter is greater than 10 to avoid par-
ticle bridging effects.42,43 The bed walls were made of high
optical clarity glass, and a light absorbing black sheet was
located on the back side. The bed was illuminated homoge-
neously using two halogen lamps of 500 W each, which
were located approximately at a 45� angle from the bed
axis. A Flowsense MKII (4 Megapixel) PIV camera was
used to take double frame digital images of the bed. The
camera was controlled through a timer box, and images were
stored and processed in a computer using Dynamic Studio
3.0 software. The setup was surrounded by black barriers
and curtains to avoid reflections in captured images.

Air supply was controlled through a 500 SLPM ALICAT
(Model No. MCR-500SLPM-D/10M) mass flow controller
(accuracy: �0.4% reading, þ0.2% FS). As shown in Figure
1, the air was channeled through a humidifier to avoid elec-
trostatic effects in the bed. The water content of the humidi-
fier was kept to a minimum to avoid saturation. Air was
then fed into the plenum chamber and injected into the bed
through a perforated plate distributor. The plenum was filled

with marbles to ensure uniform fluidization. A Setra (Model
no. 264) differential pressure transducer (ranging 0–25,000
Pa, accuracy �0.25% FS) was used to measure the pressure
drop between the plenum and the freeboard. Differential
pressure, inlet pressure, inlet temperature and air flow rate
data were recorded using a National Instruments data acqui-
sition system.

Test cases

Test cases were developed to explore the effect of chang-
ing particle size, particle density, fluidization velocity, orifice
diameter and orifice pitch on the solid circulation behavior.
Three types of particles were selected to provide diameter
ranging 550–750 lm and density ranging 1079–2500 kg/m3.
As listed in Table 1, this resulted in particles with Geldart B
and D classification. Ceramic 550 lm and glass 550 lm par-
ticles have the same mean diameter, different density, and
the same Geldart B classification. Glass 550 lm and glass
750 lm particles differ in mean diameter and Geldart classi-
fication but have same density. The particles were sieved
through calibrated sieves multiple times within 100 lm
range. The particle-size distribution was assumed to be nor-
mal and the mean diameter is reported in Table 1. Each type
of particle was examined using three different types of per-
forated distributor plates. As listed in Table 2, effects of ori-
fice diameter and orifice pitch were evaluated in this study.
Distributor Type A1 and A2 have same orifice diameter but
different orifice pitch. Distributor Types A and B differ in
orifice diameter. Distributor Type A1 and B1 were designed
to have the same total orifice flow area. Thus, at same super-
ficial velocity for Type A1 and B1 distributors, the effect of
orifice diameter can be compared at the same orifice veloc-
ity. The uncertainty in orifice diameter was within �0.02
mm to ensure the flow rate uniformity. The periphery of the
orifices is shown in Figure 2 to be located 1.59 mm from
the bed wall aiding in the optical assessment of jets. Similar
orifice arrangements have been used for optical assessment

Figure 1. Schematic of experimental setup.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table 1. Physical Properties of Tested Fluidized Bed Media

Particle dp (lm) qp (kg/m3) Umf (m/s) Geldart Group

Glass 550 2500 0.22 B
Glass 750 2500 0.35 D
Ceramic 550 1079 0.20 B

Table 2. Description of Perforated Distributor Plates

Distributor Type do (mm) N (Number of Holes) P (m)

A1 2 9 0.028
A2 2 5 0.056
B1 3 4 0.063

Figure 2. Schematic of distributor plate.
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of jet characteristics in two-dimensional and semicylindrical
beds with a flat front wall.12,17,21,44–50

Recent review articles have cautioned the application of
two-dimensional fluidized bed data for quantitatively predict-
ing cylindrical fluidized beds.42,43 However, it was acknowl-
edged that the two-dimensional beds provide qualitative and
semiquantitative indications of behavior for an axis-symmet-
ric cylindrical column. It has also been recommended42,43 to
keep the ratio of bed thickness to particle diameter high
(aprroximately10–20) to avoid any particle bridging effects
in a two-dimensional fluidized bed setup. In absence of such
conditions, frictional resistance becomes a dominant force in
restraining the particle motion along the front and rear faces
of the bed.43 In the current study, the ratio of bed thickness
to particle diameter was kept at 23 for glass and ceramic
550 lm particles and 17 for glass 750 lm particles.

Analysis Procedure

Pressure drop analysis

The differential pressure drop was analyzed to calculate
the minimum fluidization velocity (Umf,2D) for each combi-
nation of particle type and distributor type in the two-dimen-
sional bed. These velocities are listed in Table 3 and com-
pared with minimum fluidization velocities (Umf,3D) calcu-
lated for respective particles in a cylindrical fluidized bed
setup.51 Experimental data was taken starting with the bed at
the maximum flow rate, which was approximately two times
the minimum fluidization velocity. The flow rate was
decreased by 5 SLPM and then held constant for 300 s
before the data acquisition.

Particle image velocimetry

PIV is a nonintrusive optical technique used to quantify
velocity field information of seeding particles suspended in a
fluid through measurement of particle displacement over a
known time interval. Due to dense media prohibiting laser
passage in the bed, a conventional PIV technique cannot be
used to obtain gas or particle velocities. However, PIV can
be used to quantify particle velocities near the front wall.
Hence, the bed was homogenously illuminated using halogen
lights and bed media was used as seeding particles to quan-
tify the particle velocity field.

The camera was located at a distance of 1.0 m from the
front wall which enabled a field-of-view covering the full
width and expanded height of the bed. Magnification factor
of this setup ensures that each particle occupies approxi-
mately 3–4 pixels on a CCD frame of the 4 Megapixel PIV
camera. Measurements at each flow rate included 25 double
frame images taken at a trigger rate of 7.4 Hz. This resulted
in measuring the flow field over 3.38 s. The time delay

between each pair of double frame images was 1 ms. An
adaptive correlation technique was applied where the inter-
rogation area (IA) for each reading was iteratively reduced
from 128 � 128 pixels to 32 � 32 pixels in two steps. The
relative overlap of 25% and the peak validation of 1.2 were
applied for PIV analysis. A sample PIV mean superimposed
onto the mean image is shown in Figure 3. PIV vectors
inside the jet were masked, as the time delay was set to get
better velocity profiles in the annulus area outside the jets.

Solid volume fraction analysis procedure

Quantifying the solid volume fraction, es, of a fluidized
bed is necessary to investigate its hydrodynamics. In two-
dimensional fluidized beds, the images of fluidizing particles
can be obtained at the bed front wall. The time average in-
tensity analysis of these images can be used to determine the
solid volume fraction in a two-dimensional bed.36,38,39,52–54

This section discusses the procedure used to determine the
solid volume fraction values for the bed.

Corrected Intensity Maps. Twelve bit images were cap-
tured in these experiments, ranging the pixel intensity level
from 0 (for dark regions) to 4095 (for bright regions) for a
window of 2048 � 2048 pixels. Fluidizing bed images were
subtracted by a base image to obtain a homogenously lit
image. The base image was taken without any particles in
the bed to remove the illumination irregularities. The result-
ant image intensities were then scaled from 0 (absolute gas
phase) to 1 (particulate phase). This scaling ensured that dif-
ferent type particles (glass or ceramic) with varying spectral
properties are equally treated mathematically. Thereafter, the
scaled intensity of each pixel was spatially averaged for the
same size as the PIV vector Interrogation Area (IA). This
enabled each of the 85 � 85 PIV velocity vectors in the
image window to have a corresponding averaged intensity
value. Lastly, the images taken at different air flow rates
were linearly corrected using the intensity difference caused
by the level of smearing in those images due to moving par-
ticles to get the corrected intensity, Icor, for each IA. This
image analysis is shown for an instantaneous image in Fig-
ure 4. The image processing work was performed using
MATLAB 7.9 (R2009b).

Table 3. Comparison of Experimental Minimum
Fluidization Velocities Measured for Cylindrical and

Two-Dimensional Bed Test Runs

Distributor
Type

Glass 550 lm
Particles (m/s)

Glass 750 lm
Particles (m/s)

Ceramic 550 lm
Particles (m/s)

3D Beda 0.22 0.35 0.20
A1b 0.23 [1.0] 0.34 [1.0] 0.23 [1.1]
A2b 0.21 [0.9] 0.28 [0.8] 0.17 [0.9]
B1b 0.23 [1.0] 0.34 [1.0] 0.18 [0.9]

Term in bracket indicates Umf,2D/Umf,3D for the corresponding particle type.
aUmf,3D (m/s).
bUmf,2D (m/s).

Figure 3. Jet at the bottom of Type A2 distributor plate
using glass 550 lm particles: PIV mean
superimposed onto mean image of acquired
images.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Bulk Solid Fraction. The bulk solid volume fraction, es,b,
of the fluidized bed was calculated at a set fluidization ve-
locity to develop a solid volume fraction correlation based
on Icor of the respective IAs. For this purpose, the corrected
intensity, Icor, maps were time-averaged for the data acquisi-
tion period of 3.38 s. These time-averaged Icor maps were
used to quantify the bulk solid volume fraction, es,b, of the
bed at a set air flow rate. First, the time-averaged Icor inten-
sity value was averaged along the bed width and plotted
along the height above distributor, as shown in Figure 5a.
The bed expansion height was the vertical location at which
this intensity is 5% of the maximum value (1.0). The calcu-
lated bed expansion height was subsequently used to deter-
mine the es,b using the known bed mass, as shown in Figure
5b.

Solid Volume Fraction. The time-averaged Icor value for
each interrogation area was converted to the mean solid vol-
ume fraction, es, along the thickness of the bed using the fol-
lowing correlation.

es ¼ ðAIcorÞB (1)

The term AIcor represents the area fraction occupied by
illuminated particles on the front wall of the fluidized bed.
This includes higher intensity particles at the front wall and

lower intensity particles along the thickness of the bed. The
basis for the assumption that the measured intensity repre-
sents the particle area fraction came from the studies con-
ducted by Heffels et al.55 and Boerefjin et al.,53 in which
they concluded that the backscattered light reflected from the
particle suspensions is an indication of the total reflecting
surface area of the particles. A similar conclusion was made
by Poletto et al.52 using image analysis on a water fluidized
bed of 3dp bed thickness.

The parameter B was introduced in Eq. 1 to convert this
area fraction to mean solid volume fraction, es, along the
thickness of the bed. This was followed by the work of Link
et al.,36,37 where porous cube theory was applied onto two-
dimensional fluidized beds to obtain a correlation between
its intensity and solid volume fraction

es ¼ ðImÞ1:5
(2)

In the correlation proposed by Link et al. in Eq. 2, Im rep-
resents the area fraction of particles on the front wall com-
puted through intensity manipulation, which is similar to
AIcor term in Eq. 1 with A ¼ 1. Im was raised by a power of
1.5 to obtain mean es along their bed thickness (6dp). This

Figure 4. Image analysis for the test case of glass 550
lm particles using Type A1 distributor at Uf 5
0.31 m/s: (a) Instantaneous image with non-
homogenous illumination (b) Corrected inten-
sity, Icor, map of the instantaneous image.

0 represents all gas and 1 represents all particulate

phase. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 5. Bulk solid volume fraction, es,b, estimation for
glass 550 lm particles using Type A1 distrib-
utor.

Bed mass is 0.6674 kg: (a) Corrected Intensity averaged

along distributor width vs. height above distributor at Uf

¼ 0.35 m/s (b) Bed expansion height and es,b for bed

superficial velocities. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.

com.]
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procedure was further validated using discrete particle model
simulations.36,37,39

The values of A and B in Eq. 1 were empirically deter-
mined in this study. This was done by plotting the bulk solid
fraction, es,b, calculated as observed in the previous section
with the time-averaged and the expanded bed dimension
averaged Icor values for varying fluidization velocities. Using
a best fit to the data, the values for A and B were determined
for each particle type. These A and B constants were subse-
quently used to quantify the solid fraction distribution, es,
using Eq. 1. The values of measured constants A and B are
mentioned and discussed in later sections.

Particle entrainment and solid circulation

The jet boundary was determined to be linearly expanding
from the orifice to the maximum diameter, as shown in Figure
6. Above this, the jet diameter remains constant until the bub-
ble generates at jet tip.56 Particle velocity vectors u! and v! of
each IA were multiplied with their respective es and particle
density, qp, to calculate horizontal and vertical particle mass
fluxes ( _m00

x and _m00
y ), respectively. The _m00

x , calculated along
the jet boundary was multiplied with the jet surface area to
obtain the particle entrainment rate for individual jets, _mx;j.
The jet surface area was calculated assuming the jet structure
to be of a semicircular cross-section along the front wall. The
jet diameter was always found to be lower than the thickness
of the bed.56 The expansion angle for each jet was calculated56

to accurately determine the jet boundary and estimate the pro-
posed jet surface area. The particle entrainment values were
added for each jet to get the total solid circulation rate of the
bed, _mx;tot ¼

PN
j¼1 _mx;j, at a set air flow rate. This procedure

was used to estimate the solid circulation rate and particle
entrainment rates for each fluidization velocity of the nine test
cases using a MATLAB code.

Results and Discussion

The fluidized bed behavior was investigated while varying
the operating parameters such as fluidization velocity, parti-
cle density, particle diameter, orifice diameter, and orifice

pitch. A phenomenological model was developed to study
the effect of these parameters on the geometrical characteris-
tics of the jets and grid-zone behavior.56 This section briefly
describes the major characteristics of fluidized beds and then
presents results on the patterns of solid fraction and solid
circulation in a fluidized bed.

General bed fluidization characteristics

The grid-zone region of fluidized bed is shown in Figure
6 to be divided into three sub zones: particle moving zone,
dead zone and jetting zone.4,17,56,57 Figures 7a, b contains
time averaged PIV and Prewitt filtered images for the fluid-
ized bed at different fluidization velocities with glass 550
lm particles using Type B1 distributor plate.

Jet profiles can be classified into three systems: isolated,
transitional and interacting, based on whether the respective
moving zones of jets are interacting with the adjacent mov-
ing zones.45,56 Jet systems were defined to be isolated if the
moving zone of the adjacent jets did not mix with each
other, as seen in Figure 7a. In a similar way, interacting jet
systems were observed when all the jets in the system have
moving zones that intermix with adjacent ones, as seen in
Figure 7b. In transitional jet systems, some jets behaved as
isolated while others had moving zones that intermix with
adjacent ones. The occurrence of these three systems was de-
pendent on fluidization velocity, pitch of orifice and particle
properties.

A permanent jet shape was found in all test cases. This is
consistent with the criteria proposed by Grace and Lim58

where permanent jet formation is expected when do/dp �
25.4. Rowe et al.59 attributed this finding to the presence of
wall structures in two-dimensional bed in comparison to his
study done on a cylindrical bed where they found a stream
of bubbles instead. This phenomena was verified in a recent
study as well.60

Solid volume fraction results

Figure 8a contains the plot of es,b along with time-aver-
aged and expanded bed dimension averaged Icor. A least-
square fit to the es,b data using the Eq. 1 is also plotted for
the corresponding fluidization velocity test case. The con-
stants A and B values were found close to the values
reported by Link et al.,36 with constant B value being close
to 1.42 for all three particles types and constant A varying
around 1.0 with some dependence on particle type and
size.

It is thus concluded that in Eq. 1, A represents the spectral
parameter of the fluidized particles. This parameter converts
the corrected intensity to the area fraction occupied by par-
ticles on the front wall. For the particles that reflect the in-
tensity equivalent to its projected area, the value of A should
be close to 1. For particles that reflect more light than its
corresponding projected area, the parameter A would be
lower than 1 to convert particle intensity to its correct pro-
jected area. This was observed for ceramic 550 lm particles
with A being 0.82. Similarly, A would be higher than 1 for
particles reflecting less light than its corresponding projected
area. The parameter B converts the projected particle area
fraction to the mean solid volume fraction, es, along the
thickness of the bed. Thinner beds would tend to have B
closer to 1 as observed in results of Poletto et al.52 and
Boerefjin et al.53 Beds with higher thickness to particle di-
ameter ratio would tend to have B higher than 1, as observed
in the current experimental results and those of Link et al.36

Figure 6. Phenomenological model for jets in two-
dimensional beds.

IA selected along jet boundary is used to estimate parti-

cle entrainment rate. Horizontal velocity and es were

averaged from both sides of the jet boundary. [Color fig-

ure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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Figure 8b provides the plot for absolute error in total bed
mass calculated using the solid fraction model, Eq. 1, against
the actual mass of particles fluidized in the bed. This error
was found to be less than 15% for all nine test cases at
varying fluidization velocities. Figure 8c contains the void
fraction map (ef ¼ 1�es), calculated using Eq. 1, for the in-
stantaneous image shown in Figure 4a.

Figure 9a contains the plot of solid volume fraction profile
along the jet boundary (a-b-c), including the conical bottom,
for ceramic 550 lm particles using Type A1 distributor plate
at Uf/Umf,2D ¼ 1.46. The solid fraction values increase
almost linearly along the cone length to attain its maximum
value at the location where conical part of the jet structure
ends (a-b). This indicates the presence of dead zones in the
vicinity of conical regions. Lower solid fraction near the bot-
tom part of the jet is attributed to higher diffusion rate of
high velocity gas from the jet into the bed. Further upwards
along the jet height (b-c), the solid fraction profile gradually
decreases along the constant diameter part of the jet indicat-
ing the influence of the particle moving zone on the solid
fraction values. Figure 9a also contains the solid volume
fraction profile along the center of jet 2 (p-q). The solid frac-
tion values at the center are lower in comparison to the val-
ues at the boundary of the corresponding jet. The solid frac-
tion values at the center follow the profile similar to that at
the boundary, except for the upper part of the jet where a
gradual increase in solid fraction was measured. This com-
plements the observation at the jet boundary where the
entrainment of particles leading to the decrease of solid frac-
tion values now contributes to the increase of solid fraction

values at the center of jet. Similar results were observed for
other test cases involving different distributor types and par-
ticle combinations.

The profiles shown in Figure 9a match qualitatively with
the theoretical results of Donsi et al.12 for solid fraction val-
ues along the jet central axis, and computational results of
Ettehadieh et al.5 for solid fraction values 2.5 mm off the jet
central axis. Quantitatively, the solid fraction values meas-
ured by Donsi et al.12 and Ettehadieh et al.5 were lower than
those observed in Figure 9a. The reason for this difference
could partially be attributed to mean jet orifice velocity, Uo,
in the aforementioned studies being �2 times higher than
the current study. Another comprehensive experimental study
conducted by the same researchers,15 using rectangular slit
distributors and comparable inlet jet velocities revealed the
solid volume fraction values to be in the same range as
observed within the current study.

Figure 9b contains solid volume fraction profiles at differ-
ent horizontal positions along the height of jet. As expected,
the solid fraction values at the center of the jet are lower
than those at the jet boundary and further lower than those
located within the dead zone (x/P ¼ � 0.5). The solid frac-
tion profile at the jet center follows the same pattern as
shown for the second jet in Figure 9a. The solid fraction
value at the center is highest at y ¼ 0.010 m and it gradually
increases along the jet height from y ¼ 0.020 m to y ¼ 0.060
m. At the height of y ¼ 0.060 m, the solid fraction values are
almost uniform along the pitch of the distributor indicating the
end of the jet length. The solid fraction values at the two jet
boundaries are averaged and represented in Figure 9a. This

Figure 7. PIV data superimposed on mean image of acquired images, and Prewitt filter applied on mean image.

Test-case of Type B1 distributor using glass 550 lm particles exhibiting different jet systems (a) Uf/Umf,2D ¼ 1.12, isolated system

and (b) Uf/Umf,2D ¼ 1.46, interacting system. Field of view is 250 mm wide by 200 mm high. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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average value decreases slightly for height greater than 0.020
m due to the entrainment of particles from the moving zone
into the jetting zone. The solid fraction values at the center of
dead zones (x/P ¼ �0.5) do not show any change along the jet
length for heights greater than 0.020 m. This horizontal profile
of solid volume fraction was found to be similar to those seen
in the literature.61

Particle entrainment and solid circulation

This section reviews the effect of variations in fluidization
velocity, particle properties and distributor types on solid cir-
culation and particle entrainment rates.

Fluidization Velocity. Figure 10a provides a plot of solid
circulation rate for three particle types using the Type A1

distributor. Solid circulation was found to increase linearly
with an increase in fluidization velocity until the jet systems
transitioned from isolated to interacting jets. For the interact-
ing jet systems, the rate of increase of solid circulation sud-
denly decreased in comparison to isolated jet systems.
Although the linear increase of solid circulation with fluid-
ization velocity has been observed in previous stud-
ies,20,21,28,29 the sudden change in the rate of solid circula-
tion has not been reported in the literature due to the lack of
multiple jet studies. The relative leveling of solid circulation
rate with fluidization velocity indicates that an optimum
operating condition may exist for the applications that
require high solid circulation for lower air input flow rate.

The accuracy of these solid circulation rate values were
evaluated by comparing them with an alternate method pre-
sented by van Deemter.8 The circulation rate was proposed
to be calculated using a counter-current model developed for
gas–solid fluidized beds62,6,3

_mx;tot ¼ qp � ðes;bÞ � ðfrnegÞ � ðjvneg;avgjÞ � ðAdÞ (3)

Figure 8. Validation and application of solid volume
fraction correlation.

(a) Comparison of es correlation (Eq. 1) with correlation

from Eq. 2 and es,b values for different test cases. (b)

Absolute error between actual bed mass and the mass calcu-

lated using es correlation (Eq. 1) along the expanded bed

dimensions (c) Void fraction (ef ¼ 1 �es) map calculated

using Eq. 1 for the instantaneous image shown in Figure 4.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 9. Solid volume fraction profiles for ceramic 550
lm particles with Type A1 distributor and
Uf 5 0.34 m/s.

(a) Solid volume fraction profile measured along jet

boundary (a-b-c) and jet center (p-q) vs. height above

distributor. Plot shows jet boundary data for five jets

counting from left to right and jet center data for second

orifice from the left. (b) Solid volume fraction profile for

different horizontal locations (r-s) centered on the sec-

ond jet from the left. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.

com.]

AIChE Journal October 2012 Vol. 58, No. 10 Published on behalf of the AIChE DOI 10.1002/aic 3009



In Eq. 3, es,b represents the bulk sold volume fraction cal-
culated by Eq. 1, frneg represents the fraction of dense bed
moving downwards, |vneg,avg| represents the average negative
particle velocity of the bed, and Ad represents the cross-sec-
tional distributor area. These parameters were calculated for
the test-case of glass 550 lm particles using the Type A1
distributor plate at different fluidization velocities. The cal-
culated solid circulation rates are plotted in Figure 10a along
with the average uncertainty estimation of �18.2%. These
circulation rate values are close in comparison to the values
calculated using the method suggested in the current study,
for which the average uncertainty was estimated to be
�14.9%. As observed from Figure 10a, the values calculated
by Eq. 3 overestimated the current results for isolated/transi-
tional jet systems and under predicted values for the interact-
ing jet systems.

It must be noted that the PIV camera settings were
adjusted to get better signal/noise ratio for particle velocities
participating in the jet entrainment. Particle velocities near
the top of the bed are higher due to the eruption of bub-
bles.64,65 This might lead to under prediction of |vneg,avg|
using the current experimental settings, especially at higher

fluidization velocity. Also, there is a level of unaccounted
error within the estimation of frneg which is more accurately
noted as the fraction of downward moving particle and inter-
stitial gases.10 It was not possible to accurately implement
this definition onto the current results of the experimental
study. However, the comparison between the data presented
in Figure 10a shows reasonable agreement in solid circula-
tion rate values calculated using the two methods. Figure
10b shows the parameters frneg and |vneg,avg| estimated for
the discussed test-case. As noted, the frneg values were found
to monotonically decrease with the increase in fluidization
velocity. This trend can be partially explained on the basis
of reduction of the dead zone areas and more particles par-
ticipating in the fluidization of the bed due to the high veloc-
ity upward jets. The |vneg,avg| values were found to linearly
increase with an increase in fluidization velocity, until the
jet systems transitioned to interacting jets. For the interacting
jet systems, a sudden decrease in |vneg,avg| values was
observed which is consistent with the leveling of solid circu-
lation rate observed in Figure 10a.

It was found that the major factor contributing to the lev-
eling of solid circulation rate, calculated by the current ex-
perimental scheme, was the leveling of the horizontal parti-
cle entrainment velocity, u!, for the interacting jet systems.
Figure 11 contains a plot of average entrainment velocities,
Uavg, for the three test cases mentioned in Figure 10. Uavg

was calculated while measuring the horizontal entrainment
velocities along the jet boundaries and then averaging these
values for all jets at a particular air flow rate, as shown in
Figure 6. As observed from the Figure 11, Uavg increased
linearly with the fluidization velocity until the jet systems
transitioned to the interacting system, where Uavg started to
level off. Since the jet length and jet diameter increased
with fluidization velocity,56 the leveling of horizontal
entrainment velocities was the determining factor in the lev-
eling off of the solid circulation rate.

Figure 12 provides the particle entrainment rate for each
of nine individual jets with glass 550 lm particles and Type
A1 distributor plate. It was observed that the particle entrain-
ment in each jet is not same at a particular fluidization ve-
locity. This difference in particle entrainment is primarily

Figure 10. Analysis of solid circulation rate with
change in fluidization velocity.

(a) Solid circulation rate calculated for the three parti-

cle types using Type A1 distributor vs. Uf/Umf,2D. (b)

frneg and |vneg,avg| calculated for glass 550 lm particles

using Type A1 distributor vs. Uf/Umf,2D. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 11. Average entrainment velocity, Uavg, vs.
Uf/Umf,2D for three particle types using Type
A1 distributor.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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attributed to differences in jet lengths and entrainment veloc-
ities for each jet. Jet diameter and solid volume fraction val-
ues along the jet periphery did not differ considerably for
each jet, as shown in Figure 9a.

Data in Figure 12 demonstrate that the particle entrain-
ment for a particular orifice does not necessarily increase
with an increase in fluidization velocity. This phenomena
was particularly evident for the interacting jet systems (Uf/
Umf,2D ¼ 1.57 – 1.80). However, as noted in Figure 10a, a
net increase in solid circulation _mx;tot ¼

PN
j¼1 _mx;i is always

observed with an increase in superficial velocity.
It was also noted that no particular orifice consistently had

a maximum or minimum particle entrainment rate for all flu-
idization velocities. Hence, the particle entrainment rates
were not biased for any particular orifice location. Afore-
mentioned observations stress the differences between the
current study and single jet experiments conducted in the lit-
erature, where such phenomena could not be noticed.

Particle Properties. Figure 13 contains a comparison of
volumetric circulation rate for glass 550 lm and ceramic
550 lm particles using Type A1 distributor plate. The volu-
metric circulation rate was calculated by dividing the respec-
tive solid circulation rate of particle types with the particle
density. As observed from the plot, the circulation rate of ce-
ramic 550 lm particles was 14–17% higher than glass 550
lm particles at Uf/Umf,2D [ 1.57. For a relatively high dif-
ference in density of the mentioned particles, the difference
in volumetric circulation rate is small. As observed from
Figure 11, the average horizontal particle velocity, Uavg,
along the jet periphery was higher for glass 550 lm par-
ticles. However, the ceramic 550 lm particle test cases pro-
duced higher jet lengths than glass 550 lm test cases, as
shown in Figure 14. The jet diameter was not dependent on
particle properties,56 and hence did not significantly impact
the differences in the circulation rates for the aforementioned
particle types. The difference in the mean solid volume frac-
tion, es, for the two particle types was not found to be signif-
icant, with the profile for glass 550 lm particles being simi-
lar to that shown in Figure 9 for ceramic 550 lm particles.
The relatively low number of data points for comparison of
these two particle types is due to the fluidizing nature of ce-

ramic 550 lm particles. For higher fluidization velocities,
jets for ceramic 550 lm particles bypassed the bed height and
thus their jet length was not defined. At low fluidization veloc-
ities, the estimation of accurate jet diameter for ceramic 550
lm particles was not possible due to the instability of jets.

Figure 15 contains the comparison for solid circulation
rate of glass 550 lm and glass 750 lm particles using Type
B1 distributor plate. For glass 750 lm particles, the data was
obtained for velocities both below and above its minimum
fluidization velocity (Uf/Umf,2D ¼ 1). For glass 550 lm par-
ticles, the solid circulation rate was obtained only for veloc-
ities greater than its minimum fluidization velocity. As
observed from the plot, the solid circulation rate for glass
750 lm particles exceeded the solid circulation rate of the
glass 550 lm particles at Uf/Umf,2D greater than 1.

A similar trend was seen when both particles were tested
with the Type A1 distributor plate, as shown in Figure 10a.
This plot contains the data at velocity higher than minimum
fluidization (Uf/Umf,2D ¼ 1) for both particle types. In this

Figure 13. Volumetric circulation rate vs. Uf/Umf,2D for
glass 550 lm and ceramic 550 lm particles
using Type A1 distributor plate.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 12. Particle entrainment rate for individual jets
with glass 550 lm particles and Type A1 dis-
tributor plate.

Plot shows data for all 9 jets counting from left to right

along the distributor width. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 14. Jet penetration length vs. Uf/Umf,2D for the
three particle types using Type A1 distribu-
tor plate.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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comparison, again at Uf/Umf,2D greater than 1, the solid cir-
culation rate for glass 750 lm particles was found to be
higher than that of glass 550 lm particles. The jet penetra-
tion length for glass 750 lm particles was found to be higher
than that of glass 550 lm particles, as seen from Figure 14.
Also, as observed from Figure 11, the average velocity along
the jet periphery, Uavg, was found to be higher for glass 750
lm particles.

In their respective single jet experiments, Filla et al.18 and
Kim et al.20 noticed an increase in entrainment rate for the
increase in particle diameter. Filla et al.18 attributed both
higher solid fraction values and higher entrainment velocities
throughout the jet, leading to higher momentum exchange
between the solids and gas, for the increase in entrainment
rate for coarser particles. However, the theoretical model of
Baeyens et al.9 disagreed with this impact of particle diame-
ter on the particle entrainment values, where it was con-
cluded that at equal values of excess velocity (Uf � Umf) the
entrainment rate decreases for coarser particles. José et al.27

observed an increase in solid circulation rate for the decrease
in particle density, and also acknowledged that the horizontal
component of particle entrainment velocity decreases with
the decrease in particle density. Filla et al.18 concluded that
the resistance of the particulate phase to the dilute region of
jet is larger for smaller and lighter particles, leading to lower
entrainment velocities. These data agree with the findings
presented in the current study.

Distributor Configuration. Distributor Type A1 and A2
were tested with glass 550 lm particles to understand the
effect of the change in orifice pitch on the solid circulation
rate. Figures 16a, b shows the solid circulation rate for
aforementioned distributors vs.
Uf/Umf,2D and orifice velocity, respectively. As observed
from Figure 16a, the solid circulation rate of Type A2 dis-
tributor was slightly higher, if not equal, in comparison to
the data for Type A1 distributor at the same Uf/Umf,2D. Due
to fewer holes in Type A2 distributor, the orifice velocity for
Type A2 is calculated to be higher than Type A1 at same
fluidization velocities. Hence, as observed from Figure 16b,
when the solid circulation data was observed for the same
orifice velocities, the solid circulation rate for Type A1 dis-
tributor was found to be higher than Type A2. The solid cir-

culation for Type A1 distributor is much higher than Type
A2 distributor due to higher average entrainment velocities,
Uavg, and higher jet lengths56 at the same orifice velocities.
Although the particle entrainment rate measured for each jet

Figure 15. Solid circulation rate vs. Uf/Umf,2D for glass
550 lm and glass 750 lm particles using
Type B1 distributor plate.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 16. Comparison of solid circulation rates for
Type A1 and A2 distributor plates using
glass 550 lm particles.

(a) vs. Uf/Umf,2D. (b) vs. orifice velocity. [Color figure can

be viewed in the online issue, which is available at wileyon-

linelibrary.com.]

Figure 17. Solid circulation rate vs. Uf/Umf,2D for Type
A1 and B1 distributor plates using glass 550
lm particles.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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in Type A2 distributor plate was higher, the number of orifi-
ces in Type A2 was lower in comparison to Type A1 distrib-
utor plate. Therefore, the total solid circulation rate for the
bed decreased for a distributor plate with higher orifice pitch
when compared at the same orifice velocity.

The effect of the increase in orifice diameter on solid cir-
culation rate was measured by testing glass 550 lm particles
with distributor Types A1 and B1. Distributor Type A1 and
B1 were designed to have the same total orifice flow area.
Hence, at the same superficial velocity, the effect of orifice
diameter can be compared at the same orifice velocity for
these distributors. For Type B1 distributor, the jet penetra-
tion length56 and particle entrainment rate per jet was found
to be higher than Type A1 distributor. However, the average
particle entrainment velocities and number of orifices were
higher for Type A1 distributor. Figure 17 contains the solid
circulation rate data for the two test cases. It should be noted
from Table 3 that Umf,2D for both test-cases is same. As
observed, the circulation rate for Type A1 distributor was
measured to be 30–80% higher than Type B1 distributor
plate. Hence, for a distributor plate design, the plate with
large number of small diameter orifices was found to be
effective at enhancing the circulation rate. This is also evi-
dent from the horizontal particle mass flux maps plotted for
the two distributor plates at Uf/Umf,2D ¼ 1.46 using glass
550 lm particles in Figures 18a, b. The horizontal velocity
flux maps show a more uniform mixing for Type A1 distrib-
utor plate. For Type B1 distributor plate, the mixing was not

existent in the regions between the adjacent jets. The differ-
ence in size of this dead zone region is responsible for
higher circulation rates in Type A1 distributor plate when
compared with Type A2 and B1 distributor plates.

José et al.24 observed a decrease in circulation rate for
increase in orifice diameter, similar to the results observed in
the current study. However, Thorley et al.1 reported the con-
trary in their experiments. It must be noted that in both stud-
ies a single jet was used. Hence, the total orifice flow area
as well as the orifice velocity were not sufficient to differen-
tiate the expected solid circulation.

The leveling off of solid circulation rate was observed
to occur earlier for Type B1 distributor plate, as shown
in Figure 17. At the maximum fluidization velocity (Uf/
Umf,2D ¼ 1.68), the effect of the jet bypassing the bed
height increases the solid circulation rate for Type B1 dis-
tributor plate.

Conclusions

PIV was used to investigate the evolution of multiple inlet
gas jets located at the distributor base of a two-dimensional
fluidized bed setup. A correlation was developed to estimate
the solid volume fraction using digital image analysis on the
results. The solid volume fraction profile and PIV results
were used to quantify the solid circulation rate in the fluid-
ized bed. The effects of fluidization velocity, orifice diame-
ter, orifice pitch, particle diameter, and particle density were
studied on the solid circulation rate. The solid volume frac-
tion model compared well with a similar model suggested
by Link et al.36,37 For all test cases, the mass of bed media
estimated using this model was within 15% of the actual bed
mass. The solid volume fraction profiles were similar to
those observed in the literature.

Solid circulation was found to increase linearly with an
increase in fluidization velocity until the jet systems transi-
tioned from isolated jets to interacting systems. For an inter-
acting jet system, the solid circulation increased with fluid-
ization velocity but at a much lower rate. In a multiple jet
system, this phenomenon may indicate an optimum operating
condition for a bed that requires high circulation rate for low
air input. The accuracy of the solid circulation rate calcu-
lated in the current experimental study was verified by the
circulation rate calculated by the counter-current flow model
in the literature.8–10

The circulation rate was observed to slightly increase with
the decrease in particle density from 2500 kg/m3 to 1079 kg/
m3 at same Uf/Umf,2D. However, the horizontal particle
entrainment velocities decreased significantly with this
change. For Uf/Umf,2D [ 1, the solid circulation rate and
entrainment velocities for glass 750 lm particles exceeded
that of glass 550 lm particles.

At the same orifice velocities, a higher circulation rate
was noted for distributors with smaller orifice pitch. At the
same fluidization velocities and for distributors with different
orifice diameters but the same orifice flow area, the circula-
tion rate was noted to be much higher for distributors with
smaller diameter orifices. Hence, for a distributor plate
design, the plate with large number of small diameter orifi-
ces was found to enhance the solid circulation rate.
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Figure 18. Comparison of horizontal particle mass flux
maps, _m00

x , at Uf/Umf,2D 5 1.46 using glass
550 lm particles (a) Type A1 distributor (b)
Type B1 distributor.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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Notation

A ¼ constant to convert Icor to area fraction projected at front
wall

Ad ¼ area of distributor, m2

B ¼ constant to convert projected area fraction to es

Dj ¼ jet diameter, m
do ¼ diameter of orifice in distributor plate, m
dp ¼ mean particle diameter, m

frneg ¼ fraction of bed moving with a negative vertical velocity at a
specific fluidization velocity

Icor ¼ corrected image intensity averaged over an interrogation area
Im ¼ manipulated intensity of the captured image
Lj ¼ jet penetration length, m
_m00
x ¼ horizontal particle mass flux in the interrogation area; ¼ qpes

u!, kg/m2 s
_m00
y ¼ vertical particle mass flux in the interrogation area; ¼ qpes

v!, kg/m2 s
_mx;j ¼ horizontal particle entrainment rate of a particular jet, kg/s

_mx;tot ¼ total solid circulation rate of the bed (kg/s), ¼
PN

j¼1 _mx;j

N ¼ number of orifices within the distributor plate
P ¼ pitch of orifices within the distributor, m

Uavg ¼ average of u! calculated at jet periphery for all jets in a bed
at a set air flow rate

Uf ¼ superficial gas velocity, m/s
Umf ¼ superficial gas velocity at minimum fluidization, m/s

Umf,2D ¼ experimental Umf of corresponding distributor plate and
particle test case, m/s

Umf,3D ¼ experimental minimum fluidization velocity measured in a
cylindrical bed, ¼ Umf, m/s

Uo ¼ mean orifice velocity (m/s), ¼ (Uf Ad)/N(pd2
o/4)

u! ¼ horizontal particle velocity vector in the interrogation area,
m/s

v! ¼ vertical particle velocity vector in the interrogation area, m/s
|vneg,avg| ¼ mean negative vertical velocity of the particles at specific

fluidization velocity
x ¼ horizontal location along the width of fluidized bed, m
y ¼ vertical location from the distributor base, m

Greek letters

a ¼ particle entrainment angle, �

ef ¼ mean void fraction in the interrogation area along the bed
thickness, ¼1 �es

es ¼ mean solid volume fraction in the interrogation area along
the bed thickness

es,b ¼ bulk solid volume fraction calculated along the expanded
bed dimensions

qp ¼ particle density, kg/m3
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