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ABSTRACT
In this work, the polymer coating approach was used to increase and control the
level of cohesive interparticle forces (IPFs) in a gas-solid fluidized bed. In this
method spherical inert particles are coated with polymer material with a low glass
transition temperature in this method. Since the artificial IPFs are dependent on the
temperature of the coated particles, they can be easily controlled by the temperature
of the inlet air into the bed. To investigate the effect of IPFs on fluidization behavior,
pressure signals were recorded at different bed temperatures, levels of IPFs, and
superficial gas velocities, covering both bubbling and turbulent regimes.
INTRODUCTION
Particle size, shape, roughness, and density as well as interparticle forces are
among the most important parameters affecting the behavior of powder materials. In
regards to the significance of IPFs, there is no doubt that IPFs dominate the flow
dynamics of Geldart’s group C particles, which leads to a completely different
behavior compared to the other groups of Geldart’s classification with low or no IPFs.
Also, research studies on the influence of temperature on fluidization have reported
that some peculiar phenomena at high temperatures, such as the variations of the
minimum fluidization velocity and voidage, the fixed bed voidage, the minimum
bubbling velocity and voidage, the dense phase voidage, and the local two-phase
flow structure, cannot be solely explained by modifying the properties of the fluidizing
gas and the variation of the solid phase, interparticle forces, has to be taken into
consideration, as well (1-4). Therefore, it is highly attractive to clearly address how
IPFs can alter the hydrodynamics of a gas-solid fluidized bed.
Investigations into the effect of IPFs on the behavior of a gas-solid fluidized bed have
been carried out using different approaches (5-10). Most importantly, however,
unceremonious and accurate control of the level of IPFs to have a uniform adhesion
throughout the particulate media is not an easy task. Among different methods and
considering its valuable advantage, it was shown in previous work of our group (9)
that the polymer coating approach is a superior methodology for investigating the
influence of IPFs on the hydrodynamic behavior of a gas-solid fluidized bed. This
method uses a spherical inert particle, which is coated with polymer material having
a low glass transition temperature (9oC). Since the artificial IPFs are dependent on
the temperature of the coated particles, they can be easily controlled by the
temperature of the inlet air. Accordingly, the system temperature can be gently
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varied near the glass transition temperature of the polymer, e.g., between 25 – 40
o
C, to investigate the effect of IPFs on fluidization behavior. Interesting aspects of
this method for increasing IPFs are uniform distribution of cohesion throughout the
bed, simple and precise control of the level of adhesion by merely controlling the bed
temperature, ability to work at low temperatures, and applicability of the technique for
both low and high superficial gas velocities. More interestingly, this method is
practical to reproduce and imitate the conditions found in fluidized beds operating at
high temperatures in a friendlier environment in which unlike operating at extreme
conditions, which is limited by the number of proper measurement techniques for
hydrodynamic study, different measurement techniques can be easily used.
Since measuring pressure fluctuations together with different post-processing
analyses on corresponding signals are relatively easy to perform, cost effective,
nonintrusive, and applicable to a wide range of operating conditions and because
pressure signals contain information about many phenomena that happen in a
fluidized bed, such as bubble formation, coalescence, eruption, bed oscillation, etc.,
they have been broadly applied in fluidized bed research (11). In addition, to our
knowledge, previous researchers collected the experimental data concerning for the
effect of IPFs on the hydrodynamics of the bed at rather low gas velocities, often
near the minimum fluidization/bubbling velocity, and there is no report at high gas
velocities. For this reason, in the present work, nonintrusive pressure measurement
was employed for investigating the influence of IPFs on the fluidization behavior of
the gas-solid fluidized bed in bubbling and turbulent regimes. Through the postprocessing of signals, the bed pressure drop, the standard deviations, and the Power
Spectral Density (PSD) of time series of pressure fluctuations, at different operating
temperatures and velocities are used to characterize the hydrodynamics of the bed
under different conditions and, hence, brighten the impact of IPFs on the bed’s
behavior.
METHODOLOGY
The experimental work required first producing coated particles with a thin and
uniform film of polymer on the surface of the base particles through an atomization
process in a spheronizer. Afterwards, the coated particles were used in a gas-solid
fluidized bed set-up and subjected to different temperatures by which IPFs changed.
Particle Coating Process
The first experimental step was to coat a thin and uniform polymer layer onto the
surface of inert base particles. The polymer material employed for this purpose was
a copolymer of Poly Methyl Methacrylate/Poly Ethyl Acrylate (PMMA/PEA) contained
in a polymer suspension called Eudragit NE30D. A 450-720μm cut of spherical sugar
beads (dp=580μm, =1556 kg/m3), which belongs to Geldart Group B particles and
can accept a copolymer of PMMA/PEA as the coating, was chosen as the inert
particles in this work.
The polymer suspension, which consists of a solution of copolymer PMMA/PEA in a
2 to 1 ratio, (Mass %: Water 70.0; PMMA/PEA 28.66; Nonoxynol100 1.33) was
added by an atomization process onto the particles. The atomization process was
achieved in a spheronizer in which the coated particles were simultaneously dried by
heated air. More details about coating procedure and its operating conditions can be
found elsewhere (9).
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Table
1.
Final
Particles
Coating
Characteristics
Materials
Quantity
Spherical sugar beads
3.0 (kg)
PMMA/PEA
0.10 (kg)
Mass percentage of coating
3.4 %
Coating layer thickness
~5

100

30

80

25
20

60

15

40

10
20

5
0
0

200

400

600

800

1000

0
1200

Cumulative Volume Fraction (%)

The characteristics of the final product are presented in Table 1. The thickness of the
coating layer indicated in this table was evaluated by assuming an even distribution
of polymer dry mass on all the particles while taking into account to the particle size
distribution shown in Figure 1. It is worth mentioning that after coating process,
variations in particle size and density for sugar beads were close to only 1% for both
parameters, meaning a close similarity of the fresh and coated sugar beads from
Geldart classification’s point of view.

Particle Size (μm)
Figure 1. Particle size distribution of fresh sugar
beads.

Experimental Set-up and Procedure for Fluidization Study
Experiments for the fluidization study were carried out in a gas-solid fluidized bed
made of a transparent Plexiglas tube with a 15.2 cm inner diameter (I.D.) and 3.0 m
in height. An external cyclone located at the air outlet of the column returned the
entrained particles back into the freeboard of the bed. Dried and filtered air was
injected into the bed through a perforated plate, as the distributor, with 157 holes 1
mm in diameter, arranged in 1 cm triangular pitch.
An electrical heater was used to heat up the fluidizing air before entering the
fluidizing column. Accordingly, it was employed to adjust the temperature of the bed
to a desired process setpoint. Temperature was controlled by means of a PI
controller coupled with a thermocouple constantly immersed in the bed. The air flow
rate was controlled with a calibrated rotameter, up to 0.65 m/s, and an orifice plate
connected to a water manometer, at higher velocities. In this regard, different
superficial gas velocities were used for each system and temperature tested,
covering the fixed bed state, bubbling and turbulent regimes.
Uncoated/fresh and coated sugar beads, which were produced during the particle
coating process, were separately used in the fluidizing apparatus at different
operating temperatures to investigate the effect of IPFs on the fluidization behavior.
Experiments of uncoated sugar beads were performed at 20oC whereas the ones for
coated sugar beads were carried out at 20oC, 30oC, and 40oC. Hereafter, for the
purpose of simplicity, we call these systems with their different operating conditions
in abbreviated form, SB20, CSB20, CSB30 and CSB40, which stand for fresh sugar
beads at 20oC and coated sugar beads at 20oC, 30oC and 40oC, respectively. When
altering the temperature from one experiment to another, the flow rate of the air was
readjusted according to the gas volume expansion and temperature in the bed to
maintain the same superficial gas velocity at the bed temperature. It is worth
emphasizing that variations in the air density and viscosity in the 20oC to 40oC
temperature range are 6% and 5%, respectively, which are fairly insignificant
compared to the degree of variation of cohesion, which rises from the polymer
3

coating approach for the same temperature range. All the experiments were
conducted at ambient pressure. Also, the mass of particles introduced in the column
for all experiments was 4.0 kg, which resulted in a static bed height of approximately
26 cm (H/D ≈ 1.70) at ambient conditions.
In the present work, pressure fluctuations were measured with the use of sensitive
pressure transducers connected to pressure probes equipped with in line 10 μm
filters at their tip flush with the inner wall of the column. The pressure drop across the
bed was measured using a differential pressure transducer while its legs were
located at 0.95 cm and 2.0 m above the distributor. In addition, a gauge pressure
transducer was employed to measure in-bed pressure signals. Since a gauge
pressure transducer responds to every pressure fluctuation that occurs within the
gas-solid bed (12), processing the time-series of the pressure signals obtained from
the transducer gives a global view to what’s happening inside the bed. The
corresponding measuring probe was mounted on the column 17.5 cm in height
above the distributor. This axial position for the pressure probe ensured it was far
away from the turbulent effects of the distributor. The pressure data were recorded at
a frequency of 400 Hz for a period of 240 seconds through a 16 bit A/D data
acquisition board and with the help of the Labview 9.0.1® program.
Analysis Methods
The conventional method of bed pressure drop variation as a function of superficial
gas velocity was used as the first indication of fluidization quality following the
enhancement of IPFs in the bed and to evaluate the minimum fluidization velocity for
different operating conditions.
Detailed information on the hydrodynamics of the bed can be obtained from
scrutinizing the pressure fluctuations within the bed. These fluctuations normally
originate from flow the of bubbles while other sources, such as formation,
coalescence, and the eruption of bubbles, gas flow fluctuations, and bed mass
oscillations, can also cause pressure waves in the bed (13,14). The two widely
applied statistical properties of pressure fluctuations are the mean amplitude and
power spectral density (PSD) of pressure fluctuations, which were evaluated in this
study to obtain good information about the flow dynamics of the bed at different
operating conditions. The mean amplitude of pressure data, which is generally
expressed in the form of standard deviation and is a commonly used time domain
analysis, can be calculated as the following:
∑

(1)

where N is the number of data points at the sampling time interval and
is the
average of recorded Pi s. It is worth emphasizing that the standard deviation of the
pressure fluctuation signals has an intense interrelation with mean bubble size.
The PSD of a signal, which is a frequency domain analysis, shows the contribution of
every frequency in the spectrum to the power of the overall signal. It can be
estimated from the magnitude of the square of Fourier transform of the signal. The
variance of such estimation of PSD does not diminish with an increase in the number
of data points. In order to decrease the variance, the signal is repeatedly divided into
windows and an average of the PSD within the windows is applied to obtain an
estimate for the PSD, which is actually the Welch method of PSD estimation. Hence,
by choosing an appropriate window width to achieve a satisfactory trade-off between
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frequency resolution and variance, the pressure signal was divided into L segments
of distinct length of M. Accordingly, the PSD of each segment can be estimated by:
∑

∑

(2)

in which P(m), w(m), j, and f are the measured time series, window function, complex
number, and frequency, respectively. Using Hanning window (w) and without any
overlaps between windows, the average PSD becomes (15):
∑

(3)

RESULTS AND DISCUSSION
The variation of the fixed bed height for uncoated and coated sugar beads is
reported in Table 2. It shows that by increasing the level of cohesivity in the bed, the
fixed bed height, and similarly the fixed bed voidage, increases. This indicates that a
fixed particulate media with higher IPFs can hold more gas inside. In a similar
manner, Formisani et al. (1) observed that voidage of the loosely settled bed of
particles of Groups A and B increased with temperature. They attributed these
findings to the increase of IPFs by temperature, which is supported by our results.
3000
2500

ΔPbed (Pa)

Table 2. Variation of Fixed Bed Height with
IPFs
System
Fixed bed height (cm)
SB20
26.1
CSB20
27.2
CSB30
28.1
CSB40
30.2

2000
1500
SB20
CSB20
CSB30
CSB40

1000
500
0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Ug (m/s)
Figure 2. Effect of IPFs on the bed pressure drop
profile in increasing the velocity path.

The variation of the whole bed pressure drop as a function of superficial gas velocity
was used to give the first indication on how IPFs can alter the fluidization behavior.
The bed pressure drop was first recorded while increasing the gas flow rate, and
then while reducing the gas flow rate till all contents of the bed had settled down.
Figure 2 shows the result of the measured pressure drop for beds with different
levels of cohesivity while the gas velocity was increased (from a packed bed to a
fluidized bed). It can be found that by enhancing IPFS (SB20, CSB20 and CSB30),
the degree of overshooting in the “Increasing Velocity” curve increases, indicating a
degree of powder cohesiveness, as is typical for group A powders. The fluidization of
CSB40, which possessed the strongest IPFs inside, was characterized by the
formation of cracks and rat holes at low velocities and lifting a portion of the bed as a
plug rather than fluidizing it at moderate velocities. These are typical characteristics
of group C materials. At higher velocities, due to the dominance of hydrodynamic
forces (HDF) over IPFs, the whole bed became fully fluidized. These results show
that an increase of cohesive IPFs can cause the behavior of the bed to change from
Group B to Group A and even Group C powders. Additionally, Figure 2 shows that
the minimum fluidization velocity (Umf) increases when the role of IPFs is enhanced
as a function of temperature.
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Figures 3 and 4 show the pressure drop of studied systems during fluidization and
defluidization branches. As can be found from these figures, the more the powder
became cohesive, the larger the deviation between the curves of the pressure drop
versus superficial gas velocity observed during increasing and decreasing fluidizing
gas velocity. This observation is in accordance with experimental results of Lettieri et
al (8), who investigated the effect of enhancing IPFs on the fluidization behavior of
the Equilibrium FCC catalyst at high temperatures.
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Figure 3. Bed pressure drop profile during
increasing and decreasing velocity paths for
SB20 and CSB30.

Figure 4. Bed pressure drop profile during
increasing and decreasing velocity paths for
CSB20 and CSB40.

The standard deviations of in-bed pressure fluctuations recorded by the gauge
pressure transducer for different operating conditions are given in Figure 5. It shows
that by increasing the superficial gas velocity for SB20, the standard deviation of
pressure oscillations successively increased due to the increase in bubble formation
and coalescence up to the critical Uc and then decreased with further increasing gas
velocity since larger bubbles began to break up at velocities higher than Uc.
According to Yerushalmi and Cankurt (16), the gas velocity at which the standard
deviation reaches its peak is referred to as the transition velocity (Uc) from bubbling
to turbulent regime. Inspecting Figure 5 at low velocities for coated sugar beads
reveals that σ is lower for a system with stronger IPFs, at a constant superficial gas
velocity. It can be regarded that the emulsion phase, in a similar manner to the fixed
bed state, can hold more gas when the bed is more cohesive and, hence, at a
constant gas velocity, smaller amount of gas is available to form bubbles.
Accordingly, smaller bubbles are formed and weaker σ is obtained. However, the
rate at which bubble size augments with fluidizing gas velocity increases with IPFs
and curves of standard deviations for different systems cross each other at higher
velocities in a bubbling regime resulting in higher σ for a more cohesive bed at
velocities above 0.65 m/s. Another important observation is that dissimilar to SB20
for which Uc occurred at a specific velocity, transition from a bubbling to turbulent
regime took place in a span of gas velocity for the bed with IPFs and it was
expanded by enhancing cohesive forces. In other words, the cohesive bed shows
resistance to the regime transition from bubbling to turbulent and this becomes more
highlighted for a higher level of IPFs. Moreover, it can be found that enhancing IPFs
in the bed, delayed the regime transition. These phenomena can be related to the
reduction in the rate of bubble splitting considering the bubble splitting theory by the
formation of particles of stalactite from its roof (17), due to the decrease in the fluidity
of particles when the role of IPFs is enhanced.
The PSD resulting from the measurement of pressure oscillations inside the bed are
plotted in Figures 6 – 8 for SB20 and CSB40. As can be found in these figures, at low
6

2
PSD of Pressure Fluctuations (Pa /Hz)

Standard Deviation of
Pressure Fluctuations (Pa)

140
120
100
80
60
SB20
CSB20
CSB30
CSB40

40
20
0
0.2

0.4

0.6

0.8

1.0

1.2

1.4

16
14
12

SB20
CSB40

8
6
4
2
0
0

2

4

6

8

SB20
CSB40

14
4
2
0
0

2

10

16

6

8

10

x 103

14
12
SB20
CSB40

10
8
6
4
2
0
0

2

Frequency (Hz)

4

6

8

10

Frequency (Hz)

Figure 7. PSD of pressure signals from the
gauge pressure transducer for SB20 and CSB40
(Ug = 0.80 m/s).

Figure 8. PSD of pressure signals from the
gauge pressure transducer for SB20 and CSB40
(Ug = 1.10 m/s).
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1.0

Local bed voidage, ε (-)

Local bed voidage, ε (-)
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Figure 6. PSD of pressure signals from the
gauge pressure transducer for SB20 and CSB40
(Ug = 0.35 m/s).
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Ug (m/s)
Figure 5. Standard deviation of pressure
fluctuations from the gauge pressure transducer.
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Figure 9. Signal of instantaneous local bed
voidage for SB (Ug = 0.40 m/s).

Figure 10. Signal of instantaneous local bed
voidage for CSB40 (Ug = 0.40 m/s).

velocity, the peak corresponding to the dominant frequency for SB20 is more intense
than for CSB40 confirming the presence of smaller bubbles for CSB40. Accordingly,
for this condition while the two systems with different levels of cohesivity are
compared to each other at the same superficial gas velocity, a more diluted emulsion
phase and a higher tendency of the gas passing through the bed in the interstitial
phase are expected for the bed with stronger IPFs inside. This was simply validated
using the local bed voidage data obtained from an optical fiber probe immersed into
the bed (H = 20 cm, r/R = 0) at different operating conditions. Figures 9 and 10
clearly exhibit that by intensifying IPFs the probe spends more time in the emulsion
phase, which has a higher saturated emulsion value (εmf), rather than the bubble
7

phase and, hence, supports the experimental findings obtained from the pressure
signals. By increasing the velocity, although the energy level of PSD increases for
both cases, CSB40 holds a more intense peak at lower frequencies than SB20. This
reveals that at high velocities, the more cohesive bed has bigger bubbles inside.
These results are consistent with those obtained by analysis of standard deviation.
CONCLUSION
The analysis of experimental data obtained in this work indicates that the fluidization
behavior of the particulate bed can shift from Group B to Group A or even Group C
powders when the level of IPFs is enhanced in the bed. As far as the bed is fluidized,
the bed with higher cohesivity shows milder fluidization with smaller bubbles at low
gas velocities. However, bubble growth rate with superficial gas velocity is higher for
the bed with stronger IPFs, which results in bigger bubble size at higher velocities of
the bubbling regime. Also, it was noted that increasing IPFs postpones the regime
transition from bubbling to turbulent while it is a perspicuous transition with respect to
the gas velocity for a bed without IPFs. On the contrary, by increasing IPFs, the
transition occurs slowly when the superficial gas velocity is increasing.
NOTATION
dp
f
L
M
N
Pi
Pyy
w(n)

mean particle diameter (μm)
frequency (Hz)
number of segments
number of data points in each segment
total number of data points
average pressure (Pa)
pressure signal (Pa)
2
averaged power spectral density (Pa /s)
window function
power spectral density for each segment
2
(Pa /s)

Uc
Ug
Umf
∆

transition velocity form bubbling to turbulent (m/s)
superficial gas velocity (m/s)
minimum fluidization velocity (m/s)
measured pressure drop (Pa)

Greek Letters
local bed voidage (-)
minimum fluidization voidage (-)
3
particle density (kg/m )
Standard Deviation (Pa)
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