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A novel nonintrusive technique is presented to investigate hydrodynamic and thermal behavior of gas–solid spout-
fluidized beds with liquid injection, by simultaneously capturing visual and infrared images. Experiments were per-
formed in a pseudo-2D bed with draft plates filled with glass or c-alumina particles to investigate the effect of liquid
injection and particle properties on the flow characteristics. For the glass particles under dry and wet conditions, time-
averaged particle velocities show similar quasi-steady-state behavior. However, under wet conditions, lower particle
velocities were observed in both spout and annulus as compared with the dry system. Whereas, c-alumina particles do
not show considerable variation in the particle velocities under dry and wet conditions and fluidize well at higher liquid
injection rates. Additionally, for the glass particles, the particle temperature significantly decreases as compared to the
c-alumina particles. VC 2015 American Institute of Chemical Engineers AIChE J, 61: 1146–1159, 2015
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Introduction

Gas–solid spout-fluidized beds with liquid injection are
commonly used in a number of applications involving physi-
cal and/or chemical transformations in food, pharmaceutical,
and chemical industries. This is because these beds combine
salient features of both spouted and fluidized beds, that is,
intense gas–solid mixing and excellent heat and mass
transfer characteristics. A detailed discussion on other distin-
guishing features of the spout-fluidized beds can be found in
Refs. [1 and 2]. Spout-fluidized beds can be operated with
fine and coarse particles possessing wide size distributions.
As the development of spout-fluidized beds by Chatterjee,3 a
series of modifications were suggested to improve the bed
performance like: geometrical configurations (rectangular,
conical bottom, and slotted rectangular), multiple and ele-
vated spouts, and insertion of a draft tube inside the bed.
The insertion of a draft tube in a spout-fluidized bed com-
prises an additional flexibility to control the particle velocity,
bed porosity, and gas residence time by adjusting the operat-
ing parameters and the geometrical configurations, for exam-
ple, the entrainment height and the draft tube dimension. For
a more detailed discussion, refer to the work of Refs. 4 and
5. Further, Nagahashi et al.6 studied the effect of water addi-
tion in a half cylindrical spouted bed with and without draft

tube for polystyrene particles (dp 5 6 mm) and compared the
results with previous experiments performed on fluidized
beds. Their results revealed that injection of liquid in a
spouted bed leads to a lower minimum spouting velocity.
Spouted beds show high local liquid concentration near the
spout, contrary to bubbling fluidized beds where uniform liq-
uid spreading was observed (this results in a lower bed
porosity and enhanced aggregate formation, hence higher
interstitial gas velocities). Eventually, this leads to com-
pletely different bed dynamics.

Representative chemical processes utilizing spout-fluidized
beds with draft plates and liquid injection include granulation,
coating, and olefins polymerization. In the former, a liquid
binder (suspensions, solutions, and melts) mixed with a sol-
vent is atomized on the fluidizing particles to form bigger
granules through a layer-wise progressive particle growth.7

The liquid injection also leads to improved handling properties
and product quality (appearance, dust formation, color, and
smell) and provides external protection by isolating active
ingredients from exposure to the surrounding. In polymeriza-
tion, the catalyst particles (anionic, cationic, free-radical, Zie-
gler–Natta, etc.) are fluidized under reactive operating
conditions using a monomer gas (olefins, polar vinyl, acety-
lene, etc.). The reaction heat can be removed by injecting a
liquid solvent, because the latent heat of liquid evaporation is
very high and provides very efficient local heat removal. This
mode of operation lowers the risk of hot-spot formation.

In these types of processes, the formation of agglomerates is
undesirable. However, a small change in the operating or
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process conditions (fluidization velocity, bed temperature,

humidity of the inflow, liquid injection rate and droplet-size

distribution, etc.) often leads to excessive and uncontrollable

particle agglomeration, and hot- and cold-spot formations due

to an uneven liquid distribution. This eventually leads to poor

bed performance due to local defluidization and enhanced

agglomerations/particle-lump formation (also referred as “wet

quenching”). Recently, fluidized bed dynamics with cation

exchange resin particles (dp5683lm and qp51290 kg=m3)

were studied by measuring the pressure drop and acoustic sig-

nals and capturing high-speed images with liquid addition.8

Their study provides guidelines for industrial operation

involving liquid injection. Intense evaporation often leads to

Figure 1. Schematic overview of a spout-fluidized bed
with draft plates, illustrating the position of
the temperature measurement points (not to
scale).

Figure 2. SEM snapshots of (a) glass and (b)
c-aluminum; (c) internal porous structure of
c-aluminum particle obtained from X-ray
tomography.

Table 1. Physical Properties of the Particles Used in the

Experiments

Property Glass c-Aluminum Oxide Unit

Internal structure Nonporous Porous –
dp 1 6 0:05 0.9–1.1 mm
qp 2526 1040 kg=m3

umf 0.64 0.33 m=s
en 0.97 0.74 –

Figure 3. Variation (a) and comparison (b) of tempera-
ture in a fixed bed of glass particles during
cooling using thermocouples located at the
back plate (Tbpo), inner bed surface (Tbi),
outer sapphire window (Tbo), and recorded
using the IR camera (TIR).
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accumulation of a thick vapor layer around the particle, which

may inhibit the direct particle-droplet contact, that is, nonwet-

ting contact or Leidenfrost regime.9 Under these conditions,

the heat flux near the contact area significantly decreases,

despite of the high-temperature gradient across the vapor

layer. Excessive liquid addition can lead to local defluidization

and uncontrolled particle agglomeration due to enhanced inter-

particle forces, leading to a significant variation in the physical

properties and appearance of the particles.10 This may lead to

bigger agglomerates with a higher weight and size, which

makes fluidization difficult. Additionally, the local process

conditions and moisture distribution also strongly influence

the overall drying rate and agglomeration kinetics.
A detailed understanding of complex multiphase and multi-

scale interactions together with hydrodynamic and thermal
flow behavior are of primary importance for the process
design and scale-up. This can be achieved by performing
detailed experimental studies addressing both the hydrody-
namics and thermal aspects. The experimental studies reported
in literature include: pressure drop analysis,11 temperature
measurements near the injection point or in the whole water
atomized gas–solid fluidized bed,12,13 fiber optical probe
measurements of solids concentration and particle velocity
under dry and wet conditions,14 and triboelectric probe meas-
urements.15 McDougall et al.11 measured the dynamic pres-
sure signals generated during liquid injection (water, 1-
propanol, and 1-butanol) to identify the bed fluidity and the
particle agglomerate formation in a fluidized bed with a two-
fluid nozzle. Temperature measurements generally provide
point information, but most methods are not adequate for
measuring localized conditions under a transient state. This
may be circumvented by measuring thermal behavior with an
array of thermocouples, but this makes experimentation quite
complex. Ariyapadi et al.12 experimentally studied the internal
flow structure of the liquid jet into a fluidized bed (with fluid
catalytic cracking particles of dp 5 70 lm) using a digital
X-ray imaging system (60 frames per second). However, these
techniques often possess a low resolution with a complex

image post processing. By considering this, Briens et al.15

have extended triboelectric effect (i.e., electrostatic charges
generated during particles collision and friction with particle
and metal surface) measurement technique to study the pene-
tration and expansion of a gas–liquid spray in a fluidized bed
through a triboelectric current measurement. Even though this
technique provides an nonintrusive illustration of free mois-
ture, quantitative data such as particle velocity and porosity
are difficult to obtain.

In this work, a novel nonintrusive measurement technique
has been developed to identify the hydrodynamics and ther-
mal behavior of gas–solid fluidized beds with liquid injection
by synchronizing a visual camera and an infrared (IR) cam-
era. We will show that this technique can reliably identify
the spatial distributions of the wet and dry zones inside the
bed and is capable of capturing transient bed behavior. First,
experiments were carried out to calibrate the IR camera by
comparing the obtained temperature for systems with par-
ticles and/or liquid using thermocouples. Subsequently,
experiments were performed in a pseudo-2D spout-fluidized
bed with draft plates to analyze the effect of the bed
temperature, liquid injection rate, and particle morphology
using high speed imaging for the fluidized bed spouting-
with-aeration (dispersed spout) regime. The obtained visual
images were used to determine the particle velocity through
particle image velocimetry (PIV), whereas the liquid distri-
bution in the bed was determined using IR images obtained
through infrared thermography (IRT).

Experimental Methods

In this section, we introduce the experimental setup along
with brief description of the pressure measurements, PIV,
and IRT.

Experimental setup and calibration of the IR camera

Experiments were carried in a pseudo-2D spout fluidized
bed (W 3 D 3 H 5 8 3 1:8 3 18 cm3) as shown in Figure 1

Figure 4. Schematic representation of experimental setup showing location of the visual and IR cameras for a
spout-fluidized bed with draft plates.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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by injecting nitrogen gas (qg5 1:16 kg=m3) at room temper-
ature. Note that nitrogen gas does not emit the IR radiation
due to the nonpolarized state with symmetric atom orienta-
tion. Two symmetrical draft plates, each of dimension
Wdt 3 Ddt 3 Hdt 5 0:5 3 1:8 3 8 cm3, were positioned inside
the bed at a distance of 3 cm from the side walls, 2 cm from
each other, at an entrainment height h 5 2 cm from the bot-
tom. The bed was filled with particles to a static bed aspect
ratio (H0=W) 5 0.81. The front bed wall consists of sapphire
glass that allows a high visibility for visual light (with wave-
length in the range of 400–700 nm) and IR light (with wave-

length in the range of 2500–5000 nm). The back wall was
made of anodized aluminum with embedded heating coils to
maintain the desired temperature up to maximum of 150�C.
A two-fluid nozzle was constructed in accordance with the
spout dimension to facilitate simultaneous liquid and spout
gas injection and to obtain a large liquid surface area and
correspondingly high rate of evaporation. The total liquid
flow rate through the nozzle was calibrated by collecting the
sprayed liquid amount with and without spout flow for a
given time. Experiments were performed by injecting dis-
tilled water at a constant rate of 0.089 mL/s and room

Figure 5. Visual (a–h) and IR (i–l) snapshots (for t < 1 s) of fluidized bed spouting-with-aeration (dispersed spout)
regime for dry (a–d) and wet (e–l) systems for glass particles at back plate temperature of 30�C and liq-
uid injection rate of 0.089 mL/s.

The colors in the IR snapshots indicate the temperature in �C. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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temperature of 20�C. Note that a small change in the water
temperature can significantly alter the IR camera output sig-
nal due to variation in the radiation. Additionally, the droplet
size distribution was characterized by capturing 2000 high
speed images of the spray. The captured images were ana-
lyzed by a MATLAB script to obtain the mean droplet size
(dd,mean), which was in the range of 60 lmð630 lmÞ and is
well described by a Rosin–Rammler distribution (shape
parameter is 1.8 and scale parameter is 0.065). Small drop-
lets (dd< 5 lm) were not properly captured in the record-
ings, which however, does not significantly impact the bed
dynamics (in reality smaller droplets evaporate quickly). The

effect of the liquid injection on the bed dynamics was studied
for nonporous glass and porous c-aluminum oxide particles.
Scanning Electron Microscope (SEM) snapshots of the used
particles with internal porous structure of c-aluminum oxide
are shown in Figure 2. The particle physical properties are
listed in Table 1. For each set of experiments, the bed was first
fluidized with a batch of clean particles coated with Catanac
solution to reduce the influence of electrostatic forces of
attractions. The Catanac solution was prepared by mixing
1 mL of Catanac SP antistatic agent into 100 mL of ethanol.

The bed was illuminated by two Light Emitting Diode
(LED) lamps, placed at an angle of 45� to minimize

Figure 6. Visual (a–h) and IR (i–l) snapshots (for t > 1 s) of fluidized bed spouting-with-aeration (dispersed spout)
regime for dry (a–d) and wet (e–l) systems for glass particles at back plate temperature of 30�C and liq-
uid injection rate of 0.089 mL/s.

The colors in the IR snapshots indicate the temperature in �C. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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reflections. Refraction of IR radiation from surrounding
objects was minimized by tilting the IR camera at a small
angle. The effect of the surrounding LED light on IR radiation
was analyzed by capturing IR images with and without illumi-
nating the bed and obtained results show the same temperature
profiles. However, a prolonged illumination by hot lamps
leads to an increase in the bed temperature. Therefore, contin-
uous experiments for a longer time were avoided. Pressure
fluctuations were measured using two pressure sensors located
in the spout and annulus.

Spatial variation in the temperature over a bed surface was
measured by the IR camera and compared with a point temper-
ature measurement by thermocouples to calibrate the IRT
measurement. The output signal [digital level (DL)] from the
IR camera depends on the spectral black-body radiation M(k,
T) emitted by the source at a given temperature T, the emissiv-
ity of the source E(k) and sensitivity and response characteris-
tic of the IR detector D(k)16 can be expressed as

dðTÞ5
ðk2

k1

Mðk;TÞEðkÞDðkÞdk (1)

The lower and upper integration limits k1 and k2 are
based on the sensitive waveband of the detector. For cali-
bration, experiments were performed by filling the bed
with either glass particles and/or distilled water. Subse-
quently, the bed was heated to a maximum temperature of
100�C. The change in the bed temperature with time (due
to natural cooling) was measured using both IRT and four
thermocouples, located on the inner and outer bed surface
(see Figure 1). Four test cases were selected for calibra-
tion namely (i) empty bed (draft plates only), (ii) liquid
filled bed (draft plates 1 water), (iii) fixed bed I (draft pla-
tes 1 particles), and (iv) fixed bed II (draft pla-
tes 1 water 1 particles). Various test cases were selected to
check the dependency of the IR radiation for materials
with different emissivity.

For Case (iii), the experiments were carried out by meas-
uring the temperature of the bed filled with glass particles up
to 0.18 M height using four thermocouples located on the
outer surface of the sapphire window, the inner bed surface,
and the outer back plate (as shown in Figure 1).

The measured temperatures are shown in Figure 3 [for Case
(iv)]. As time progresses, the temperatures on the inner and
outer bed surface decrease exponentially and then remain con-
stant. At high temperatures (above 85�C), the IR camera
slightly overpredicts the temperature, whereas it underpredicts
the temperature below 40�C. In addition, the temperature
measured by the IR camera has been compared with the tem-
perature measured by thermocouples and shown in Figure 3b,
which indicates a good agreement at lower temperature with
an accuracy of about 1–1.5�C. Similar trends were observed
for other cases for the bed filled with liquid and/or particles.
Also, the calibration procedure was repeated for a fixed bed
with injection of gas (ug< umf) and the obtained results reveal
similar temperatures with negligible fluctuations.

Pressure measurements

Instantaneous pressure measurements were performed
using pressure sensors (Sensortechnics; accuracy 60.2 mbar)
located in the spout and the annulus. The pressure signals

Figure 7. Variation in pressure drop for glass particles
under dry and wet conditions at water injec-
tion rate of 0.089 mL/s.

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

available at wileyonlinelibrary.com.]

Figure 8. Time-averaged velocity plots for glass par-
ticles under dry and wet conditions at back
plate temperature of 30�C and liquid injection
rate of 0.089 mL/s.
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were recorded for 4 min, with 50 Hz data acquisition rate.
For each inflow condition, images were recorded, and pres-
sures were measured.

Particle image velocimetry

PIV is a nonintrusive measurement technique, which pro-
vides instantaneous velocity fields of the particles in dense
pseudo-2D beds. In PIV, two subsequent images with a
small time interval (Dt) were captured and subdivided into
interrogation areas depending on the available resolution. A
cross correlation is then applied to determine the local spa-
tial average particle displacement ( s!p).The particle velocity
in each interrogation area is finally determined by

v!pðx; tÞ5
s!p

MDt
(2)

where M is the image magnification factor. During record-
ing, Dt 5 1 ms was used and image pairs were recorded at
100 Hz frequency. The exposure time was adjusted depend-

ing on the light intensity and the distance between the cam-
era and the bed. A schematic overview of the experimental
setup is shown in Figure 4. Postprocessing was performed in
DaVis 8.0.3, by setting the interrogation area of 32 3 32
pixels with 50% overlap and by applying a geometric mask
at the draft plates location. Outliers were removed using a
median filter.

Infrared thermography

All objects above absolute zero Kelvin emit radiation in
both the visual (0.39–0.7 lm) and the IR (0.7–300 lm)
wavelength range, where the intensity of radiation depends
on the object temperature. IR cameras facilitated with
sophisticated IR detectors and optical technique are capable
of measuring the thermal behavior with low response time.
Based on this principle, the applicability of coupled IRT and
visual measurements to investigate the thermal behavior of
fluidized beds under dry conditions was proposed by Tsuji
et al.17 Recently, Dang et al.18 demonstrated the suitability
of an IR camera for CO2 gas concentration measurements
inside the emulsion phase in a pseudo 2-D-fluidized bed. In
this work, we have developed a measurement technique by
extending the method of Tsuji et al.17 and adapted the exper-
imental and postprocessing techniques proposed by Patil
et al.19 for the wet system. In wet experiments, both particles
and dispersed liquid will absorb part of the radiation at dif-
ferent wavelengths. This allows the IR camera to record the
radiation of the back plate, particle, and liquid in terms of
DL. After adequate calibration, this technique can be used to
provide thermal behavior of the bed.

In this study, the liquid distribution inside the bed was
determined by capturing the high speed images using an IR
camera (FLIR system, SC7600) operated at 100 Hz, as
shown in Figure 4. The accuracy of the IR camera highly
depends on the integration time (IT). A high IT generates
oversaturated signals whereas a low IT leads to high noise
levels. So, for a given system and temperature range (40–
100�C in our case), the images were captured at a fixed IT,
equal to 600 ls. Twelve thousand IR images were recorded
at full resolution (640 3 512 pixels) without disturbing the
camera position. Postprocessing was performed in Altair
software and MATLAB. Here, it should be noted that the
average particle temperature was determined by superimpos-
ing visual and IR images by identifying particle location.
This analysis procedure provides a flexibility to consider
only particle temperature and mask out the back plate tem-
perature. More details about mapping and averaging can be
found in Patil et al.19

Results and Discussion

In this section, we present the main results, that is, the
effect of liquid injection and bed temperature on wet particu-
late flows for two particle types namely glass and c-
aluminum oxide with considerable variations in the physical
properties and morphology (density, restitution coefficient,
and internal structure) for the fluidized bed spouting-with-
aeration (dispersed spout) regime
(usp=umf525:4 and ubg=umf51:25). We selected this regime
for further investigations, because of its steady circulation of
particles from spout to the fluidized annulus. In general, the
selected flow regime shows a high-particle displacement in
between the draft plates, due to high spout velocities with
periodic formation and breakup of bubbles near the

Figure 9. Variation in (a) the particle temperature along
the radial direction at z 5 9.2 cm for various
time steps; (b) average particle temperature
with time for glass particles at back plate
temperature of 30�C and liquid injection rate
of 0.089 mL/s.

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

available at wileyonlinelibrary.com.]
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distributor plate in the annulus. The total system operates

like an internally circulating bed. This study will be signifi-

cant for granulation and coating applications, where variation

in the particle properties is observed due to particle-droplet

interactions at similar operating conditions with simultaneous

heat and mass transfer.

Glass particles

The dry system shows a quasi-steady behavior with an
equal particle distribution between the left and right com-
partment of the annulus; more discussion about flow patterns
can found in Ref. 4. In this case, particles were often ele-
vated to the height in the range of � 17–17.5 cm with small

Figure 10. Visual (a–h) and IR (i–l) snapshots (for t < 1 s) of fluidized bed spouting-with-aeration (dispersed spout)
regime for dry (a–d) and wet (e–l) systems for c-aluminum oxide particles at back plate temperature of
30�C and liquid injection rate of 0.089 mL/s.

The colors in the IR snapshots indicate the temperature in �C. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

AIChE Journal April 2015 Vol. 61, No. 4 Published on behalf of the AIChE DOI 10.1002/aic 1153

http://wileyonlinelibrary.com


fluctuations (due to formation and collapse of small bubbles),
which can be illustrated from the snapshots shown in Figures
5a–d and 6a–d.

The effect of liquid injection on the bed dynamics was
determined by injecting distilled water at 0.089 mL/s for
t 5 21 s (i.e., total 1.86 mL of water) though the nozzle
located at the bed bottom with a constant back plate temper-

ature equal of 30�C. It should be noted that the liquid injec-
tion was started after the particle circulation had become
steady. The prevailing flow patterns captured through
synchronized visual and IR cameras are illustrated in Figures
5e–l and 6e–l. At the beginning of liquid injection, the parti-
cle bed height suddenly decreases with an unstable particu-
late flow behavior in the annulus (see Figure 5e). This may

Figure 11. Visual (a–h) and IR (i–l) snapshots (for t > 1 s) of fluidized bed spouting-with-aeration (dispersed spout)
regime for dry (a–d) and wet (e–l) systems for c-aluminum oxide particles at back plate temperature of
30�C and liquid injection rate of 0.089 mL/s.

The colors in the IR snapshots indicate the temperature in �C. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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be due to the high resistance experienced by the incoming
spout gas due to the accumulation of the wet aggregates/
lumps (with high interaction forces) in the vicinity of the
spout near the distributor plate. Subsequently, the wet par-
ticles in the spout were transported above the draft plates
and fall into the annulus in a structured manner. Figure 5j
shows a random distribution of the wet particles in the zones
above the draft plates and top layer of annulus (above the
dry particles). As the time progresses, injection of liquid
results in a pronounced particle movement in the annulus
with periodic slugging, which is mainly attributed to the
high gas bypassing from the wet spout region to the dry
annulus. Also, at a high spout velocity, the particles are con-
tinuously transported from the spout to the annulus loading
on a moving slug in the annulus, exerting a high static load.
This leads to leaking of particles from the moving slug
(which can be seen from Figure 6e). Also, formation of the
slug/bubble provides an empty path with less resistance for
downward liquid movement, which can be clearly seen from
visual and IR images, for example, Figure 6e, i. After
t 5 1 s, a uniform liquid distribution and particle temperature

was observed in the spout and annulus with a lower bed
height � 16 cm, (see Figure 6j) without any slugs/bubbles.
Continued liquid injection results in saturation of the liquid
inside the bed with enhanced particle displacement only in
the spout with particle lump formation, which can clearly be
observed close to the bed wall in the annulus Figure 6l. This
may be due to the reduced minimum fluidization and spout-
ing velocity.6 Also, for the nonporous particles, the added
liquid occupies a certain space between the particles, which
causes an increase in the interstitial gas velocity. Moreover,
low particle wettability leads to formation of moderate-size
aggregates/lumps and enhances the overall bed dynamics
without pronounced defluidization.20 McLaughlin and Rho-
des21 reported that addition of a nonvolatile Newtonian liq-
uid in a gas–solid system often results in the transition in
bed behavior from Geldart Group B through Group A and
eventually to Group C. The transition boundaries between
these three types of behavior are governed by the balance
between fluid drag force and the interparticle liquid bridge
forces, that is, extent of liquid addition. Whereas, particles in
the annulus only show steady circulatory movement from
spout to annulus without any slugging.

At the beginning of liquid injection, the bed height sud-
denly decreases with enhanced particle movement in the
annulus. This may be due to the pronounced gas bypassing
from the spout to the annulus, occurring due to accumulation
of wet particles near the spout region leading to a partial
spout blocking. As time progresses, the bed height increases
till t 5 5 s and then decreases to a lower value in the range
of � 14–14.5 cm due to higher interparticles interaction
forces in the annulus. After t> 5 s, the bed becomes oversa-
turated with liquid, which completely blocks the inflow gas
from the annulus (leading to extensive gas bypassing from
annulus to spout), and very few particles are elevated a
higher height up to � 17–18 cm.

The variation in the measured pressure signals for both
dry and wet system is shown in Figure 7. For a dry system,
a stable pressure signal was observed in both spout and the
annulus with minor fluctuations in annulus. This is due to
the stable circulatory bed behavior with formation/breakup
of small bubbles in the annulus. At the beginning of liquid

Figure 12. Time-averaged velocity plots for c-aluminum
oxide particles under dry and wet conditions
at back plate temperature of 30�C and liquid
injection rate of 0.089 mL/s.

Figure 13. Variation in the particle temperature for
c-aluminum oxide particles with water
injection at 0.089 mL/s at back plate tem-
perature of 30�C.

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

is available at wileyonlinelibrary.com.]
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injection (up to t 5 2 s), the pressure drop in the spout and
annulus was higher than for a dry system with high fluctua-
tions due to the quick reduction in the void space between
the particles, and weak wet-dry particle interactions.
After t 5 2 s (at a fraction of liquid volume to the bed vol-
ume (Vl/Vbed) higher than 0.0023), the pressure drop
decreases substantially with intense periodic fluctuations,
indicating slugging behavior and gas channeling. From then
on, the pressure signal became more stable with reduced
fluctuations. Similar trends were observed by Xu et al.22 and
Oliveira et al.23 This is because the bed gets saturated with
liquid leading to agglomerates or lumps. This limits uniform
distribution of the incoming gas and encourages channeling
and thus affects the pressure fluctuation signals in the bed.
Moreover, wet particles often stick to the bed walls. There-
fore, total bed mass per unit cross-section supported by the
inflow gas is often lower than the dry system, hence lower
pressure drop. Figure 8 displays time-averaged particle

velocities for glass particles under dry and wet conditions.
Higher spout and background velocities lead to a steady par-
ticle circulation with stable spouting and fluidization in the
annulus for the dry system. While, the wet system possesses
similar quasi-steady behavior. For the dry system, intense
particle displacements were observed in the spout with a
higher bed height as compared with the wet system. Further-
more, for the wet system lower particle velocities were
observed in both spout (in upward direction) and annulus (in
downward direction) at z 5 12 cm as compared with the dry
system. Whereas, at lower height (z 5 7.8 cm), the spout
exhibits high particle velocities. This is due to the high gas
inflow. Variation in the particle temperature along radial
direction for various time steps is shown in Figure 9a. As
time progress, the particle temperature in the spout decreases
more rapidly as compared to the annulus, mainly due to
accumulation of the liquid in the spout and liberation of
latent heat associated with the phase change. Additionally,
average particle temperature profile (Figure 9b) shows
decrease in the particle temperature with time till t 5 8 s and
then attains a constant value of 15�C.

c-Aluminum oxide particles

The effect of the particle porosity and wettability on the
bed dynamics under dry and wet conditions was investigated
by studying the dynamics of c-aluminum oxide particles (see
Figure 2c for internal structure).

Figure 14. IR snapshots of the fluidized bed spouting-with-aeration (dispersed spout) regime for glass particles
captured at a back plate temperature of 60�C with liquid injection rate of 0.089 mL/s (a–d), and
0.18 mL/s (e–h).

The colors in the IR snapshots indicate the temperature in �C. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Table 2. Experimental Settings Used During Analysis of the

Effect of Bed Temperature and Liquid Injection

Case Bed Temperature Particle Type
Liquid Injection Rate

(mL/s)

1 30 Glass 0.089
2 60 Glass 0.089
3 60 Glass 0.18
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For the dry system, high spout and background velocities
results in pronounced particle displacements in both the
spout and annulus. Visual and IR snapshots of the flow pat-
tern captured for c-aluminum oxide particles are depicted in
Figures 10a–d and 11a–d. The particles between the draft
plates were transported to a lower height compared to the
glass. Moreover, dense particle zones were observed in both
spout and annulus. Note that, c-aluminum oxide particles
shows formation of a cone-like structure above the draft
plates which is different as compared to the glass particles.
Furthermore, despite similar background velocities, more
pronounced particle movements were observed in the annu-
lus with continuous bubbling/slugging, resulting in a better
particle mixing and an unstable spout. This may be due to
the change in the physical properties of the particles, espe-
cially the restitution coefficient and friction coefficient. At a
low restitution coefficient, a higher amount of energy is dis-
sipated during interparticle collisions, leading to formation
of dense regions, which partially block the space between
the draft plates. This results in unstable spouting with pro-
nounced particle cluster formation with higher gas bypassing
through the annulus. The characteristic flow patterns after
injection of distilled water (at 0.089 mL/s) and captured
images are shown in Figures 10 and 11. Here, it should be
noted that the liquid injection was started after a steady par-
ticle circulation was established. At the beginning of liquid
injection, c-aluminum oxide particles do not show any sud-
den change in the flow characteristics like glass particles
(see Figure 5e). As time progresses, particles in the vicinity
of the nozzle absorb the injected liquid and illustrate a uni-
form distribution of the wet particles (this can be identified
by green color) in spout and annulus with reduced slugging.
This is mainly attributed to the higher particle weight due to
absorption of liquid inside the particles. As liquid injection
continues, the particles become more saturated with liquid.
Nevertheless, a steady circulation pattern was observed for
longer time because the liquid does not accumulate at the
particle surface. The c-aluminum oxide particles were ele-
vated to a height in the range � 12–13 cm with lower fluctu-
ations compared to the glass particles. Consequently, the

pressure drop for the dry and wet system is rather constant
(�4 m bar) both in the spout and annulus.

Time-averaged particle velocity plots for c-aluminum
oxide particles are shown in Figure 12. The obtained results
show similar velocity plots for both dry and wet system,
with a slight reduction in the particle velocity in the spout at
z 5 12 cm. This is mainly attributed to the increase in the
particle weight.

Variation in the average particle temperature inside the
bed is shown in Figure 13. The particle temperature
decreases only slightly with time as compared with the glass
particles, because most of the liquid is absorbed inside the
particles rather than being evaporated. It finally attains a
constant value of 21�C.

Effect of bed temperature and liquid injection

In this section, we will discuss the thermal behavior of glass
particles at a high back plate temperature (60�C) and with liq-
uid injection of 0.18 mL/s for 21 s. Results are compared with
Case 1 as discussed earlier (in Glass Particles section). This
study provides guidance on how to fine-tune the operating
conditions for continuous operations involving liquid injection
without defluidization. More specifically, we highlight the pro-
cedure to balance the amount of liquid injected and the bed
temperature in such a way that the steady particle circulation
is not disturbed. Detailed information about experimental set-
tings is given in Table 2 and IR snapshots showing tempera-
ture profiles are depicted in Figure 14. An increase in the back
plate temperature at high liquid injection rate (Case 3) does
not show any significant variation in the particle temperatures
as elucidated in Figure 15. Also, time-averaged particle veloc-
ities in both the spout and annulus are slightly higher as com-
pared to Case 1. However, pronounced liquid distribution was
observed inside the bed. As time progress (after 20 s), particles
will stick to the bed surface making the use of PIV less sensi-
ble. So, for longer operations, a higher back plate temperature
is needed to restore the balance between the rates of heat and
mass transfer.

For Case 2, the pressure drop in both the spout and annulus
was higher under wet conditions as compared to the dry case.
This is mainly because of the enhanced liquid evaporation. At
high liquid injection rate (for Case 3), the pressure drop shows
similar trends in the spout and annulus as that of Case 1, that
is, the pressure drop first increases (t< 8 s) and then decreases
gradually, while showing large fluctuations (�8 m bar).

Conclusions

A novel measuring technique comprising the simultaneous
capture of visual and IR images was developed to study the
combined hydrodynamic and thermal behavior of gas–solid
spout-fluidized beds involving liquid injection. Calibration of
the IR camera was carried out by comparing the temperature
measured by the IR camera with the temperature of the bed
filled with particles and/or liquid obtained using thermocou-
ples. The obtained results show good agreement. Hence, this
technique can also be used to quantitatively measure the
thermal behavior. In this work, experiments were performed
in a pseudo-2D spout-fluidized bed with glass and c-
aluminum oxide particles under dry and wet conditions for
the fluidized bed spouting-with-aeration (dispersed spout)
regime. Liquid was injected at a rate in the range of 0.089–
0.18 mL/s at a constant back plate temperature of either 30
or 60�C.

Figure 15. Variation in particle temperature at back
plate temperature of 30–60�C and liquid
injection rate of 0.089 mL/s (Case 2) and
0.18 mL/s (Case 3).

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

is available at wileyonlinelibrary.com.]
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Just after liquid injection, glass particles illustrate a sud-
den decrease in the particle bed height with an unstable flow
pattern in the annulus. This is due to the high resistance
experienced by the incoming spout gas due to the accumula-
tion of the wet aggregates/lumps in the vicinity of the spout
near the distributor plate. Subsequently, the wet particles in
the spout were transported above the draft plates and fall
into the annulus in a structured manner, showing random
distribution of the wet particles. As time progresses, a pro-
nounced particle movement was observed in the annulus
with periodic slugging mainly attributed to the high gas
bypassing from the wet spout region to the dry annulus.
Continued liquid injection results in saturation of the bed
with enhanced particle displacement only in the spout with
particle lump formation, due to the reduced minimum fluid-
ization and spouting velocity and increase in the interstitial
gas velocity. Glass particles indicate relatively homogenous
spreading due to the smooth and nonporous internal particle
structure as compared to the c-aluminum oxide particles.
Glass particles can be handled though, albeit at low injection
rates with small droplet diameters. Furthermore, under dry
and wet conditions the glass particles show similar quasi-
steady state behavior. Under wet conditions, lower time-
averaged particle velocities were observed in both spout and
annulus at z 5 12 cm as compared with the dry system.

At the beginning of liquid injection, c-aluminum oxide par-
ticles do not show any unstable flow characteristics like glass
particles. As time progresses, particles in the vicinity of the
nozzle absorb the injected liquid and illustrate a uniform dis-
tribution of the wet particles in spout and annulus with
reduced slugging. This is mainly attributed to the higher parti-
cle weight due to absorption of liquid inside the particles. Con-
tinued liquid injection leads to saturation of the bed. A steady
circulation pattern was observed for longer time as the liquid
does not accumulate at the particle surface.

c-Aluminum oxide particles possess a good operational
capacity at high liquid injection rates. This is because the high
internal porous structure of the particle facilitates quick liquid
absorption and therefore less free moisture on the particle sur-
face. Hence, the interparticle forces are similar to those acting
under dry conditions, which allows steady particle circulation.
Additionally, c-aluminum oxide particles possess a low con-
tact angle as compared with the glass particles, which makes
them easier to handle in the presence of liquid injection.

Moreover, glass particles show significant decrease in the
particle temperature as compared to the c-aluminum oxide.
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Notation

Roman symbols

D = depth of the plate, cm
dp = particle diameter, m

dd,mean = drop diameter, lm
en = normal restitution coefficient
H = height of the plate, cm

mp = particle mass, kg

Sp = average particle displacement, mm
T = time, ms

Tg, Tp = gas and particle temperature, �C
umf = minimum fluidization velocity, m/s
usp = spout gas velocity, m/s
ubg = background gas velocity, m/s
vp = particle impact velocity, m/s
W = width of the plate, cm

Greek symbols

qp = density of the particle, kg/m3

Abbreviations and subscripts

IR = infrared
IRT = infrared thermography

IT = integration time
PIV = particle image velocimetry
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