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Abstract
Digital Image Analysis (DIA) has been employed to characterize the
time evolution of a bubble injected from a single orifice into a pseudo
2-dimensional gas-solid fluidized bed. The injected bubble diameter
increased with the square root of time before detachment. During
bubble free flight in the bed, its diameter remains approximately
constant. The center of mass of the bubble increases with the second
power of the time. The results show that the classical models for
bubble injection can predict the time evolution of bubble diameter, and
its center of mass. Bubble tends to elongate during injection and after
detachment its height to width aspect ratio decreases. Image analyzing
results were also used for the study of gas leakage from the bubble to
emulsion phase, and it has been shown that the dense phase expands
up to 1.04 times the minimum fluidization condition for large bubbles.
The expansion ratio of the dense phase increases linearly with bubble
diameter.
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1. Introduction
Bubbles play a key role in many chemical
[1,2] and physical [3] processes in gas solid
fluidized beds. There are many published
research papers in two main branches of
experimental [4,5] and theoretical [6-9]
works about gas solid bubbly fluidized beds.
Bubbles the particle-free regions of the
fluidized beds– form on the gas distributor
detach from it and then fly through the bed.
At the top surface of the bed bubbles erupt
the bed surface toward the bed freeboard.
The bubble size and frequency of the
bubble formation deeply affect the bubble size
distribution in gas solid fluidized beds [4].
In the simulation space, discrete bubble
modeling (DBM) approach is a recently
developed method and suitable for largescale gas solid fluidized bed simulation [912]. In the first DBM works that were
developed for gas solid fluidized beds [9-12]
the initial bubble diameter and its position
have been fed to the model as input
parameters. Actually, the initial bubble
diameter and its position were dictated to the
model as
a pre-known parameter.
Experimental evidence on the bubble
formation shows that it is a more realistic
approach to inject new bubbles in a gradual
process [13,14]. Smaller bubbles formed at
the distributor lead to tinier bubbles in a
freely bubbling fluidized bed. So, it is
important to know more about the bubble
formation process in the bed.
In this regard, some experimental and
modeling investigations on the formation of
bubbles at the gas distributor in fluidized
beds are published on both 2-D and 3-D
spaces. In numerical studies, both EulerianEulerian [15,16] and Eulerian-Lagrangian,

[8,17] approaches have been used to study
the bubble formation on a single orifice in
fluidized beds. In experimental works
Nieuwland et al. [13] studied experimentally,
the effect of particle properties on the bubble
formation at a single orifice in a 2D bed and
a semi-circular bed and compared results of a
semi-circular bed with a 2D axisymmetric
simulation.
Harrison and Leung [18] proposed a
model for the bubble formation on a single
orifice with the assumption of no gas
exchange from the bubble to the surrounding
emulsion phase. Yang et al. [19] and Zenz
[20] had found that the gas leaks from a
bubble to the emulsion phase with a velocity
equal to the minimum fluidization velocity.
In another model, applying the Darcy’s law
for gas leakage from bubble to dense phase,
Caram and Hsu [21] obtained a formula for
gas leakage velocity at the bubble surface.
Their model has good agreement with
experimental data.
Digital Image Analysis (DIA) is a novel
technique which has been used in many of
the research works to characterize the
bubbles in pseudo 2-D fluidized beds [4,5,
22-25]. In the present study, DIA technique
is employed to study the injected bubble
characteristics from a single orifice in a
pseudo 2-D gas-solid fluidized bed. Time
evolution of bubble diameter, its center of
mass and shape during the injection period
have been studied quantitatively. The bubble
to emulsion phase gas leakage was also
measured using DIA for different sizes of
bubbles. The formation of bubble on the
distributor is influenced critically by the
background velocity. It has been shown
previously [13,26] that the gas leakage in the
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systems contains larger particles that are
more pronounced than the leakage from
bubbles formed in small particle systems. In
the present study glass beads that belong to
the Geldart D-type classification [27] have
been studied.
2. Experimental
2-1. Experimental set-up and equipment
The
experimental
apparatus
is
schematically illustrated in Fig. 1. The two-

dimensional fluidized bed was made of glass,
0.3 m (length)×0.018 m (thickness)×0.80m
(height). Air premixed with steam was
injected into the bed passing from a porous
distributor equipped with a nozzle at the
center to generate different sizes of single
bubbles in the presence of background gas
maintained at the minimum fluidization
velocity (umf).

Table 1
Experimental conditions and camera settings.

Particle density,  p (kg/m3)

0.3×0.018×0.8
0.24
2200

Particle size, (mm)
Relative humidity of inlet air (%)
Delay time between images (s)

0.85-1.1
75-90
0.0083

Bed dimension, W×𝛿×H (m×m×m)
Experimental minimum fluidization velocity, umf (m/s)

For capturing images from the bed, a
forward illumination technique was used
following the works done by Movahedirad
[4,5] with the aid of two halogen lamps. A
black curtain was hung behind the bed to
distinguish between bubbles and emulsion

phases. A high speed camera (maximum
frame rate of 1200 fps) was used to capture
images of the bed. Details of the experiments
are summarized in Table 1.

Figure 1. The schematic of experimental set-up: 1-flowmeter, 2-two-dimansional bed, 3-high speed
camera, 4-illumination lamps, 5-computer.
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2-2. Materials
Spherical glass beads (Pana Glass Beads Co.,
Iran) in the range of 850-1100 micrometers
were filled in the bed. The particles belong to
the D-type based on Geldart classification.
The compressed air was supplied from the air
net of the lab.
2-3. Digital image analysis
According to Movahedirad et al. [4,5] Digital
Image Analysis (DIA) technique was used to

obtain general features of bubble such as
bubble equivalent diameter, bubble aspect
ratio and its center of mass. The captured
image (Fig. 2A) was first converted to the
grayscale (Fig. 2B) and then changed to
binary (Fig. 2C) (black and white) image.
Then the bubble edge was detected (Fig. 2D),
and the bubble area was calculated using the
number of pixels enveloped inside the
detected edge, and the scaling factor based
on the bed width.

Figure 2. A) main image, B) Grayscale image, C) binary image and D) the detected edge of the bubble.

Fig. 3D shows the light intensity histograms
of the images for three different sizes of
bubbles (Figs A-C). As can be seen, there are
two peaks in the histograms. The positions of
these peaks are approximately the same for
three images. The first peak corresponds to the

dark regions (inside bubble and freeboard), and
the second one corresponds to the bright region
(emulsion phase). In the present work a
threshold value of 0.47 (=120/256) was
selected for the cut-off value for converting the
gray-scale image to binary one.
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Figure 3. A-C three images with different sizes of bubbles and D) the light intensity histograms.

3. Results and discussion
In this section the evolution of size, center of
mass and shape of the bubbles during the gas
injection have been discussed. Moreover, the
assumption of gas leakage for injected
bubbles have been studied and argued.
3-1. Change in bubble diameter and center
of mass
According to Harrison and Leong [18], Zenz
[20] and Caram and Hsu [21] mass and
momentum conservation of a bubble during
formation are given by:
𝑑𝑉
= 𝑄 − 𝑈𝑒𝑥 𝐴
𝑑𝑡
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𝑑 (𝜌𝑒 𝑉𝐶𝑣𝑚
𝑑𝑡

𝑑𝑠
)
𝑑𝑡 = 𝜌 𝑉|𝑔|
𝑒

(2)

Where V and A are the bubble volume
and boundary area respectively; Q is the gas
injection rate from orifice, and 𝑈𝑒𝑥 is the
gas exchange velocity between bubble and
dense phase.
Assuming a zero exchange velocity
between bubble and emulsion phase the
above-mentioned equations could be solved
analytically for a 2-D bubble, and the results
for the change of bubble diameter and its
center of mass versus time could be obtained
respectively as:

(1)
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𝑑𝑏 = √

𝑠=

4𝑄
𝑡
𝜋

|𝑔|𝑡 2
4𝐶𝑣𝑚

(3)

(4)

Where Cvm is the virtual mass coefficient
of bubble. As can be seen from equations (3)

and (4) bubble diameter and its center of
mass grow with √𝑡 and 𝑡 2 respectively.
As can be seen in Figs. 4a and 4b for a
typical bubble the bubble size increases to a
maximum value and then remains
approximately constant when it rises through
the bed.

Figure 4. a) The bubble size evolution during injection and b) the corresponding images of the bubble.

The bubble growth through the time at
initial states of injection (before detachment)
is recorded, and the data of about 120
bubbles is fitted with a power law function.

As can be seen in Fig. 5 the average value for
b was calculated about 0.53, which is close to
the value predicted by the model of Harrison
and Leong [18] according to Eq. 3.
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Figure 5. The average value for power law fitting parameter “b” of bubble diameter versus time.

Figure 6. a) The change of the center of mass for a typical bubble versus time and b) linear fitting of the
center of mass with t2.
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Fig. 6a shows the variation of a typical
bubble center of mass from an injection start
until bubble eruption at the bed surface. In
Fig. 6b, the bubble’s center of mass before
detachment plotted versus t2. As can be seen
from this figure this data was also well fitted
with the t2 (R-squared value of 𝑅 2 ≈ 0.99).
This shows that the simple model presented
by Harrison and Leong can predict the change
of the bubble’s center of mass fairly.

3-2. Changes in bubble shape
To characterize bubble shape, the bubble’s
aspect ratio is defined according to Kuipers
et al. [15] as the ratio of bubble’s length in
vertical direction to its width in horizontal
direction. (see Fig. 7a). For this purpose, an
ellipse has been fitted around the bubble, and
the bubble aspect ratio has been defined
according to Fig. 7a.

Figure 7. a) The aspect ratio of a bubble and b) the time evolution of bubble’s aspect ratio during
injection process.

Fig. 7b shows the variations of the aspect
ratio of a typical bubble during the injection
process. As can be seen from this figure,
bubbles stretch vertically until a maximum
value is reached and then the aspect ratio
decreases monotonically.
The maximum bubble aspect ratios were
determined for more than 100 bubbles and
the results have been plotted in Fig. 8. As can
be seen from this figure the average value of

this quantity is about 1.7 and there is no
predictable trend for its change with the
bubble diameter. The information about
bubble shape can be used in future works for
discrete bubble modeling of gas solid
fluidized beds. In the previous works of
DBM the bubble’s shape is assumed to be
spherical in 3-D simulations [10-12] and
circular disc shape for 2-D simulations [9].
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Figure 8. The maximum bubble’s aspect ratio for more than 100 bubbles versus bubble diameter.

3-3. Gas leakage from bubble to emulsion
phase
There are two main theoretical models
about bubble formation at a single orifice
in a gas solid fluidized bed. The first is
based on the work done by Harrison and
Leoung [18] who assumed no leakage from
bubble boundaries into the emulsion phase.
On the other hand, Caram and Hsu [21]
assumed the gas leakage from bubble to
dense phase in their model. Recently,
Verma et al. [15] compared their TFM
simulation results with these two models
and showed that the simulation results are
closer to the second model.
Figure 9. Representation of the bubble, emulsion
and freeboard regions in a typical image.

In the present work to study the gas
leakage from bubble to emulsion phase, the
emulsion phase expansion after bubble
injection is characterized using image
processing technique. According to Fig. 9,
the total bed area captured in the image is:
𝐴𝑏𝑒𝑑 = 𝐴𝑒 + 𝐴𝑏 + 𝐴𝑓
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Where Abed, Ae, Ab and Af are the areas of
bed, emulsion phase, bubble and freeboard
respectively.
A dense phase expansion coefficient (α)
could be defined as the ratio of emulsion
phase volume with presence of the bubble to
the emulsion phase volume at minimum
fluidization condition:
𝛼=

𝐴𝑒
𝐴𝑚𝑓

(6)

This parameter shows the relative amount
of the gas leaked from bubble into the dense
phase in excess of minimum fluidization
condition. A mass balance on the particulate
phase is as follows:
(1 − 𝜀𝑚𝑓 )𝐴𝑚𝑓 = (1 − 𝜀𝑒 )𝐴𝑒

(7)

𝜀𝑒

Figure 10. 𝜀

𝑚𝑓

Leads to the following equation in terms
of 𝛼 and 𝜀𝑚𝑓 :
𝜀𝑒
1
1 (1 − 𝜀𝑚𝑓 )
=
−
𝜀𝑚𝑓 𝜀𝑚𝑓 𝛼 𝜀𝑚𝑓

The

𝜀𝑒
𝜀𝑚𝑓

(8)

parameter was calculated for

different bubble sizes according to the
procedure described in this section and
plotted against equivalent bubble diameter.
Fig. 10 shows the linear proportionality of
the

𝜀𝑒
𝜀𝑚𝑓

with the bubble diameter. In pseudo

2-D fluidized bed, bubble boundary is the
multiplication of the bed thickness (𝛿) by
bubble perimeter (𝜋𝑑𝑏 ). This corresponds
with the fact that the gas leakage from large
bubbles is greater than the gas leakage from
smaller ones due to the larger interfacial area
of bubbles with dense phase.

versus bubble equivalent diameter.

4. Conclusions
Digital Image Analysis (DIA) technique is
used to study the bubble injection process from
a single orifice on the gas distributor of a
pseudo 2-D gas solid fluidized bed. Bubble
size and center of mass, its shape and the gas
leakage from the bubble to dense phase during
the injection process have been studied and

compared with two basic models of Harrison
and Leong [19] and Caram and Hsu [21].
The following results have been obtained:
 The injected bubble diameter increased
with the square root of time before detachment.
During bubble free flight in the bed, its
diameter remains approximately constant.
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The center of mass of the bubble
increases with the second power of the time,
which corresponds with the mentioned
theoretical models.
 Bubble’s aspect ratio (height/width)
increases to a maximum value until the
detachment time and then decreases during
the bubble rise in the bed.

 The image-processing results show
that the bubble to dense phase gas leakage
increased linearly with the bubble diameter
which is in agreement with the assumption
that the leakage increased with the bubble to
emulsion phase boundary surface.

Nomenclatures
2

A
Ab
Abed
Ae
Af
Amf
Cvm
db
|𝑔|
H
Q
s
T

[m ]
[m2]
[m2]
[m2]
[m2]
[m2]
[-]
[m]
[m/s2]
[m]
[m2/s1]
[m]
[s]

bubble boundary area
bubble area captured in each image
bed area captured in each image
emulsion phase area captured in each image
freeboard area captured in each image
emulsion phase area in minimum fluidization condition
virtual mass coefficient
bubble diameter
the magnitude of gravity acceleration
height of fluidized bed
gas flow rate injected from orifice
center of mass of the bubble
time

u ex

[m/s]

the velocity of gas exchange from bubble to emulsion phase

u mf

[m/s]

minimum fluidization velocity

V
W

[m3]
[m]

bubble volume
bed width

Greek letters
𝛼
𝜀𝑒
𝜀𝑚𝑓

[-]
[-]
[-]

dense phase expansion coefficient
void fraction in emulsion phase
void fraction at minimum fluidization condition

e

[kg/m3]

emulsion phase bulk density, kg/m3

p

[kg/m3]

Particle’s density, kg/m3
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