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Abstract

The solids hold-up and mean bubble behavior in a vertically-vibrated fluidized bed are experimentally

studied in the present work by means of Digital Image Analysis (DIA) for four different powders with Geldart

classifications A, B and A/B. The bed has a small thickness (i.e. pseudo-2D bed) and operates in bubbling

regime subject to a wide range of gas superficial velocities, vibration frequencies and vibration amplitudes.

Mean parameters of the bed and the bubbles, such as solids hold-up, bubble fraction, bubble number density

and bubble diameter and velocity, are characterized here by averaging the results over time and space. The

results reveal that vibration of the bed promotes a confinement of the bubble path to the central section of

the bed. This bubble confinement is more intense for the smallest particles tested and for high vibration

strengths and creates two different bubble regimes in the bed. In particular, close to the distributor, the

bubble velocity decreases when increasing the vibration amplitude of the bed vessel because bubbles are

smaller and less confined, and they behave like isolated bubbles. The behavior of bubbles changes when they

are far from the distributor, where the interaction between bubbles becomes greater due to their bigger size

and the confinement of bubbles induced by vibration. This confinement promotes coalescence of bubbles.

It is shown that consideration of these two different regimes of bubble dynamics allows to shed light on

understanding the apparently contradictory results encountered in the literature regarding bubble behavior

in bubbling vibrated fluidized beds.
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1. Introduction

Fluidization is a process widely used in industry due to the good performance in solid mixing and the

high gas-solid and solid-solid contact efficiencies it provides [1]. Geldart [2] proposed a classification of the

powders employed in fluidization into four groups, i.e. A, B, C, D, depending on the particle diameter and
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density. The ease with which these powders, specially A and C, fluidize may be affected by agglomeration

due to the presence of interparticle forces [2], which decreases the fluidization quality. The formation of

bubble preferential paths inside the bed, that cause large heterogeneities in the particle spatial distribution,

may be another effect to be avoided. Several strategies have been proposed to eliminate agglomeration and

improve fluidization homogeneity. The use of mechanical stirrers in the bed, the pulsation of the gas flow

[3], ferromagnetic particles subject to magnetic fields [4, 5], perturbation by acoustic fields [6], rotatory

distributors [7, 8] inclined injection of gas in the bed [9], and mechanical vibration [10] are some examples of

ways to enhance the fluidization quality. In this regard, mechanical vibration of fluidized beds, i.e. vibrating

fluidized beds (VFB), is a promising technology consisting in introducing vibratory kinetic energy to a gas

fluidized bed [10–12]. This can be easily done by applying vibration in form of an oscillatory displacement to

the bed vessel, which transmits its vibration to the rest of the bed. Vibration of the bed reduces minimum

fluidization velocity [13], and is a very effective technique for the fluidization of cohesive particles [14, 15],

drying of granular material [16, 17] and agglomeration control [18]. Vibration with and without the injection

of gas through the base of the bed can be also used to control segregation in a granular bed [19–21].

Despite its advantages, vibration substantially increases the complexity of the fluidized bed behavior and

introduces new phenomena that are still not completely understood or are even unexplored. Additionally,

the complexity of the system is magnified by the interaction between multiple bubbles when the bed is

operating in bubbling regime. It is well-known that the performance of a fluidized bed is primary affected

by the bubbling phenomenon. Therefore, as there is a need of experimental and simulation characterization

of fluidized beds in general, this need is even truer for vibrating fluidized beds in bubbling regime.

Concerning experiments aimed at characterizing fluidized beds, beds of small thickness, i.e. pseudo

two-dimensional beds (pseudo-2D beds), have shown to be of great importance for the understanding of

fluidized beds [22–25]. This kind of bed typically has a transparent wall and possesses a small thickness,

so that optical access to the system is allowed. However, in these beds, the solids motion is restricted due

to the presence of the front and rear walls, which may cause different quantitative behaviors in the bed

in terms of bubble diameter, rising velocity, frequency, concentration, minimum fluidization velocity, etc.

[26, 27]. The use of pseudo-2D beds is also of great importance in vibrated fluidized beds because they make

possible the observation of how vibration affects the bubble distribution in the bed [28] and allow for the

calculation of the bubble position and diameter [29, 30]. Digital Image Analysis (DIA) is one of the most

used experimental techniques aimed at understanding the bed and bubble behavior in fludized beds [22–25]

and has proved to be valid also for VFBs in fluidized bed systems [12, 28–32] and for the study of the effect

of vibration on bubbles present in liquid columns [33].

Existing experimental and numerical bubble studies of bubbles in VFBs are mainly centered on beds

working under bubbling regime [12, 29, 31, 34–37] and beds with aggregation problems due to the utilization

of fine powders [38, 39]. Global indicators such as bubble mean diameter and velocity [11, 28–31, 34], air
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pressure and void fraction fluctuations [35, 36, 38], aggregate diameters [38] as well as solids circulation

promoted by vibration [37] are included in these works. Some works have also investigated the effect of

different vibration modes (e.g. vertical, horizontal and twist vibrations) in a fluidized bed [12, 30, 40],

revealing that both vertical and horizontal vibrations change the flow patterns and the bubble behavior

in the bed. However, to the authors’ best knowledge, experimental studies analyzing the bubble behavior

in a vertically vibrated bed still remain scarce [28–32]. The size and distribution of bubbles within a

fluidized bed are of great importance for the understanding of the bed dynamics. Eccles and Mujumdar [31]

studied the influence of the vessel vibration on a train of bubbles injected through a central aperture in the

distributor plate and for three different kinds of particles of type A, B and D. They found that there is a

resonant frequency in which the bubble diameter reaches maxima whilst the bubble velocity passes through

a minimum value. Also in [31], experiments in an incipiently fluidized bed with small bubbles above the

distributor were conducted using particles of 100 µm, and they revealed that the bubble diameter increases

and the bubble velocity decreases when increasing the vibration frequency at a constant vibration amplitude.

Zhou et al. [29, 30] measured the mean diameter and velocity of bubbles passing through two fringes of 2 cm

in the upper half of a bubbling bed filled with particles of 198 µm and subject to high vibration amplitudes

(A > 5 mm). Results in [29, 30] show that, in those fringes, both the bubble diameter and velocity increase

when introducing vibration in the system. These results are in agreement with the measurements performed

by Mawatari et al. [28] concerning the mean bubble velocity and diameter of bubbles in a bed filled with

particles of 60 µm mean diameter. Mawatari et al. [28] also observed that, for sufficiently high vibration

strengths, the flow pattern changed and that affected the bubble behavior. More recently, Cano-Pleite et al.

[32] studied the behavior of isolated bubbles in a fluidized bed. They showed that the mean bubble velocity

of isolated bubbles decreased when increasing the amplitude of vibration, whereas the frequency of vibration

has a stronger effect on the delay of the bubble characteristics.

In all the works mentioned for bubbling regime, [28, 29, 31], the area in which the bubble behavior was

quantified comprises only a fraction of the bed (i.e. a horizontal stripe of 5 cm height [28], two stripes of 2

cm height [29] and a stripe of 6 cm height in [31]), which precludes from the extraction of spatially resolved

results and the determination of the variation of the bubble properties along the vertical direction. Spatially

resolving the bubble behavior may shed light onto the different phenomena affecting bubble behavior and may

explain in a comprehensive way the apparently contradictory trends reported in the literature [28, 29, 31, 32].

The objective of the present work is to systematically analyze and understand the bed and bubble

behaviors in a vertically vibrated fluidized bed filled with four types of powders pertaining to different

Geldart groups (A, A/B and B) and operating in bubbling regime over a wide range of gas superficial

velocities and vibration amplitudes and frequencies. This aims at clarifying the effect of vibration on the

local bubble characteristics as a function of the distance to the distributor and the resulting overall bubble

behavior (i.e. averaged over the whole bed). In addition, the general bed dynamics is studied by means of
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the bubble hold-up distribution. The results here presented reveal that vibration of the bed vessel promotes

a confinement of the bubbles to the central part of the bed, especially for the bed of smaller particles. This

confinement affects the way bubbles behave along the bed. In general, it is shown that the counteracting

effects of i) isolated-like behavior of the bubble in the lower half of the bed and ii) vibration induced

coalescence in the upper half of the bed are probably the main phenomena affecting bubble behavior in this

kind of vibrated fluidized beds.

2. Experimental setup

The experimental facility used in the present work is a pseudo two-dimensional (pseudo-2D) bed of

vessel dimensions 0.2 x 1.3 x 0.01 m3 (width W , height H, and thickness K). The top section of the bed

vessel is firmly attached to a vibrating structure (see Figure 1). All the vessel walls are transparent to

allow optical access to the bed. Dry nitrogen (N2) was employed as fluidizing gas to eliminate the moisture

effect. Nevertheless, as N2 properties are quite similar to those of air, no significant variation of the results

would be expected if dry air were used instead of N2. The nitrogen was introduced to the bed through

a porous plate distributor made of sintered stainless steel with nominal filtration accuracy equal to 2 µm,

which produced a uniform generation of bubbles in the lower section of the bed. The flow rate of nitrogen

introduced to the bed was controlled by means of a mass flow controller, which has a resolution of 0.1 L/min

(8.3·10−4 m/s). Particles of four different diameters were used in this work in order to investigate the effect

of the particle diameter on the bubble and bed dynamics in vibrated beds. The particles were ballotini

glass beads, and their mean diameter, standard deviation and density are included in Table 1. According

to Geldart’s classification of particles, the particles of 46.5 µm and 60 µm are of type A, those of 90.5 µm

are type A/B and 120 µm particles correspond to type B. For all the experiments conducted, the bed was

filled with 1.1 kg of glass beads. This corresponded to an approximate settled bed height of 0.39 m. The

minimum fluidization velocity of each particle type under static conditions was measured with a pressure

probe connected to the plenum. The experimental values obtained for the minimum fluidization velocity,

Umf , together with the theoretical values provided by Ergun’s equation [41] with a void fraction of ε = 0.4,

Umf,th, and the gas velocity ratios, U/Umf , used in the experiments are also listed in Table 1.

Table 1: Particle properties

dp (µm) ρp (kg/m3) Umf (mm/s) Umf,th (mm/s) U/Umf (-) Geldart classification

46.5±6.5 2500 2.4 2.1 4, 8, 12, 16, 20 A
60±15 2500 3.3 3.5 4, 6, 8, 10 ,12 A

90.5±14.5 2500 9.9 7.9 2, 3, 4, 5, 6 A/B
120±15 2500 14.3 13.8 2, 2.5, 3, 3.5, 4 B

Vibration was induced in the system by means of two vibro-motors symmetrically situated at both sides

of the bed (see Figure 1). Each vibro-motor had two pair of eccentric masses attached to its shaft, so that
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Figure 1: Experimental setup.

their rotation produced a sinusoidal displacement (vibration) of the bed vessel in the vertical direction,

δ(t) = (A/2) sin(2πft). The amplitude of the vibration, A (peak-to-peak amplitude), was set by changing

the relative position of the eccentric masses. The frequency of the vibration, f , was controlled by a frequency

inverter that set the turning frequency of the two vibro-motors. The amplitude of the vibration was measured

with a vibration meter (Showa 1332). The amplitude of vibration was also measured with DIA (Digital Image

Analysis) by following the displacement of several small circular openings of the bed vessel structure, which

let the light penetrate and allowed for the determination of the bed instantaneous position. The vibration

meter was used to monitor the vibration amplitude of the bed vessel of the experiments, whereas DIA was

employed to give a more exact figure of this vibration amplitude. It was observed that the two measures

lead to results that differ very slightly.

In order to independently investigate the influence of the vessel vibration amplitude and frequency on

the bed, the vibration conditions indicated in Table 2 were tested for each of the four particles sizes under

study. For each kind of particle, experiments comprised three different vibration frequencies (i.e. 10, 15 and

20 Hz) keeping constant the vibration amplitude, A. This was carried out for several vibration amplitudes,

including no vibration (A = 0), as indicated in Table 2. When the frequency of vibration of the bed vessel

was changed from one experiment to another (i.e. f =10, 15 and 20 Hz for the same row in Table 2, it was
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Table 2: Vibrating conditions of the experiments

dp (µm) f (Hz) A (mm) Λ (-)

0 0
46.5 10, 15, 20 0.8±0.1 0.2-0.6

1.9±0.2 0.4-1.5

0 0
0.6±0.1 0.1-0.5

60 10, 15, 20 1±0.1 0.2-0.8
1.4±0.1 0.3-1.1
1.9±0.3 0.4-1.5

0 0
0.5±0.1 0.1-0.4

90.5 10, 15, 20 0.9±0.1 0.3-0.7
1.2±0.1 0.2-2
1.9±0.1 0.4-1.5

0 0
0.6±0.1 0.1-0.5

120 10, 15, 20 1±0.1 0.2-0.8
1.4±0.1 0.3-1.1
2±0.2 0.4-1.6

difficult to exactly preserve the value of the amplitude of vibration A. This created a slight modification of

A with the vibration frequency. To quantify this effect, Table 2 includes the mean and standard deviation of

the vibration amplitude measured by means of DIA corresponding to the three vibration frequencies tested.

Also, Table 2 shows the resulting intervals for the vibration strength parameter, Λ, which is the ratio of the

acceleration of the vibration displacement and the gravity:

Λ =
A(2πf)2

2g
(1)

where A is the vibration amplitude, f is the vibration frequency and g is the gravity acceleration constant.

In the present work, the vibration strength parameter Λ, ranges from small values to values slightly larger

than Λ = 1, in order to study the effect of small strength vibrations on the bubble behavior and its

dependence with the particle diameter.

The bed and bubble behavior were measured using DIA of the front section of the bed. Images were

taken by a high speed CCD camera (Fastcam 1024pci). To obtain a good contrast between the bubbles and

the emulsion phase, the bed was uniformly illuminated through its back wall using two spotlights, each one

of 180 W. The light was able to penetrate through the bubbles, making their contours easily distinguishable

from the emulsion phase. The bed was recorded by the CCD camera with a frame rate of 125 fps (for the

particles of 60, 90.5 and 120 µm) and 60 fps (particles of 46.5 µm). The bed was first fluidized with nitrogen,

and then vibration of the bed was produced by the vibro-motors several seconds before triggering the camera

to avoid recording of start-up effects. The spatial resolution of the images was approximately 0.4 mm side
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per pixel for all the cases studied. Each of the conducted experiments comprised a recording time of 51

seconds. Sensitivity analysis of the recording time, carried out by comparing the bubble behavior during

the first and last 25 seconds of the experiments, showed no significant variation on bubble characteristics,

which ensures a statistically stationary behavior of bubbles in the bed.

The experimental results are affected by two sources of errors. Firstly, the error related to the image

analysis is caused by the discrimination of the bubble and dense phases, and is directly related to the spatial

resolution and graylevel resolution of the image. The spatial resolution of the image is given by the size of a

pixel, which is around 4·10−4 m. The grayscale resolution is determined by the grayscale level, which ranges

from 0 to 255, the grayscale resolution being 1. Secondly, the mean values of variables (e.g. mean bubble

diameter) have an uncertainty error due to the finite size of the mean. According to the standard theory

of statistics, this uncertainty of the mean of a variable is given by the standard deviation of the variable

divided by the number of samples of the mean. In this work, an order of magnitude estimation of these

sources of error leaded to values two orders of magnitude smaller than the variable being measured.

3. Bubble detection and processing

3.1. Bubble detection

A script in Matlab was developed for the detection and subsequent analysis of the bubble properties

(i.e. bubble position and projected area). Firstly, a double thresholding methodology was applied to the

raw, grayscale images to identify the dense and bubble phases. This double threshold method combines a

constant and an adaptive threshold to correctly discriminate all the bubble sizes, including bubbles whose

contour is not easily observable due to particle rain.

Figure 2 shows an example of the double thresholding methodology. A constant threshold based on the

maximum entropy method [42] was applied to the grayscale image (Figure 2a) for distinguishing between

bubble and emulsion phases (Figure 2b). Visual inspection of the images indicated that the size of bigger

bubbles obtained after this first thresholding was slightly overestimated and did not capture correctly the

splitting of bubbles produced by particle rain in their interior. Subsequently, a second threshold was applied

to the thresholded image. This second thresholding was adaptive [43] and aimed at reducing the bubble size

overestimation and improving the detection of both big and small bubbles. During the second threshold,

pixels previously assigned with a value of 1 (white, dense phase) in the first threshold (Figure 2(b)) can be

modified to value 0 (black, dense phase) based on the graylevel and average brightness of the surrounding

pixels in a window of specified size (i.e. 30 pixels side). This improves the detection of the contours of

bubbles, as shown in Figure 2(c).
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Figure 2: Snapshots of the bed. (a) Grayscale raw image taken by the CCD camera, (b) binarized image after the first
(constant) threshold and (c) binarized image after the second (adaptive) threshold.

3.2. Bubble characteristics

It was found that bubbles close to the distributor were insufficiently illuminated. When approaching to

the bed surface bubbles were deformed just prior eruption. Therefore, only bubbles whose centroids were

within 5 to 40 cm (i.e. ∆h = 0.35 m) over the distributor and have not erupted at the surface of the bed

were considered for data averaging. Bubbles of area smaller than 1 cm2 were eliminated from the analysis

since their contours were not clearly distinguished. To study bubble characteristics as a function of the

distance to the distributor, the bed height was divided in vertical intervals (i.e. in horizontal stripes) of

20 cm width and 2 cm height, and bubbles were assigned to an interval according to the location of their

centroids.

Based on previous works [32, 44, 45], an equivalent diameter Db of each bubble was calculated from a

circle of area Ab equal to that of the bubble in the binarized images after the thresholding:

Db =

√
4Ab

π
(2)

The instantaneous vertical position of a bubble, yb(t), was calculated as the vertical distance of the

bubble centroid to the distributor of the bed. This position can be computed in a relative or absolute

system of reference if the distance is calculated from the instantaneous or the time-averaged location of

the distributor, respectively. Expressing the bubble position variation in an absolute or relative system of

reference does not change significantly the mean values since the differences arising from the two reference

systems are compensated when the results are time-averaged. Therefore, only results for velocities in the

absolute system of reference will be presented. In order to obtain the bubble rising velocity, the vertical
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distance between each bubble centroid in a frame, at time t, and the bubble in the following frame, at time

t+ ∆t, was divided by the time interval between frames:

Vb =
yb(t+ ∆t)− yb(t)

∆t
(3)

To avoid mismatching of bubbles in consecutive image frames and skip the perturbation of the centroid

position due to bubble splitting, coalescence and break up, Equation (3) is only applied to bubbles before

they split, erupt in the freeboard of the bed, or coalesce with other bubbles. Bubbles with more than 20%

diameter change between consecutive frames are discarded in the analysis because they are considered to be

highly perturbed by coalescence or splitting. Note that the time step between consecutive frames is ∆t = 8

ms, which represents approximately a 0.5% of the total bubble residence time in the bed.

In addition to bubble size and velocity, the bubble fraction and the bubble number density were also

calculated. The bubble fraction was computed as the summation of all the valid bubble areas in all the

frames and the result was divided by the number of frames and the area of analysis (see Equation (4)). The

bubble fraction is therefore a normalized time-averaged value of the area simultaneously occupied by the

bubbles per unit area of the front view of the bed:

Fb =

Nbub∑
i=1

Ab,i

NtotW∆h
(4)

Where Ab,i is the bubble front area, Nbub is the total number of valid bubbles in all the images, Ntot is

the total number of frames of the experiment (i.e. 6400 frames), W is the bed width and ∆h is the height

of the vertical interval in which Fb is calculated.

The bubble number density was calculated as the total number of valid bubbles divided by the averaging

area, W∆h, and the total number of frames of the experiment:

nb =

Ntot∑
i=1

Nb,i

NtotW∆h
(5)

Where Nb,i is the number of valid bubbles in the ith frame whose centroid is within a vertical interval. The

definitions given in Equations (4) and (5) correspond to a vertical interval defining a thin stripe (∆h = 0.02

m), sensitivity analysis of the results to the size of the stripe thickness showed that ∆h = 0.02 m is sufficient

to obtain statistically significant results with a good spatial resolution in the vertical direction. Processing

of consecutive intervals allows the calculation of Fb and nb as a function of the distance to the distributor

sampling areas. Also, if the sampling area approaches the whole bed (y = 0.05− 0.4 m, ∆h = 0.35 m) the

results represent global values in all the bed.
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3.3. Solids hold-up

To analyze the solids hold-up in the bed, all the grayscale images of the bed were averaged and divided

by the temporal standard deviation of the grayscale images. This operation was performed individually

for each pixel of the image area. The result of this operation is a normalized mean grayscale map of the

distribution of solids in the bed:

G̃S(i, j) =

Ntot∑
k=1

GS(i, j)k/Ntot

σGS(i, j)
=

GS

σGS
(6)

Where GS(i, j)k is the grayscale image corresponding to the kth frame, i and j are the pixel location

indexes in the image and Ntot is the total number of frames recorded by the CCD camera. In Equation (6),

normalization is carried out by means of σGS(i, j), which is the standard deviation of the variation of GS(i, j)

with time at a given pixel location (i, j). The normalized mean average grayscale image, G̃S(i, j) enhances

the visualization of bubble paths, including those created by small bubbles, and allows for comparison

between different experiments. In Equation (6), the presence of bubbles in a given pixel location (i, j)

increases the mean value GS. For the bed studied in this work, the values of G̃S(i, j) are typically comprised

between 0 (regions with few bubble passing) and 1 (maximum bubble passing).

3.4. Bubble distribution index

The normalized mean grayscale image defined in Equation (6) provides valuable qualitative information

of how bubble and dense phase are spatially distributed in the bed. However, in order perform a quantitative

analysis, a distribution index of bubbles (DI) is proposed in this work. DI is calculated as the root mean

square average, σrms,j , of the local standard deviation of the grayscale images within a horizontal stripe of

vertical thickness ∆h = 2 cm at a given distance of j pixels from the distributor. The result is normalized

with the standard deviation of the local time-averaged gray level GS on this same horizontal stripe (σGSj
):

DIj =
σrms,j

σGSj

=

(
1

M

M∑
i=1

1

Ns

j+Ns/2∑
k=j−Ns/2

σ2
GS(i, k)

)1/2

 1

M

M∑
i=1

(
j+Ns/2∑

k=j−Ns/2

GS(i, k)

Ns

)2

−

(
1

M

M∑
i=1

(
j+Ns/2∑

k=j−Ns/2

GS(i, k)

Ns

))2
1/2

(7)

Where M is the number of pixels along the horizontal direction in the bed image and Ns is the number of

pixels in vertical direction in the horizontal stripe of thickness ∆h. If the bubble path is not well distributed

in the horizontal direction, σrms,j decreases and σGSj
increases, which diminishes DIj . Thus, DI = 0 for

a perfectly uneven distribution of bubbles in the bed (i.e. one vertical line of white pixels in the bed) and

DI →∞ for a perfectly distributed bed.

10



4. Results and discussion

4.1. Bubble hold-up distribution

4.1.1. Solids hold-up

An important effect that vibration of the bed vessel promotes in the dynamics of the bed is the mod-

ification of the bubbles preferred paths in the bed [28], which has an impact on the bubble behavior, as

will be demonstrated later in this work. As a way to qualitatively report the effect of vibration on the

bubble path, Figure 3 shows the normalized mean solids hold-up (see Section 3.3) of the experiments carried

out for a bed with particles of 60 µm subject to different vibration amplitudes and frequencies, and two

different gas excess velocities (U/Umf ). Note that Umf refers to the minimum fluidization velocity under

static conditions, which is relatively easy to measure or to calculate using well-known correlations see Table

1.

It can be observed in Figure 3 that there exist regions in which the normalized mean grayscale image

is larger than in the central section of the bed and close to the bed lateral walls. These regions typically

form two easily discernible tracks that are caused because, for the bed analyzed in this work, bubbles close

to the distributor follow two preferred paths that merge into a single one far from the distributor. A net

upward displacement of the bed particles is induced by bubbles in the bubble path, whereas close to the

walls bubbles are scarce and particles move downwards at a relatively low velocity. As can be seen in Figure

3, this downward motion region is larger if the amplitude and frequency of vibration is increased because

more kinetic energy is introduced in the system and that seems to favor the flowability of the solids. Here,

the bubble path is confined to the center of the bed due to the enhancement of particle circulation promoted

by vibration. Also, it could be observed in the experiments that vibration promotes a larger oscillation of

bubbles and a decrease of the effective Umf , which contribute to coalescence and the formation of larger

bubbles in the bed. Larger bubbles present in the system due to the increase of U/Umf drift up a greater

amount of particles through the center of the bed, and that requires a larger zone for particles to descend

near to the bed walls. Confinement of the bubble path promotes the coalescence of bubbles and, as a

consequence, has a significant impact on bubble characteristics such as bubble diameter and velocity.

Pairwise comparison of the normalized images in Figure 3 (e.g. Figure 3(b-c)) shows that increasing the

amplitude or the frequency of vibration has a strong impact on the confinement of the bubble path. The

preferred point at which bubbles coalesce can be inferred from Figure 3 as the vertical coordinate in which

the two main bubble paths join in the center of the bed. This coalescence point gets closer to the distributor

as the frequency and amplitude of vibration increase. It can be also observed in Figure 3 that a variation of

the gas superficial velocity modifies the bubble hold-up. An increase of U/Umf promotes the formation of

bigger bubbles and increases the width of the bubble path. Since the increase of the gas superficial velocity

promotes the formation of bigger bubbles, this also decreases the lowering of the vertical position where the

11



two initial paths of bubbles join.
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Figure 3: Normalized mean grayscale images of the bed for different vibration conditions. dp=60 µm.

Figure 4 compares the normalized mean grayscale images for different particle sizes. Results without

vibration as well as with the maximum vibration strength tested (A = 1.9−2 mm, f = 20 Hz, Λ = 1.5−1.6)

are presented. For each particle size, the superficial velocity is chosen so that the gas excess velocity, U−Umf ,

is similar for all the particle sizes in Figures 4(a) to (h). Note that U −Umf is closely related to the bubble

size, which has a direct impact on the normalized mean grayscale images shown in Figures 3 and 4. On the

contrary, keeping constant U/Umf in Figure 4 would lead to very uneven bubble sizes among the different

particles being compared. As for the particles of 60 µm in Figure 3, it can be observed in Figure 4 that

bubbles tend to separate from the walls when introducing vibration in the fluidized bed regardless the

particle size. From Figure 4 it seems that the impact of the vibration on the bubble path becomes more

important as the particle diameter decreases. This effect is observed in Figure 4, and it can be attributed to

the gulf stream circulation of particles that is promoted by vibration. The circulation of particles in the bed

seems to be more intense for the smallest particles. This is attributed to their less inertia and to the smaller
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proportion of particles colliding with the vibrating front and rear walls, whose oscillatory displacement may

promote an increase of wall friction. As observed previously, an increase of the gulf stream motion produces

a larger descending flow of particles close to the walls, which tends to confine the bubble path towards the

bed center, as observed previously.
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Figure 4: Normalized mean grayscale images of the bed for particles of 46.5 µm, 90.5 µm and 120 µm mean diameters: (a-d)
cases without vibration and (e-h) with vibration of A = 1.9 − 2 mm and f = 20 Hz.

4.1.2. Bubble distribution index

Figure 5 shows the distribution index of bubbles in the bed (see Section 3.4) for all the particle sizes

analyzed and for different vibration conditions. In Figure 5, when bubbles are uniformly distributed across

the bed width, large values of the distribution index appear because bubbles induce similar values of the

mean gray level in the bed along the horizontal axis and that reduces the denominator of Equation (7).

Generally, excepting for the largest particles, the best distribution of bubbles along all the bed, i.e. high
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distribution index, is found to be the case in which the bed is not vibrating. When introducing vibration

in the system, the distribution of bubbles is less uniform and the distribution index decreases. For all the

cases under study, it can be seen in Figure 5 that the distribution index decreases with the distance to the

distributor because a less uniform distribution of bubbles is found due to the progressive bubble confinement

to the center of the bed. For the particles of 46.5 µm and 60 µm mean diameter the variation of DI with the

distance to the distributor is reduced with Λ, as bubble coalescence and the confinement of the bubble path

is promoted in the lower section of the bed. The effect of the vibration of the bed vessel on the distribution

index for the particles of 46.5 µm and 60 µm (Figure 5(a) and (b)) is more significant than for the particles

of 90.5 µm and 120 µm (Figure 5(c) and (d)). This was also qualitatively observed in Figure 4 where the

vibration-induced confinement of the bubbles to the central part of the bed with particles of 46.5 and 60 µm

mean diameters (Figure 4(a, b, e, f)) was superior to the one found for particles of 90.5 and 120 µm (Figure

4(c, d, g, h)), which is attributed (see Section 4.1.1) to the larger mobility of the smallest particles in the

vibrated bed, which enhances a more intense convective circulation of particles in the bed. Particles with

diameter 60 µm seem to lead to a distribution index more sensitive to Λ than the other particles, which

might be related to the existence of an optimum particle size and vibration strength for which the gas drag

and particle inertia combine in such a way that the DI seen in Figure 5 is enhanced. More experiments

would be required to give an exact answer to this phenomenon. It can be observed in Figure 5 that, in

general, the distribution index decreases with the vibration strength Λ, that is, with the amplitude of the

acceleration produced by vibration due to the larger confinement of bubbles to the central section of the

bed. According to the Figure 5, an increase of both the amplitude and frequency of vibration of the bed

vessel accentuates the progressive confinement of the bubble path with the distance to the distributor due to

the enhancement of convective circulation of particles in the bed. Thus, in all the particles tested, the least

uniform distribution of bubbles (i.e. minimum distribution index) appears in Figure 5 for the conditions of

maximum vibration amplitude and frequency, A = 1.9− 2 mm and f = 20 Hz.

4.2. Mean bubble characteristics

Bubble characteristics are studied in this section for beds with particles of 60, 90.5 and 120 µm mean

diameters. Beds with particles of 46.5 µm mean diameter will not be considered because they produced

intense particle rain inside bubbles which prevented their correct visualization and subsequent analysis.

To analyze the effect of the bubble characteristics as a function of the distance to the distributor, a fixed

frequency of 20 Hz (i.e. the highest vibration strengths, Λ) together with an intermediate gas excess ratio

(i.e. U/Umf=8, 4 and 3 for the particles of 60, 90.5 and 120 µm, respectively) were chosen as base cases for

the analysis of these values. As explained in Section 3.2, spatial averaging of the bubble characteristics was

performed by vertically dividing the bed in stripes of 2 cm.
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Figure 5: Distribution index as a function of the vertical distance to the distributor for different vibration strengths and mean
particle diameters: (a) dp = 46.5 µm, (b) dp = 60 µm, (c) dp = 90.5 µm and (d) dp = 120 µm.

4.2.1. Bubble fraction and bubble number density

Figure 6 shows the bubble fraction (Equation (4)) and the bubble number density (Equation (5)) as a

function of the distance to the distributor. It can be observed in Figure 6(a-c) that the bubble fraction

increases close to the distributor and, after reaching a maximum value around y > 0.2 m, decreases with

the vertical position. Increasing the vibration amplitude, A, produces an increase of visible flow when the

bubbles are well separated, which generally happens in the lower half of the bed (y < 0.2 m). This tendency

is reversed when bubbles are closer to each other, which occurs sufficiently far from the distributor (i.e.

upper half of the bed (y > 0.2 m). For the particles of 60 µm, the rain of particles in bubbles may hinder

the smallest bubbles located close to the distributor. Although this effect is largely reduced by means of the

double thresholding methodology (see Section 2), when small particles are used the number of particles in

the thickness direction is so large that their rain of particles makes difficult to capture bubbles by the high

speed camera. Note that particle rain inside bubbles is always present in these kind of pseudo-2D systems

[23, 25, 32]. The bubbles hindered by the rain of particles grow inside the bed until they reach a diameter

big enough to be captured by the camera with accuracy, Ab > 1 cm2, and that causes a growth of the bubble

number density with the distance to the distributor in the lower half of the bed. Besides, the greater excess
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of gas (i.e. the effective Umf is reduced by vibration) produced by increasing the vibration amplitude leads

to bubbles big enough to be sampled, which increases the bubble number density in the lower half of the

bed for high vibration amplitudes and particles of 60 µm mean diameter. However, this is not applicable for

particles of 90.5 and 120 µm since bubbles are initially big enough to be sampled. All these results suggest

that there are two counteracting effects in vibration. Firstly, an increase of the vibration amplitude of the

bed vessel makes bubbles bigger both by the decrease of the effective Umf and by the enhancement of bubble

coalescence, which promotes an increase of the number of sampled bubbles in the lower half of the bed (see

Figure 6(d)) with the vibration amplitude. This is especially important for the bed of small particles, since

bubbles can be more easily hindered by a curtain of particles. Secondly, vibration also promotes coalescence

of bubbles when they are far enough from the distributor and that tends to increase the throughflow of gas

between bubbles, which may produce a decrease of the total visible flow and the bubble number density in

favor of the non-visible throughflow. In the lower half of the bed, since bubbles are more separated, the

increase of bubble diameter with vibration may be the dominant mechanism affecting the visible flow. In

the upper half of the bed, vibration-induced coalescence is the main effect because bubbles are bigger and

closer, and thus are more prone to coalesce. All these phenomena seem to be affecting the three types of

particles in Figure 6, but their separate effect is most noticeable for the smallest particles (Figure 6 (a,d))

because this bed has smaller bubbles.
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Figure 6: (a-c) Mean bubble fraction and (d-f) mean bubble number density as a function of the vertical distance to the
distributor for different mean particle diameters: (a, d) dp = 60 µm, (b, e) dp = 90.5 µm and (c, f) dp = 120 µm.

Figure 7 shows the bubble fraction covered by bubbles in the whole bed (y = 0.05− 0.4 m) as a function
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of the vibration amplitude for different gas velocities and vibration frequencies. In Figure 7, the bubble

fraction (Section 3.2) increases with U/Umf , as expected. According to the results, the bubble fraction

is not very sensitive to either the vibration amplitude, A, or the frequency, f , as can be inferred from

integration of Figures 7(a-c) along the bed height. In general, when introducing vibration in the system,

the mean bubble diameter increases (Figure 10). At the same time, the number of bubbles is reduced

as coalescence is promoted by vibration (see Figure 8). These two effects compensate and lead to small

variations of the bubble fraction with the vibration amplitude and frequency. The bubble fraction increases

with the particle diameter for constant values of U/Umf due to the presence of bigger bubbles.
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Figure 7: Mean bubble fraction as a function of the vibration amplitude for different mean particle diameters and gas superficial
velocities: (a) dp = 60 µm, (b) dp = 90.5 µm, (c) dp = 120 µm. Black symbols f = 10 Hz and red symbols f = 20 Hz.

Figures 8 shows the bubble number density in the whole bed as a function of the vibration amplitude

for different vibration frequencies and superficial gas velocities. Counteracting effects are observed affecting

both the bubble fraction and bubble density depending on the particle diameter. If the particles are small

(60 µm), the number of bubbles increases when increasing the gas superficial velocity, because bubbles

become more easily observable, as commented before. For the mean particle diameters of 90.5 and 120 µm

(Figures 8(b, c, e, f)), bubbles are initially big enough to be captured and, in consequence, both an increase

of U/Umf and the introduction of vibration in the system promote the formation of bigger bubbles that are

more prone to coalesce and that makes the mean bubble density decrease. This decrease of the mean bubble

density is more pronounced at higher vibration frequencies of the bed because frequency has a strong impact

on the confinement of the bubble path to the central section of the bed, as commented in Section 4.1.

4.2.2. Bubble diameter and velocity

Figure 9 shows the mean bubble diameter and vertical velocity, in an absolute system of reference, as a

function of the distance to the distributor. The mean bubble diameter at any distance to the distributor,

Figure 9 (a-c), increases when increasing the vibration amplitude, regardless of the effects involved (i.e.

increase of isolated-like bubbles or increase due to coalescence). The mean bubble diameter decreases close
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Figure 8: Mean bubble number density as a function of the vibration amplitude for different mean particle diameters and gas
superficial velocities: (a, d) dp = 60 µm, (b, e) dp = 90.5 µm, (c, f) dp = 120 µm, (a-c) f = 10 Hz and (d-f) f = 20 Hz.

to the freeboard of the bed since large bubbles are skipped from the data averaging when they are erupting

at the bed surface.

The behavior of the mean bubble velocity as a function of the distance to the distributor and different

vibration amplitudes is also depicted in Figure 9(d-f). Bubble absolute velocity tends to decrease with the

vibration amplitude in the lower half of the bed in consonance with reported numerical predictions [34].

This decrease of bubble velocity can be explained as follows. In the lower half of the bed, bubbles are small

and far enough from other bubbles so that they behave like if they were isolated bubbles (see Section 4.2.1).

According to [32], the velocity of isolated bubbles decreases when the amplitude of vibration increases,

which is in harmony with the behavior of the isolated-like bubbles found in Figure 9(d-f) in the lower half

of the bed. On the contrary, at a sufficient distance from the distributor, i.e. the upper half of the bed, the

bubble velocity tends to increase with the vibration amplitude as reported in [28–30]. This result can be

understood by taking into account the confinement of the bubble path due to vibration (Figure 3). In this

part of the bed, bubbles are bigger and closer to each other, and, in consequence, they tend to coalesce and

their velocity becomes higher due to both the acceleration of the trailing bubble prior to coalescence with

the leading bubble [1] and the larger diameter of the bubble produced after coalescence. Therefore, there

is a certain distance from the distributor (about 20 cm in Figure 9) at which the dependence of the bubble

velocity with vibration amplitude is reversed. For f = 20 Hz in Figure 9(d) the height at which the reversal
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of tendency occurs is clearly seen. These point of inversion could be attributed to a cyclic compression

and expansion of the bed bulk caused by vibration (as in [32, 44]). This may cause the bubbles in the

bed to behave differently as a function of their distance to the distributor, being y ' 20 cm the region in

which the trend of the bubble velocity is changed due to the confluence of these two regions, however, more

experiments at different bed heights would be needed to confirm this fact. In Figures 9(e) and 9(f) this

reversal of the tendency of the bubble velocity is partially hidden and is attributed to the greater buoyancy

of the big bubbles present on the bed filled with particles of 90.5 µm and 120 µm, which makes them to be

less affected by the vertical vibration and, in consequence, less influenced by this reversal tendency of the

bubble velocity.

(a)
0 0.1 0.2 0.3 0.4

0.005

0.01

0.015

0.02

0.025

Distance to distributor (m)

D
b

(m
)

No vibration
A=0.6 mm
A=1 mm
A=1.4 mm
A=1.9 mm

dp=60 μm, f=20 Hz, U/Umf=8

(b)
0 0.1 0.2 0.3 0.4

0.01

0.015

0.02

0.025

0.03

Distance to distributor (m)

D
b

(m
)

No vibration
A=0.5 mm
A=0.9 mm
A=1.2 mm
A=1.9 mm

dp=90.5 μm, f=20 Hz, U/Umf=4

(c)
0 0.1 0.2 0.3 0.4

0.01

0.015

0.02

0.025

0.03

0.035

Distance to distributor (m)
D

b
(m

)

No vibration
A=0.6 mm
A=1 mm
A=1.4 mm
A=2 mm

dp=120 μm, f=20 Hz, U/Umf=3

(d)
0 0.1 0.2 0.3 0.4

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Distance to distributor (m)

V
b

(m
/s

)

No vibration
A=0.6 mm
A=1 mm
A=1.4 mm
A=1.9 mm

dp=60 μm, f=20 Hz, U/Umf=8

(e)
0 0.1 0.2 0.3 0.4

0.1

0.15

0.2

0.25

0.3

0.35

Distance to distributor (m)

V
b

(m
/s

)

No vibration
A=0.5 mm
A=0.9 mm
A=1.2 mm
A=1.9 mm

dp=90.5 μm, f=20 Hz, U/Umf=4

(f)
0 0.1 0.2 0.3 0.4

0.1

0.15

0.2

0.25

0.3

0.35

Distance to distributor (m)

V
b

(m
/s

)

No vibration
A=0.6 mm
A=1 mm
A=1.4 mm
A=2 mm

dp=120 μm, f=20 Hz, U/Umf=3

Figure 9: (a-c) Mean bubble diameter and (d-f) mean bubble absolute velocity as a function of the distance to the distributor
and for different particle diameters: (a, d) dp = 60 µm, (b, e) dp = 90.5 µm and (c, f) dp = 120 µm.

Figure 10 shows the mean bubble diameter in the whole bed for the particles of 60, 90.5 and 120 µm as a

function of the vibration amplitude for different vibration frequencies and gas superficial velocities. Firstly,

in Figure 10, the mean bubble diameter increases with U/Umf . In the figure, generally, the bubble diameter

tends to increase with the vibration amplitude due to an enhancement of coalescence. However, this is not

true for the particles of 90.5 µm and a vibration frequency of 10 Hz. Two main effects may be causing

this decrease of the bubble diameter. Firstly, the bubble diameter decreases due to the intense particle rain

inside the bubble and the penetration of the bubble wake in the interior of the bubble, which promotes

the reduction of the bubble diameter. In contrast, under the same vibration conditions, the bubbles rising

in the bed of particles of 60 µm tend to drift to the central section of the bed, and that promotes bubble
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coalescence and, hence, tends to enhance the increase of the bubble diameter. For these particles of 60 µm,

the increase of bubble diameter due to coalescence seems to be predominant over the decrease due to the

penetration of the wake in the bubble. Finally, the bed with particles of 120 µm yields to bubbles with less

wake penetration and rain of particles and that seems (in view of Figure 10) to be unable to hidden the

effect of the bubble growth promoted by coalescence that occurs owing to the increasing of the bed shaking

when the vibration amplitude is augmented.

The increase of the mean bubble diameter with the vibration amplitude is particularly clear for the cases

of high vibration frequencies combined with high U/Umf , in which the mean bubble diameter grows with the

amplitude of vibration while the bubble fraction remains nearly constant (Figure 7) and the mean bubble

density decreases (Figure 8). This effect is more intense at high gas velocities because the resulting bubbles

are bigger and closer so that bubbles are more prone to coalesce. The closeness of bubbles is also promoted

by the confinement of bubbles to the central part of the bed for higher vibration strengths, as indicated in

Section 4.1.
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Figure 10: Mean bubble diameter as a function of the vibration amplitude for different mean particle diameters and gas
superficial velocities: (a) dp = 60 µm, (b) dp = 90.5 µm, (c) dp = 120 µm. Black symbols f = 10 Hz and red symbols f = 20
Hz.

Figure 11 shows the vertical velocity of bubbles averaged over the whole bed (i.e. bubbles within 5 to

40 cm above the distributor). In general, the average vertical velocity of bubbles decreases for f = 20 Hz

(Figure 11(d-f), whereas for f = 10 Hz it only decreases for the particles of dp = 60 µm (Figure11(a)).

For the particles of 60 µm and at sufficiently high U/Umf and small vibration frequencies (Figure 11(a-c))

bubble absolute velocity increases with A as a consequence of the growth of the bubble diameter (Figure

10) due to both the larger excess of gas, produced by the decrease of the effective Umf caused by vibration

[13], and the coalescence of bubbles (Figure 8). However, in this case, the vibration strength is not enough

to reduce the velocity of the bubbles except for the case U/Umf = 4, in which the bubbles are sufficiently

small to be affected by vibration as if they were an isolated bubble. Also, at small vibration frequencies, the

gulf stream motion of particles drifts upwards the bubbles in the middle of the bed so that their velocity

increases with the vibration amplitude. This increase of the bubble velocity with the vibration amplitude is
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not observed in Figure 11(b, c) for the particles of 90.5 and 120 µm since their fluidization leads to bigger

bubbles that are generally less affected by vibration than those in the bed with particles of 60 µm mean

diameter.

Besides, in Figure 11 there is a critical value of U/Umf (function of the particle size and the frequency

of vibration) below which the bubble velocity decreases with the amplitude of vibration because bubbles are

sufficiently small to scarcely interact with other bubbles and each bubble behaves most of the time like if it

were isolated bubbles. In that case, the mean velocity of bubbles decreases with amplitude, as was justified

before in Figure 9. This can be clearly observed in Figures 11(d-f). However, at higher gas velocities and

vibration amplitudes, the coalescence of bubbles due to their confinement to the central section of the bed

increases the velocity of bubbles and that partially counteracts the decrease of bubble velocity commented

above. This results in a less significant decrease of the mean bubble velocity compared to the cases of lower

gas velocities. For low vibration frequencies (f = 10 Hz) and particles of 90.5 and 120 µm (Figure 11(b, c)),

the change of the vibration amplitude does not greatly affect the mean velocity of the bubbles.

To sum up, it can be observed in Figures 10 and 11 that both the mean bubble diameter and velocity

are more sensitive to changes in the vibration amplitude for vibration frequencies of f = 20 Hz than for

f = 10 Hz. Which suggests that the effect of vibration on the bed and bubble dynamics is enhanced at high

vibration strengths.
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Figure 11: Mean bubble absolute velocity as a function of the vibration amplitude for different mean particle diameters and
gas superficial velocities: (a) dp = 60 µm, (b) dp = 90.5 µm, (c) dp = 120 µm. Black symbols f = 10 Hz and red symbols
f = 20 Hz.

Figure 12 shows the relation between the bubble absolute velocity and diameter in the bed operated

at the highest frequency tested (f = 20 Hz) and at an intermediate value of U/Umf for the particles of

60, 90.5 and 120 µm mean diameters. Figure 12 is obtained by dividing in 20 intervals the total range

of bubble diameters found in the bed and assigning the bubbles to any of the intervals depending of their

diameter. Each point in Figure 12 represents the average values of bubble diameter and velocity in each

interval. A clear increasing trend of the bubble velocity with the bubble diameter is observed in Figure 12

for the three types of particles under study and the vibration amplitudes tested. Accordingly with previous
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reports [1], for conventional fluidized beds, the bubble velocity is proportional to the square root of the

bubble diameter. This is true for the cases of no vibration in Figure 12. However, this trend changes when

introducing vibration in the system and a nearly linear trend of bubble velocity with bubble diameter is

observed in Figure 12 in the lower half of the bed.

Also, Figure 12 clearly shows that, for small bubbles, the bubble velocity decreases with the amplitude

of vibration for a given diameter of bubble and keeping constant the gas superficial velocity. Generally, large

bubbles (i.e. Db > 0.03 m) are much less affected by the bed vessel vibration than small bubbles and present

velocities that are even similar to those obtained without vibrating the bed. Also, these large bubbles are

typically located in the upper half of the bed, where bubbles tend to coalesce and are deformed prior to

their eruption, which explains why bubble velocity is more disperse in Figure 12 for Db & 0.05 m.
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Figure 12: Mean bubble absolute velocity as a function of the mean bubble diameter for a vibration frequency f = 20 Hz and
different vibration amplitudes and particle diameters: (a) dp = 60 µm, (b) dp = 90.5 µm, (c) dp = 120 µm.

Alternatively, Figure 13 shows the relation between the absolute velocity and diameter of bubbles av-

eraged in all the bed (i.e. y = 0.05 − 0.4 m). Each curve in Figure 13 contains 5 points that are taken

from Figures 10 and 11 at a given vibration amplitude, A, for 5 different values of U/Umf . Figure 13 also

includes results for an intermediate vibration frequency (f = 15 Hz). The solid lines in Figure 13 connect

data points with the same vibration amplitude, whereas the dotted lines are obtained after fitting of the

points having the same superficial velocity and are included to facilitate the visual inspection of the results.

Therefore, the increase of bubble size in Figure 13 from left to right is principally caused by the increase of

U/Umf and not by bubble coalescence as a function of the distance to the distributor. That explains why

the slope of the curves does not decay for large bubble diameters as in Figure 12. Thus, the results depicted

in Figure 13 reflect the global behavior of bubbles in the bed, and each point corresponds to an individual

experiment.

There are three effects affecting the bubble velocity in vibration that have been observed in previous

figures and can be used to understand Figure 13. Firstly, if the bubble is sufficiently separated from other

bubbles and the vibration strength is high (i.e. higher frequency of vibration) it behaves as if it was an
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isolated bubble due to the scarce interaction with the surrounding bubbles. In this situation, an increase of

vibration amplitude produces a decrease of bubble velocity, for a given bubble size, as commented before

when Figure 12 was analyzed and previous works with isolated bubbles [32, 44]. This effect causes that at

high vibration frequencies, e.g. Figure 13(c,f,i), the mean bubble velocity in the bed clearly decreases when

increasing the vibration amplitude for a given superficial velocity ratio U/Umf , this promotes a negative

slope of the dashed lines in Figure 13 (c,f,i). This slope decreases when increasing the gas superficial velocity,

which indicates that the velocity of larger bubbles (due to the higher U/Umf ) is less affected by the vibration

amplitude than for smaller bubbles. The bubble velocity decrease with vibration amplitude is still observed,

to a lesser extent, at intermediate frequencies on all the particle sizes (i.e. f = 15 Hz, Figures 13(b,e,h)),

and at low frequencies and the larger particle diameter (dp = 120 µm). As can be seen in the left hand side

of Figure 13, the decrease of bubble velocity with A is more significant for lower superficial velocities, for

which bubbles are smaller and interaction between bubbles is still reduced.

Secondly, on passing from no vibration to vibration, the mean bubble diameter grows due to a decrease of

the effective Umf (as seen in Figure 10). This effect is also observed in Figure 13 in which Db decreases with

A for a given U/Umf . Exception of this is Figure 13(d) for large values of U/Umf where the experimental

points are very close and the effect of A is unclear. Thirdly, as seen in Section 4.1, vibration of the bed

vessel produces recirculation of particles in the bed, creating a net upward motion of particles in the center

of the bed whereas by the walls the motion of particles is downwards. This upward motion of particles is

higher if gas superficial velocities or the amplitude of vibration are increased because more kinetic energy is

introduced in the system [37]. Owing to the upward motion of particles, bubbles tend to be faster because

they are normally confined to the central section of the bed and they interact more with each other [28–30],

and, in consequence, bubbles cease to behave as if they were isolated. The increase of the interaction of

bubbles, together with the growth of bubbles due to coalescence tends to increase the bubble velocity, as

seen in Section 4.2.2, and this occurs when bubbles are sufficiently far from the distributor. For example, in

Figure 13(a) an increase of vibration amplitude promotes a growth of the bubble velocity due to the presence

of bigger bubbles and the confinement of the bubble path to the central section of the bed (see also Figure

11(a)). In this situation the velocity of bubbles is mainly affected by confinement, coalescence and diameter

growth because the vibration frequency is small in contrast to Figure 13(c,f,g) where the vibration frequency

is high. In the case of particles of intermediate diameter, dp = 90.5 µm, and low vibration frequency, f = 10

Hz, no clear trend is found for bubble velocity because probably the confinement of the bubble path and

bubble coalescence are competing against the commented effect of the amplitude of vibration. It is clear

from Figure 13 that adequate selection of vibration amplitude and frequency can be used to influence and

have some control on the bubble behavior for a given particle size and gas superficial velocity.
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Figure 13: Mean bubble velocity as a function of the mean bubble diameter for different vibration amplitudes and frequencies.
The gas superficial velocity increases from left to right in each curve. (a-c) dp =60 µm, (d-f) dp = 90.5 µm, (g-i) dp = 120 µm.

5. Conclusions

The solids hold-up and mean bubble behaviors in a vertically vibrated fluidized bed were experimentally

studied in the present work by means of DIA. Experiments with four different sizes of particles at several

vibration strengths were carried out in order to obtain a wide range of results regarding bubble and bed

dynamics. The analysis of results covered different aspects to show, and help to understand, the multiple

effects of vibration on the bed and bubble dynamics.

Firstly, mean characteristics of the bed were studied by averaging over time and space the solids hold-up.

The mean solids hold-up allowed the characterization of the bubble distribution inside the bed. The experi-

ments revealed that, when introducing vibration in the system, the bubble path tends to be confined to the

center of the studied bed, making the distribution of bubbles less uniform. The confinement of the bubble

path is more significant when increasing the vibration strength. The bubble number density in the bed
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decreases with an increase of vibration amplitude due to bubble coalescence whereas the bubble fraction re-

mains nearly constant. In general, the vibration amplitude has an impact on the mean diameter and velocity

of bubbles that is greater at high vibration frequencies. In the bubbling bed tested, increasing the vibration

amplitude produces an increase of the mean bubble diameter, specially at high vibration frequencies. Two

regimes of bubble dynamics were detected in the bed, depending on the vibration characteristics, the par-

ticles employed and the bed morphology. Small bubbles close to the distributor (i.e. lower half of the bed)

were found to behave more similarly to isolated bubbles, so that their velocity decreased when increasing

the vibration amplitude. In contrast, the bubble velocity increased with the vibration amplitude for bubbles

in the upper half of the bed, as they were more influenced by bubble coalescence and gulf stream drifting

of particles. In summary, all the previous results show that careful selection of the vibration amplitude and

frequency, altogether with the gas velocities and type of particles, may be used to modify the bed behavior,

including the number, size and velocity of bubbles in the bed. Also, bubbles behave differently depending

on their spatial location in the bed and this may explain the different, and apparently contradictory, trends

found in the literature concerning the bubble behavior in vibrated fluidized beds.

Nomenclature

A = vibration amplitude, peak-to-peak (mm)

Ab = bubble area (m2)

Db = bubble equivalent diameter (m)

DI = distribution index (-)

dp = particle diameter (µm)

f = vibration frequency (Hz)

Fb = bubble fraction (-)

GS = grayscale value (-)

GS = mean grayscale value (-)

G̃S = normalized mean grayscale value (-)

g = gravity acceleration constant (m/s2)

H = bed vessel height (m)

∆h = height of a sampling area in the bed (m)

K = bed thickness (m)

M = number of pixels in the horizontal dimension (-)

nb = bubble number density (bubbles/m2)

Nbub = number of bubbles (-)

Ns = number of vertical pixels in a stripe (-)
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Ntot = total number of frames of a experiment (-)

t = time (s)

U = gas superficial velocity (m/s)

Umf = minimum fluidization velocity (m/s)

Vb = bubble velocity (m/s)

V b = averaged Vb (m/s)

W = bed width (m)

y = vertical coordinate (m)

yb = bubble centroid vertical coordinate (m)

Greek letters

δ(t) = bed vessel vertical displacement (m)

Λ = vibration strength parameter (-)

ρp = particle density (kg/m3)

σ = standard deviation
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