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Abstract

The present work experimentally assesses the effect of vibration on the dynamics of particles in a fluidized
bed of triangular shape. The base of the bed is composed of two inclined walls, each one forming an angle
of 45° with the horizontal. The bed has 0.206 m span and 0.01 m thickness. The bed vessel is made of
antistatic PMMA in order to allow optical access with a high-speed camera. The bed is mounted on an
electrodynamic shaker which produces vertical vibration. The bed material is ballotini particles with a mean
diameter of 1.15 mm up to the top of the inclined walls. Air was injected through the inclined bed walls
to fluidize the bed to explore whether vibration of the bed vessel together with gas injection can make the
dynamics of this bed different to that found when no gas is injected. A high speed camera was used to record
the motion of particles in the bed. The velocity of the particles in the bed was obtained via Particle Image
Velocimetry (PIV). The results show that several circulation patterns are observed as a function of vibration
amplitude and frequency when the fluidization velocity is just below and above the minimum fluidization
velocity. Noticeably, for zero gas velocity, particles ascend close to the side walls and descend in the center
of the bed. By injecting fluidization gas, the circulation pattern of the bed can be reversed (i.e. particles
descending near the inclined walls and ascending in the center of the bed). Conditions for which this reversal
of the gulf stream circulation of particles appear in the triangular bed are explored in this work and these
include gas superficial velocities higher than the minimum fluidization velocity and sufficiently high values
of the vibration strength.
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1. Introduction

The introduction of vibration to granular systems can intensify certain processes [1, 2] and increase the

efficiency of chemical reactors [3—-7]. However, when vibration energy is introduced in a granular assembly,
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a great variety of phenomena can appear [8]. These phenomena include heaping or tilting of the granular
surface of the bed to the center or to one of the laterals of the bed [9-12, 14], the formation of convection
rolls of particles in the bed, whose number and direction depend on the vibration characteristics [10, 14-19]
and subharmonic instabilities. Examples of these instabilities are waves on the surface of the bed, which may
manifest at different frequencies [11, 12, 20, 21] and cyclic detaching of the solids bulk from the bed vessel
forming arching structures [22-25]. Among the different phenomena associated to vibration of the granular
bed, convection of particles is one of the most important and has been profusely studied both experimentally
and numerically [10, 14-19].

Akiyama et al. [19] presented an experimental study on the role of the interstitial gas on the convective
motion and heaping in a vibrated granular bed of 100 x 200 x 30 mm? filled with glass beads of eight
different diameters. In their experiments, they observed a convective roll (i.e. recirculation of particles)
extended through the whole bed. Their results show that the amount of gas trapped in the bed, and, thus,
the mobility of the particles, play a key role on the developing of the convective flow in the bed. Aoki et al.
[17, 18], observed the formation of multiple convective rolls in a bed of similar dimensions to the one in [19].
They showed that the formation of arching structures in the bed is crucial for the appearance of convection
rolls in the bed. Interestingly, they found that when I' exceeded a critical value, the convection mode near
to the vertical side walls changed form downward to upward convection. Zhang et al. [10] experimentally
studied the patterns of convective flow formed in a vibrated granular bed of 300 x 200 x 20 mm? filled with
particles of 1, 2 and 4.5 mm of diameter. They observed that, when varying the frequency of vibration,
within the range 15 to 150 Hz, a wide range of convective patterns appeared in the granular layer. A phase
map of I" versus frequency, f, was drawn in [10] in order to understand the different patterns observed.

The appearance of granular patterns in vibrated beds is not only restricted to square-shaped beds.
Recently, Lu et al. [26], studied the formation of polygon shaped patterns in a pseudo-2D (i.e. bed of small
thickness) vibrated bed of circular section with particles of 0.3-0.4 mm and 0.5-0.75 mm of diameter and
different fill levels. In their work, they identified a variety of granular patterns such as Faraday tilting,
surface waves having 1/2 and 1/4 the frequency of vibration of the bed vessel, convection and polygonal
structures. They proposed that the polygon-shaped patterns are the geometrical transformation of the
arching structures typically encountered in vibrated beds of rectangular vertical section. Knight et al. [27],
studied the vibration-induced size separation in a vibrated granular media in both a rectangular and a
conical bed filled with spherical particles of 2 mm of diameter. They observed that convection drives size
segregation and, to confirm their hypothesis, they designed a conical container. In that container they
observed that vibration promoted a convective motion of particles upwards along the walls and downwards
in the middle of the container. The same convective pattern of particles was observed by Wassgren et al.
[28] in a vibrated pseudo-2D hopper of wedge shape (triangular) with the exit closed and filled with soda
lime particles of 1.3 mm of mean diameter. Discrete elements simulations of the hopper revealed that the
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convective motion is caused by the dilation of the particle bed during free fall period of the vibration cycle
and the interaction with the hopper walls [28]. They also detected the formation of f/2 waves in the surface
of the vibrated hopper, similar to those observed in vibrated rectangular beds.

Although these convection patterns have been studied in conical hoppers, the effect of injecting gas
through the inclined lateral walls on the overall convection patterns is currently unexplored. It is conceiv-
able that the injection of gas may alter the convection pattern and hence, in turn, also the characteristics
times in such systems. The potential use of this triangular geometry with background gas injection can
be similar to that of either aerated hoppers [29-34] or spout-fluidized beds with inclined walls, namely
cylindrical spout-fluidized beds [35-38]. The injection of gas through the inclined walls of this kind of beds,
even if the bed walls are not vibrated, has demonstrated to improve their performance.

Aerated hoppers are often used to avoid undesirable phenomena such as arching and funnel-flow in
hoppers operating with fine particles. In these hoppers, the discharge rate can be increased when aerating
the bed until a gas flow was reached, after which the discharge rate becomes constant [32, 33]. It was also
detected that different regimes may appear in the hopper depending on the aeration rate [29-31].

In spout-fluidized beds, in addition of the spouting gas, background gas is injected through the base or
the inclined walls of the bed. Thus, this type of beds combines the favorable properties of both spouted
and fluidized beds and have received great interest in the last decades in applications such as granulation,
coating and drying [35, 39—41]. Previous works on cylindrical spout-fluidized beds [36—38], studied the
hydrodynamic and spout characteristics in this type of beds without vibration.

The addition of vibration in aerated hoppers and spout-fluidized beds appears as a promising alternative
to be considered in the near future because vibration can reduce the gas minimum fluidization velocity and
increase the homogeneity of the granular material. However, the introduction of vibration may promote
the appearance of different patterns which may cause large heterogeneities in the bed. Thus, a fundamental
characterization of the combined effects of vibration and aeration in triangular or conical shaped beds is
paramount to understand and further design these systems.

Regarding the different experimental techniques aimed at characterizing the bed and bubble behavior
in fluidized beds, Digital Image Analysis (DIA) and Particle Image Velocimetry (PIV) are frequently used.
These techniques make use of pseudo two-dimensional (pseudo-2D) beds (i.e. beds of small thickness), which
have been shown to be of great help for the understanding of the bed and bubble dynamics in both conven-
tional and vibrated fluidized beds, as they allow optical access to the bed [42-46]. DIA has been previously
applied in vibrated fluidized beds [47, 48] whereas PIV has been extensively used in the characterization of
the particle movement in conventional fluidized beds [43, 44, 49-51]. However, the use of PIV in vibrated
fluidized beds is still very reduced [52].

The present work aims at clarifying the dynamics of granular systems subjected to vibration in a bed
of triangular geometry (i.e. pseudo-2D conical bed) and the influence of gas injection through the inclined
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walls of the bed on the surface waves and convective patterns observed in the granular material. Different
granular patterns are identified as a function of the vibration frequency, vibration strength and the gas
superficial velocity though the inclined walls of the bed. The results here presented constitute a necessary
first step on a fundamental understanding of the novel combination of vibration and gas injection in beds
of triangular or conical geometry. The potential applications of this research are vibration-assisted systems
of triangular or conical geometry like spout-fluidized beds and aerated hoppers. Thus, the present work
can serve as a basis for the identification of vibration and gas injection conditions that may improve or

deteriorate the operation of this kind of systems.

2. Experimental setup

The experiments were conducted in a triangular pseudo-2D bed that is fluidized with air and vibrated
in the vertical direction (Figure 1). The dimensions of the bed are 0.206 m span, 0.2 m height (measured
from the vertex of the triangle) and 0.01 m thickness, as shown in Figure 1. The bed front and back walls
are made of antistatic PMMA in order to allow optical access to the fluidized bed. Air is introduced to the
bed through each of the inclined walls, which form an angle of 45° with the horizontal. The air mass flow is
regulated by means of a mass flow controller (Analyt-GFCA47) and enters a first plenum and then a second
plenum through a gas distributor consisting on 50 holes of 1 mm of diameter (see Figure 1). Then, the air
enters the bed through the lateral inclined walls, which are perforated with 80 holes of 0.5 mm of diameter
(40 holes in each wall). Due to the configuration of the bed air was not injected through the vertex of the
triangular bed. However, particles located in the vertex of the bed are not static as they are affected by

vibration and the motion of the surrounding particles.
[Figure 1 about here.]

The whole bed was mounted onto an electrodynamic shaker (Labworks Inc., ET-139). A controller
(Labworks Inc. VL-144), amplifier (Labworks Inc., PA-138-1) and an accelerometer (PCB Piezotronics
Inc., J352C33) were used to generate and control a sinusoidal vibration 6 = Asin(27 ft), where ¢ is the bed
displacement, A is the vibration amplitude and f is the vibration frequency. Due to the characteristics of the
experimental facility, vibration frequencies larger than f > 30 Hz and vibration strengths, ' = A(27f)?/g,
larger than I' > 10 had to be avoided. The front part of the bed was uniformly illuminated by two LED
spotlights symmetrically disposed at each side of the bed.

The bed was filled up to the top of the inclined walls with ballotini glass beads with a mean diameter
of d, = 1.15 mm. Approximately a 5% of the particles were black to enhance the correlation during
the processing of results with Particle Image Velocimetry (PIV). The minimum fluidization velocity of the

particles under static conditions was measured by means of the change of slope of the mean pressure drop
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of a pressure sensor located in the first plenum and resulted to be Uy, y = 0.41 m/s. A high speed camera
(Optronics CL 600 x2/M) was used to record images through the front wall of the bed at a frame rate of
200 images per second during 20 seconds.

It has been reported that a particle diameter /transverse thickness ratio of ~0.1 has been shown to be
sufficient to ensure a freely fluidized system, despite the fact the walls introduce frictional effects that may
affect the solids velocity [53]. The effect of the walls on the particles is twofold. On the one hand, the walls
tend to decrease the solids velocity due to friction. On the other hand, the walls introduce vibration energy
to the system which assists the fluidization of the particles.

The effect of vertical vibration on the dynamics of the vibrated triangular fluidized bed was studied in
a twofold way. Firstly, a qualitative observation of the granular patterns of the bed was carried out. The
different transitions in the flow regimes for a variety of vibration strengths, I', were qualitatively identified
as a function of the vibration frequency, f and for different gas superficial velocities under, equal and above
the minimum fluidization velocity, including the case of no gas injection (i.e. Uy/Uy,y =0, 0.7, 1 and 1.2).
Secondly, once the flow regimes were identified, PIV measurements were undertaken in order to study the

motion of particles in the triangular bed for the experimental conditions depicted in Table 1.

[Table 1 about here.]

3. Data processing

The particle velocity between two consecutively recorded images was obtained by means of PIV using the
multigrid code MATPIV [54]. The PIV measures the instantaneous velocity of solids by dividing the domain
in smaller sections (i.e. interrogation windows) and by cross-correlating these sections; the most probable
displacement of the particles in each window is calculated. A mask is applied to the original image so that
the velocity vectors are only calculated in the interrogation windows pertaining to the bed bulk [54]. In the
present work, interrogation windows of 32x32 pixels and 50% overlap were employed for the calculation of
the velocity of particles in the bed. Six reference squares were glued to the front wall of the bed vessel in
order to follow its instantaneous displacement. To improve the accuracy and stability of the velocimetry
technique, this displacement was subtracted in the particle images before performing the PIV calculations,
so that, instead of using an absolute reference system in which the bed is oscillating, the PIV algorithm
calculates the displacement of particles in a relative reference system that moves with the bed vessel. The

relative average velocity of particles along an experiment was calculated as:
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where U;(z,v) is the instantaneous velocity of particles in the i** frame at a location (x,%) and N is the
number of frames in an experiment.

It was observed in the experiments that the oscillation of the bed bulk presented a cyclic behavior with
an overall period of oscillation (i.e. time required to repeat a complete oscillatory movement) of the bed
bulk that may vary depending on the experimental conditions. This period was found to be, T, = n,/f
with n, = 1,2 and 4 being the number of bed vessel cycles completed in a period of oscillation of the bed
bulk. The bed follows a cyclic and sinusoidal behavior, so the results can be also analyzed as a function of
the phase of the oscillation cycle. Thus, the velocity vectors pertaining to a given range of phases of the bed
vessel vibration (viz. phase intervals) were averaged, obtaining a phase velocity map for each of the phase
intervals in which the period of oscillation is divided. In order to study the particle velocity as a function of
the position of the bed vessel, T,, was divided into k = 4n, phase intervals of analysis to capture the phase
behavior of the particles of the bed with a phase resolution of A¢ = 7/2. The average velocity in every

phase interval ¢ = [1(k — 1)/2,7k/2] can be calculated as:

U — vazl Us,i(@,y) i,k
$:¢k = N
2 =1 ik

where §; 1 is equal to the unity if the phase ¢; in the i** frame is within the phase interval ¢y:

1 iflr <y <inm
Oi g =

0 otherwise

4. Results and discussion

The following sections study the dynamics of the particles in the vibrated fluidized bed. Firstly, the
general bed behavior is described and different granular patterns are detected. Then, the convective motion
(viz. gulf stream circulation) of particles in the bed is characterized using the time—averaged velocity of
particles. Finally, to further explain the origin of the gulf stream motion and the occurrence of a reversal in

its direction, the cyclic particle motion is analyzed as a function of the phase in a period of vibration.

4.1. General bed behavior

Under conventional fluidization conditions, i.e. the air is introduced through the inclined walls and the
bed is not vibrated, there is no particle motion for U < U,,; and bubbles appear for U > U,, s, which rise
close to the inclined walls.

It was observed that the combination of vibration of the bed and gas injection through the inclined walls
of the bed drastically changed the way particles behave in the bed, promoting the formation of granular

patterns in the bed. In the case the bed vessel is not vibrated the particles presented a behavior similar



to that of a conventional fluidized bed. That is, the bed is fixed for gas superficial velocities below Uy,
whereas bubbles, which tended to rise close to the lateral walls of the bed, commence to appear for gas
superficial velocities above Uy, . Figure 2 shows the different granular patterns observed in the triangular
bed when the bed is vibrated with different combinations of the vibration frequency, vibration strength and
gas superficial velocity. In Figure 2(a), Faraday tilting is the dominant behavior [26]. Here, the bed is lifted
by vibration (I" > 1) and the particles roll down in the inclined surface of the bed and move up through the
bulk of the bed. In Figures 2(b) and 2(c), surface waves with formation frequencies f/4 and f/2 (i.e. the
frequency of the surface waves is one quarter or one half of the excitation frequency, respectively), are ob-
served. These surface waves are similar to those produced in rectangular and circular beds [12, 26]. Figures
2(d-f) schematize the different convective patterns observed in the triangular bed for the range of vibration
conditions tested. In Figure 2, vibration conditions and gas fluidization velocities have been selected to
exemplify the most characteristic surface waves and convective patterns detected in the experiments.

In Figure 2(d), a convective motion with a downflow of particles at the center of the bed takes place.
Interestingly, if the gas injection through the lateral walls is large enough, the gulf-stream motion of particles
in the bed could be reversed, as depicted in Figure 2(e) and 2(f). Regardless the particles move upwards and
downwards at the center of the bed, the particles at the extreme sides of bed barely mix. This may induce
the presence of large heterogeneities in the bed in chemical conversion processes.. Figure 2(f) represents a
case in which an inflexion point in the central section of the bed, with upward and downward motion above
and below it, respectively, could be observed. A net downward displacement of particles could be observed
close to the front and rear walls of the bed and the particles are transported to the top of the bed inside the
bulk between these walls. Also, in Figure 2(f), vibration causes the whole bed to cyclically detach from the
inclined walls, which probably have and influence in making the side walls convection observed in Figure
2(e) to disappear. In particular, in Figure 2(e) an upward vertical motion of particles is observed in the

center of the bed, whereas the convection cells are very small and are situated close to the side walls.
[Figure 2 about here.]

Figure 3 shows the time-averaged solids relative velocity obtained with PIV in the vibrated triangular
fluidized bed for different combinations of the vibration amplitude, vibration frequency and gas superficial
velocities. In general, for the case with no gas injection through the lateral walls of the bed, the only
convective motion observed is similar to the one shown in Figure 3(a) for f = 15 Hz and I' = 3.5 with a
downward displacement of particles in the central part of the bed. and downward close to the inclined walls
of the vessel. The result is a convective motion of the bed particles (i.e. gulf stream circulation). Here,
the bed bulk is cyclically lifted from the inclined walls with a frequency equal to the frequency of vibration
of the bed. The convective motion observed in Figure 3(a), will be denominated hereafter as “downward

convection”.



When increasing the gas superficial velocity while keeping the same I" and f, different convective patterns
were observed. Figure 3(b,c,e.f,g) represents the velocity vectors for the example case of f = 15 Hz, I' = 3.5
and gas superficial velocities of Uy /U,y = 0.7,0.9,1,1.1 and 1.2, respectively. For a gas superficial velocity
of Uy/Uy, s = 0.7 in Figure 3(b), the whole bed bulk separates from the lateral walls of the bed with a period
T, = 2/f, i.e. the particles in the bed repeat the same pattern every 2 cycles of the vessel vibration. In
Figure 3(b), the downward motion of particles found in Figure 3(a) in the center of the bed is still present.
Increasing the gas superficial velocity from Uy/Up s = 0.7 (Figure 3(b)) to Up/Ums = 0.9 (Figure 3(c))
does not promote a significant change on particle average velocity in the bed. In these cases of U < Up,y it
was visually observed that a three dimensional convective motion of particles appears, which is induced by
the interaction of the particles with the front and rear walls of the bed. In general, when air is introduced
through the distributor of the bed, particles move down close to the front and back walls of the bed and
move up through the middle section between these walls. These 3D effects are manifested in Figures 3(b)
and 3(c) through an uniform field of descending velocity vectors on the transparent front wall of the bed.

Noticeably, for f = 15 Hz and I = 3.5, when the gas superficial velocity is equal or above Uy, s (Up/Up s >
1), (see Figure 3(e-g)), a reversal of the previously described downward convection of the bed particles is
observed. Particles ascend now in the central section of the bed and descend in the regions closer to the
inclined walls (see Figure 3(e)). For the sake of simplicity, this pattern of upward convection of particles in
the central region of the bed will be referred in the present work as “reverse convection” since it has opposite
direction to the pattern found in Figure 3(a). Figure 3(h) schematically shows the behavior of particles in
the bed when this reverse convection occurs. The region in which the particles ascend is delimited by the
presence of two inflexion points (i.e. locations with null average velocity) in the central section of the bed at
different heights, which separate the ascending or descending average displacement of particles. Another two
inflexion points are symmetrically located at the same height at both sides of the bed. These last inflexion
points are centers of the two main convective cells formed in the bed. In Figure 3(e-g), two regions with
different convective motions can be clearly distinguished in the triangular bed: the central part of the bed
(from around z = 0.04 m to z = 0.16 in Figure 3(g)) and the two regions close to the side walls. These
two regions behave similarly to the arching structures in rectangular granular beds, see [17], in which arches
alternatively detach from the bottom of the bed and present an upward convective motion of particles on
their central section and downwards in the boundary between the two arches (see Figure 3(h)). The size of
the arch formed on the region close to the bed lateral walls, increases with the gas velocity in Figures 3(e-g).
Further increase of the gas superficial velocity under the same vibration conditions leads to the formation
of bubbles close to the sidewalls of the bed and, again, to a downward convection of particles in the central
section of the bed. If the vibration strength I' is large enough, for Uy/U,,; = 1 (Figure 3(d)), the size of
the zone in which the arching structures appear is very reduced and the bed bulk completely detaches from
the inclined bed. The period of oscillation of the bed bulk in this case is T, = 3/ f.
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[Figure 3 about here.]

In order to characterize the vibration and gas conditions that lead to the different granular patterns
encountered in Figures 2 and 3, Figure 4 depicts the transition maps resulting from varying I and frequency
f for four different gas superficial velocities. For the case of no gas injection, the particles started to
appreciable show convective motions for (I' > 1). For 1.2 < I" < 1.8 Faraday tilting (see Figure 2(a))
prevails. The convective pattern described in Figure 3(a) was observed in the experiments for values of the
vibration strength between 1.8 and 3.75. Further increase of the vibration amplitude to values A = 3.5 — 4
promoted the formation of surface waves of period T, = 4/f (see Figure 2(b)). As mentioned above, the
dependence of the particle behavior on the vibration frequency and amplitude changed dramatically when
gas was injected through the inclined walls. This may be attributed to an increase of the bed voidage with
increasing gas flow, atfecting critically the interaction between particles and the walls and, in turn, the prop-
agation of the vibration inside the bed bulk. The etfect of Uy/U,,s on the particles flow pattern can be seen
in Figure 4(b-d) which shows the transition maps for gas superficial velocities under, equal to, and above the
minimum fluidization velocity. For a gas superficial velocity of Uy /U,y = 0.7, an intricate transition map
was obtained, in which surface waves of frequency f/2, f/4 and reversed convection were obtained for narrow
ranges of I' (i.e. operative windows). For the same vibration frequency, up to seven different motions could
be observed when progressively increasing I': no motion of particles, motion of particles in an unordered
fashion, f/2 surface waves, jump mode in which the bed bulk fully detached from the inclined walls, f/4
surface waves and an unstable mode in which particles did not find a stable granular pattern. In general, the
value of T" required to a specific bulk motion to appear decreases with f. The operative window for reverse
convection observed in Figure 4(b) broadened when increasing the gas superficial velocity to Uy /U = 1
in Figure 4(c). In this case, four different particle behaviors were encountered when increasing I'. For
low vibration amplitudes, the particles appreciably moved in the bed without following an ordered pattern.
Increasing the vibration amplitude promoted the formation of the so called reversed convection. An unstable
mode, serving as a transition between the reversed convection and jump modes depicted, respectively, in
Figures 3(e) and 3(f) was observed when further increasing I'. Finally, when increasing the gas superficial
velocity beyond Uy, as shown in Figure 4(d), only two modes were observed. In this case, for a fixed f,
if the vibration strength was small enough, a convective motion with particles moving downwards in the
center of the bed was observed. However, when increasing the vibration amplitude, there was a value of
I" beyond which the reversed convection of particles was found, with a behavior similar to that described
in Figure 2(e). The vibrational strength at which the convective motion is reversed increases with f. This
implies that for a sufficiently high superficial gas velocity, the reversal of the gulf stream is suppressed by

increasing the vibration frequency.

[Figure 4 about here.]
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4.2. Particle gulf stream motion in the bed

Figure 5 shows the effect of the vibration strength on the reversed convection pattern of the time-
averaged particle velocity described in Section 4.1. The gas superficial velocity of the experiments was
Uo/Upy = 1.2 and the vibration conditions were f = 15 Hz and I" = 1.5 — 3.5. According to Figure 4(d),
these operative conditions ensure the presence of cases in which downward convection (I' = 1.5 and 2) and
reversed convection (I' = 2.5,3 and 3.5) are observed.

Figures 5(a,b) confirm the regimes defined in Figure 4(d), i.e. for I' < 2.4. A downward convection
pattern is observed with particles moving downwards in the central section of the bed and upwards close to
the inclined walls. Two recirculation vortexes are formed close to the inclined walls of the bed due to the
change from ascending to descending motion of the particles in that region of the bed.

An increase of the vibration strength to values I' 2 2.4 promotes the reversion of the gulf stream motion
of the bed. For I' = 2.5 (Figure 5(c)), the area with upward velocities of particles (viz. reversed gulf stream
motion) is smaller than for I' = 3 and I" = 3.5 in Figure 5(d,e), due to its closeness to the transition between
the downward convection and the reverse convection. Also, for this vibration strength, the period of the bed
bulk oscillation is T, = 2/f, i.e. the bed bulk repeats the same granular motion every two oscillations of
the bed vessel. An increase of I' within the range of operation tested does not seem to promote significant
changes in the position of the arching structures formed close to the lateral walls of the bed. However, the
period of oscillation of the bed bulk motion in the cases of I' = 3 and 3.5 is T, = 4/ f, which implies that
the bed bulk repeats the same oscillatory behavior every four vibration cycles of the bed vessel. Besides,
the average velocity of particles in the boundary between two arches (x = 0.04 m and = 0.16 m in Figure
5(c-e)) increases when increasing the vibration strength due to the more vigorous oscillation of the bed
bulk. This manifests that the velocity of the convective rolls formed in the bed is sensitive to the vibration
amplitude. However, the velocity of the reversed gulf stream circulation in the central region of the bed

does not greatly change when increasing I'.
[Figure 5 about here.]

Figure 6 shows the average velocity vectors superimposed to the average velocity magnitude for exper-
iments conducted for the same gas superficial velocity (Uy/Upmy = 1.2) and vibration strength (I' = 3.5)
and different vibration frequencies f =14, 15 and 16 Hz. In Figure 6, the average velocity of the particles
in the bed slightly decreases as the frequency of vibration of the bed vessel increases. This can be clearly
appreciated in the velocity magnitude between the arching regions formed in the bed. Note that the vibra-
tion amplitude decreases when increasing the vibration frequency for the same I' (4.4 mm for 14 Hz, 3.8
mm for 15 Hz and 3.4 mm for 16 Hz). The results depicted in Figure 6 reveal that the downward velocity
of particles between the arching regions is slightly higher for the cases with bigger vibration amplitudes.
Thus, it can be deduced that the velocity of the particles is mainly affected by the vibration amplitude and
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not by the vibration strength (see also Figure 5). However, as in Figure 5, the upward velocity of particles
in the central section of the bed is not strongly affected by the change in the vibration frequency. Besides,
from a qualitative point of view, a slight change of position and a loss of symmetry of the four inflexion
points in the bed that can be observed in Figure 6 for the cases of f = 14 Hz and f = 16 Hz. This can be
explained taking into account that the reversal of the gulf stream motion and the appearance of inflexion
points in the bed (Figure 3(h)) is induced by vibration that is transmitted to the bed by the collision of
the bed bulk with the inclined walls. If the bed bulk detaches (at least partially) from the bed in a non
perfectly symmetrical way, particles would impact one of the inclined walls earlier than the other, and this

promotes the asymmetry of the inflexion points.

[Figure 6 about here.]

4.3. Particle motion as a function of the vibrating phase

It has been seen in the previous sections that mean values of particle velocity define recirculations that
can be reversed for certain conditions. Also, when the reversed motion occurs, inflexion points appear.
In order to study the origin of the reversed recirculations and inflexion points, this section analyzes the
behavior of the particle velocity in the triangular bed as a function of the phase in the vibration period (see
Section 3). The results are analyzed as a function of the phase of the oscillation cycle. This type of analysis
helps to understand the average motion of solids in the bed, for example the downward convective motion
or the propagation of the wave of solids velocity.

Figure 7 presents the results of the phase averaged velocity vectors (Equation (2)) for the case of f =15
Hz, I' = 3.5 and no gas injection through the bed inclined walls. This combination of f and I' has been
selected to ensure the presence of recirculation patterns of particles for the case of no gas injection through
the inclined walls of the bed and for the case of Uy/U,,s = 1.2 shown in Figure 8 (see Figure 3(a,g)). Here,
¢, represents the phase of the bed vessel displacement, with ¢, = 0 — 0.57 corresponding to the bed vessel
moving upwards from the central to the highest vertical position. In the interval ¢, = 0.5m — 1.57 the bed
bulk detaches from the inclined walls due to the inertia of the particles, i.e. the bed vessel starts to move
downwards but the bed bulk keeps on moving upwards because I' > 1. Due to this, the average particle
motion in Figure 7 in the intervals ¢, = 0.5m@ — 7 and ¢, = m — 1.57 presents a net upward displacement
(relative to the bed vessel). Note that the slightly higher velocity magnitude of particles in the top part
of the bed, close to the freeboard of the bed, for the interval ¢, = m — 1.57 reflects the expansion of the
bed bulk. The particles in the top part of the bed, as they support a smaller mass of particles above them,
move more freely than the particles in the lower layers and present a larger upward velocity. The contact
between the bed inclined walls and the bed bulk takes place in the phase interval ¢, = 1.5m — 27 when the

ascending bed vessel impacts the descending bulk of the bed. This can be deduced in Figure 7(a) as a result
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of the decrease of the average particle velocity in a reduced region close to the walls in that phase interval.
In order to further describe the effect of the impact of the bed vessel on the bulk motion, Figure 7(b) details
the averaged velocity vectors presented in Figure 7(a) for a phase interval ¢, = 1.757 to ¢, = 0.067 of the
next cycle. In that phase interval, the bed impacts the inclined walls of the bed at around ¢, = 1.757. From
that phase moment on, the velocity maps of the bed present in Figure 7(b), two distinguishable regions in
the intervals ¢, = 1.947 — 27 and ¢, = 0 — 0.067: one central region (« in Figure 7(b)) that maintains the
downward velocity of the particles relative to the walls due to gravity, and a progressively growing region
in which particles are slowed down by the collision of particles with the inclined walls (3,7), similar to
that encountered in [28]. In Figure 7(b), the red and blue lines delimit the solids velocity magnitude Us
= 0.2 m/s and Us; = 0.5 m/s, respectively. These two velocities have been selected as they can define the
progression of the solids velocity wave inside the bed. The displacement of these curves to the central region
of the bed reveals the presence of a mechanism of wave propagation inside the bed caused by the impact of
the bed bulk with the the inclined walls [45]. The velocity of propagation of this velocity perturbation can
be calculated as the distance employed by the Us = 0.2 m/s and U = 0.5 m/s velocity contours presented in
Figure 7(b) to cover the propagation distance parallel to the inclined bed walls divided by the time needed
to cover that distance. The mean propagation velocities calculated for the red and blue contours between
¢, = 1.75m and 0.067 in Figure 7(b) are Vppopo.2 = 5.8 m/s and Vprop0.5 = 5.5 m/s, respectively. The
relative displacement of particles in the central section of the bed («) with regard to the displacement in
the regions close to the inclined walls (3, n) shown in Figure 7(b), promotes the formation of the convection

cells observed in Figure 3 when no gas is injected through the lateral walls of the bed.
[Figure 7 about here.]

Figure 8 shows the solids phase averaged velocity in the bed for the case of f = 15 Hz, I' = 3.5 and a
gas superficial velocity of Uy/U,,; = 1.2. In addition to the reversal motion of particles in the bed, it was
observed in the recorded images that the main frequency of oscillation of the bed bulk was equal to the
vibration frequency of the bed vessel, f. However, injection of gas through the bed inclined walls made these
oscillations of the bed bulk not totally similar to each other and the bed required four consecutive vibration
cycles of the vessel to repeat the same granular pattern. Therefore, gas injection at Uy /U, = 1.2 through
the bed inclined walls increased the overall period of oscillation of the bed bulk to T,, = 4/ f. In consequence,
an overall cycle of the bed bulk oscillation were composed of four consecutive subcycles (subcycles 1 to 4
in Figure 8). Each subcycle covers a time period equal to the vibration period of the bed vessel, T. In
Figure 8, each row (e.g. Figures 8(a) to 8(b)) comprises a subcycle. The first column of Figure 8 contains
the velocity vectors in the triangular bed time averaged over a subcycle. Thus, the average of the velocity
vectors in the first column of Figure 8 corresponds to the overall time averaged particle velocity, which is
shown in Figure 3(g). The next columns of Figure 8 represents the phase averaged particle velocity (see
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Section 3) resulting from averaging the velocity vectors over a vibration phase intervals of size A¢ = 7/2.

In Figure 8 there are two clearly distinguishable regions in the bed, i.e. the central section of the bed,
close to x =0.1 m, and the lateral region, close to the bed lateral corners. These two regions present opposite
vertical particle average velocities in each of the subcycles studied in the figure. When the particles in the
central section of the bed have an average ascending velocity, the ones belonging to the region close to the
lateral corners present a descending velocity and vice versa. The bed bulk impacts the bed vessel close to
the vertex of the triangle just before the first subcycle (Figure 8(a)) and a compression wave of particles
propagates upwards inside the central region of the bed between Figure 8(d5 and a2), which decreases the
velocity of the particles in that region. Once the bed vessel commences its descending motion (¢ = /2
in Figure 8(a3)), the particles in the bed bulk ascend (relatively to the bed vessel) due to their inertia.
However, the phase averaged velocity of particles in the phase interval ¢ = 7/2 — 7 in each of the subcycles
(Figures 8(a3,b3,c3 and d3)) are different from each other because in the previous phase interval the collision
points of the particles with the inclined walls occurred at different locations. This causes the particles in the
central and lateral regions of the bed to move with a different relative velocity. In the next phase interval,
¢ = m — 31/2, the difference in the relative velocity of the central and lateral regions is more noticeable.
Finally, during the phase ¢ = 37/2 — 27, the bed bulk presents a net relative downward motion as the bed
vessel is moving upwards.

In the second subcycle of oscillation of the bed (Figure 8(b)), the impact of the particles with the vessel
takes place in a region of the inclined walls close to the bed lateral walls. Thus, the interval ¢ = 0 — 7/2
(Figure 8(b2)) presents a descending motion of particles in the central region of the bed while particles are
still unaffected by the presence of the inclined walls. Besides, the particle motion in the lateral region is
impeded due to the presence of the inclined walls. In the next two fractions of the cycle, ¢ = /2 — 37/2,
Figures 8(b3, b4), the region close to the lateral walls present a larger upward velocity and the particles
in the central region of the bed are compacted. This eventually promotes the earlier impact of the central
region of the bed bulk with the inclined walls of the bed in a region close to the bed vessel vertex. However,
differently to the first subcycle (Figure 8(a)), when the impact of particles with the bed vessel takes place
between the second and the third subcycle (Figure 8(b,c)), the central region of the bed impacts the bed
inclined walls over a wider surface, which promotes a different behavior of the particles in the bed along
the third and fourth subcyles of vibration (Figure 8(c,d)). All the phenomena previously described and
the differences in the relative velocity of particles in the two distinguishable regions in the bed promote
the formation of the time-averaged recirculation patterns shown in Section 4.2. This indicates that the four
inflexion points found when averaging the velocity vectors along an experiment are points of average velocity
equal to zero caused by the composition of opposed relative velocities resulting from each subcycle of bed
bulk oscillation.

If the amplitude of the bed vessel vibration is sufficiently small, for example f = 15 Hz, Uy /U,y = 1.2
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and T' = 2.5 in Figure 5(c), the period of oscillation of the bed vessel was found to be T, = 2/f. In this
case, only two subcycles of the bed bulk oscillation appear and the reversal of the gulf stream motion is

promoted by a particle behavior similar to that observed in the first two subcycles of Figure 8 (a,b).

[Figure 8 about here.]

5. Conclusions

The present work experimentally studied the effect of the vibration frequency, vibration strength and
gas superficial velocity in a triangular fluidized bed that is vertically vibrated. In this novel configuration,
the gas was injected through the inclined walls of the bed. When no gas was injected, different granular
patterns could be observed. These patterns were similar to those reported for rectangular and circular beds,
e.g. Faraday tilting, f/4 surface waves and a gulf stream circulation (i.e. convective motion of particles)
due to particles descending through the central section of the bed and ascending close to the inclined walls.
However, gas injection through the inclined walls of the bed changed the way particles behave in the bed.
Under some vibration conditions, specially if the gas superficial velocity is above, but close, to the minimum
fluidization velocity, the gulf stream circulation of particles in the triangular bed could be reversed, leading
to particles ascending through the central section of the bed and descending next to the inclined walls.
Also, arching structures, which alternatively detach from the inclined distributor of the triangular bed, were
formed in a similar way to the arching structures reported for vibrated rectangular beds.

PIV measurements of the particle motion in the bed were employed to identify the cause of the gulf
stream reversal and the effects of the vibration frequency and vibration strength on the particle motion in
the bed. The results revealed that an increase of the vibration amplitude promotes a higher average velocity
of particles close to the inclined walls of the bed. However, the vertical ascending velocity of particles in the
central section of the bed was not strongly affected by the vibration amplitude or frequency. Lastly, the PIV
results were decomposed into different phase intervals of oscillation in order to understand the behavior of
the particles of the bed during a complete oscillation cycle of the bed bulk. For the case of no gas injection
through the inclined walls of the bed, the downstream motion of particles through the central section of the
bed is produced by differences in the extent of the perturbation on the particle velocity caused by the impact
with the inclined walls of the bed. A more intricate phase behavior of particles was observed when gas was
injected through the lateral walls. In this situation, several subcycles of vibration appeared depending on
the vibration conditions. Particles alternatively ascended and descended in two regions in the bed bulk,
similarly to the arching structures in vibrated rectangular beds. The average particle motion after a whole
cycle of the bed bulk leads to a net upward motion of particles in the center of the bed and the presence of

four inflexion points in the mean particle motion.
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The results here presented can serve as a basis for the understanding of granular dynamics in triangular
or conical-shaped vibrated beds when gas is injected through the lateral walls. This kind of geometry is
used in aerated hoppers and spout-fluidized beds. Thus, these results provide a fundamental knowledge on
the effect of the introduction of vibration energy in beds presenting this geometry, which, in turn, may have

a deep impact on their performance.

Nomenclature

A = vibration semiamplitude (mm)

d, = particle diameter (mm)

f = vibration frequency (Hz)

g = gravity acceleration constant (m/s?)

K = bed thickness (m)

n, = number of bed vessel cycles (-)

N = number of frames in an experiment (-)
t = time (s)

T = period of vibration (s)

T, = period of oscillation of the bed bulk (s)
Uy = gas superficial velocity (m/s)

Uy = minimum fluidization velocity (m/s)
Us = solids velocity (m/s)

W = bed width (m)

2 = horizontal coordinate (m)

y = vertical coordinate (m)

Greek letters
I' = vibration strength (-)
§ = vibration displacement (m)

¢, = bed vessel vibration phase (rad)
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Figure 2: Snapshots of the granular patterns observed in the triangular fluidized bed. (a) Faraday tilting (f = 12 Hz, ' = 1.5,
No gas), (b) f/4 surface waves (f = 20 Hz, I' = 4.3, Ug /U,y = 0.7), (c) f/2 surface waves (f =12 Hz, I' = 2, Up /U,y = 0.7),
(d) normal convective motion (f = 15 Iz, I' = 3.5, No gas), (e) reversed convective motion (f = 15z, I' = 3.5, Uy /Uy, = 1.2),
(f) jump convective motion (f =20 Hz, I' = 5.2, Ug /Uy = 1).
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Figure 3: Time-averaged particle velocity in the triangular vibrated fluidized bed for (a) No gas injection, (b) Ug = 0.7 Upy,y,
(c) Up = 0.9Up¢, (d) Uo/Unmys =1, (e) Ug/Upmy = 1, (f) Uy = 1.1Up,5 (g8) Ug = 1.2U,,, 5. Results correspond to f = 15 Hz
and I' = 3.5 (a-c, e-g) and f = 20 Hz and I" = 5.2 (d). The velocity vectors are shown superimposed to the particle velocity
magnitude. (h) Schematic behavior of particles in the reversed convection mode.
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Figure 4: Phase map of the different regimes observed in the vibrated fluidized triangular bed at different gas superficial
velocities: (a) No gas injection, (b) Ug = 0.7 Uy, ¢, (c) Up = Uppp and (d) Up = 1.2 Up,y.
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Figure 5: Effect of the vibration strength on the time-averaged particle velocity in the triangular vibrated fluidized bed for

2.5, (d) I' =3 and (e) T = 3.5. The velocity vectors are shown

15Hzand Up =12 Upy: (a) T=1.5,(b) T =2, (c) T

superimposed to the particle velocity magnitude.
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Figure 6: Effect of the vibration frequency on the time-averaged particle velocity in the triangular vibrated fluidized bed for
Up=12Ups and ' = 3.5 (a) f = 14 Hz, (b) f = 15 Hz, (c) f = 16 Hz. The velocity vectors are shown superimposed to the
particle velocity magnitude.
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Figure 7: Phase averaged particle velocity in the vertically vibrated triangular bed with f = 15 Hz, I' = 3.5 and no gas
injection. (a) Average oscillation over the complete vibration cycle and for four different phase intervals. (b) Detail of the
particle behavior on the interval ¢ = 1.75m — 0.067 (of the next cycle): the blue lines indicate the contours of Us = 0.2 m/s
and the red line the contours of Us = 0.5 m/s. The shadowed zone in the cycle represented in the lower right corner of each

figure represents the phase interval in which the particle velocity was averaged. The velocity vectors are shown superimposed
to the particle velocity magnitude.
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Figure 8: Phase averaged particle velocity in the vertically vibrated triangular bed, f = 15 Hz, I" = 3.5 and Ug /U,y = 1.2 for
the four consecutive subcycles of oscillation observed (a-d). The velocity vectors in the first column in the figure represents the
particle averaged velocity over a complete subcycle, which corresponds to a vessel vibration cycle ¢, = 0 — 2w. The next four
columns show the decomposition of the averaged velocities of particles in phase intervals of A¢ = 7/2. The shadowed zone
in the vessel displacement included in the lower right corner of each figure represents the phase interval in which the particle
velocity was averaged. The velocity vectors are shown superimposed to the particle velocity magnitude.
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Table 1: Experimental conditions.

f(Hz) T () A (mm) Uo/Unms (-)

14 35 4.4 1.2
15 15 1.7 1.2
15 2 2.2 1.2
15 2.5 2.8 1.2
15 3 3.3 1.2
15 35 3.9  0.7,09,1,1.1,12
16 35 3.4 1.2
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