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A B S T R A C T

Enhancing the gas–solid contacting inside a fluidized bed leads to improved solids drying characteristics. This
can be achieved by mechanical vibration, resulting in so-called vibro-fluidized beds. In this study, experiments
in a pseudo-2D vibro-fluidized bed setup are performed in order to better understand this improved drying
behavior. A coupled particle image velocimetry - infrared thermography technique is applied to characterize the
local solids velocity and temperature fields. The added vibration results in a significantly increased solids drying
rate compared to a traditional gas-fluidized bed due to enhanced meso-scale particle agitation. Furthermore, it
is shown that the gas-bubble appearance and the particle temperature standard deviation are highly dependent
on the applied vibration amplitude and frequency.
. Introduction

Industrial-scale solids drying is often carried out in gas-fluidized
eds. Fluidized beds have excellent solids mixing characteristics as well
s high volumetric gas-particle heat and mass transfer rates. These
eatures are desired as drying is typically very energy-intensive due
o the high latent heat of vaporization [1]. However, in a drying
rocess, the gas–solid fluidized bed contacting mechanisms are very
omplex. The bed hydrodynamics are highly dependent on the solids
ass reduction caused by the liquid evaporation, while in return, the

vaporation is strongly connected to the local bed hydrodynamics [2].
ub-optimal solids drying will therefore automatically give rise to less
avorable heat and mass transfer rates. This could result in changing
nd unforeseen process behavior that could eventually even lead to
roduct degradation in food or pharmaceutical applications [3,4].

By enhancing the gas–solid contacting and thus the fluidization
uality, the drying mechanisms will be improved. This can be achieved
y mechanical vibration, resulting in so-called vibro-fluidized beds. In
he literature, it is shown that mechanical vibration can drastically
mprove the gas–solid fluidized bed contacting mechanisms [5–7].
esides, mechanical vibration stabilizes the system and leads to better
ontrol of the bed dynamics [8].

Various studies have been conducted in order to obtain a better
nderstanding of vibro-fluidization. Mawatari et al. [9] observed ex-
erimentally that the addition of mechanical vibration reduces the
inimum fluidization velocity for Geldart A and C particles. More

ecently, McLaren et al. [10] showed similar behavior for Geldart B and
particles. Vibration also has a positive effect on bed homogeneity

∗ Corresponding author.
E-mail address: e.a.j.f.peters@tue.nl (E.A.J.F. Peters).

according to Jin et al. [11]. In the literature, mechanical vibration
is characterized by a dimensionless vibration acceleration 𝛤 which
is defined as the ratio of vibration acceleration and the gravitational
acceleration, 𝑔𝑧. The vibration acceleration depends on the vibration
frequency, 𝑓𝑧, and amplitude, 𝐴𝑧:

𝛤 =

(

2𝜋𝑓𝑧
)2 𝐴𝑧

𝑔𝑧
(1)

Mawatari et al. [12] studied the effect of this dimensionless vibra-
tion acceleration and they showed that the descending solids flow
was enhanced when the dimensionless vibrational acceleration was
increased beyond a certain threshold value. Zeilstra et al. [13] em-
ployed Particle Image Velocimetry (PIV) and found that the solids
circulation rate increases upon increasing the dimensionless vibrational
acceleration. The effect of vibration on single gas-bubble behavior was
studied in detail by Cano-Pleite et al. [14]. They reported a height-
dependent phase delay between the bubble characteristics and the bed
vessel displacement that is caused by compression-expansion waves
traveling through the bed. The existence of the compression-expansion
waves was confirmed on basis of Two-Fluid Model simulations [15].
Subsequently, the effect of vibration on the bed hydrodynamics was
studied by Cano-Pleite et al. [8,16,17]. During a vibration period, the
bed is expanding and compressed. Cano-Pleite et al. [17] showed that
the gas-bubble expansion is dependent on the axial position. In the
bottom region, the bubble expansion occurs mainly horizontally as
solids penetrate the bubble through the wake, while in the top section,
the bubble is expanding in both the horizontal as vertical direction.
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Nomenclature

𝐴z Vibration amplitude (m)
𝑑bed Depth fluidized bed (m)
𝑓z Vibration frequency (Hz)
𝑔z Gravitational acceleration (m/s2)
ℎbed Height fluidized bed (m)
𝑛 Number of 16 × 16 pixel windows (−)
𝑇 Temperature (◦C)
𝑢0 Superficial gas velocity (m/s)
𝑢mb Minimum bubbling velocity (m/s)
𝑢mf Minimum fluidization velocity (m/s)
𝑤bed Width fluidized bed (m)
𝝓 Solids volume flux (m3/(m2 s))
𝛤 Dimensionless vibration magnitude (−)
𝜎 Standard deviation particle temperature

(◦C)
𝜀𝑝 Solids fraction field (−)
DIA Digital image analysis
IRT Infrared thermography
IR Infrared
PIV Particle image velocimetry
PMMA Polymethyl methacrylate

The improved bed hydrodynamics directly influence the gas–solid
eat and mass transfer rates. Lehmann et al. [18] pointed out that
echanical vibration enhances the drying kinetics due to the increase

f available transfer surface or the increase in transfer coefficients. Per-
zzini et al. [19], Stakić and Urošević [20] and Meili et al. [21]
lso reported improved drying rates when mechanical vibration was
pplied. In order to obtain a better understanding of the interplay
etween the improved bed hydrodynamics and the solids drying by
pplying mechanical vibration, more detailed information is required
n the local hydrodynamics and local bed temperature.

Therefore, in this work, the detailed gas–solid interactions in vibro-
luidized beds are studied using a combined Particle Image Velocimetry
PIV) and Infra-Red Thermography (IRT) technique. This technique
rovides desired detailed local hydrodynamic and thermal information
y converting both data sets into valuable data using a Digital Image
nalysis (DIA) technique. The combined PIV/DIA technique was ini-

ially developed by van Buijtenen et al. [22] and De Jong et al. [23].
he infrared technique integration towards PIV/DIA/IR was reported
y Patil et al. [24], building on the work of Tsuji et al. [25] who studied
eat transfer in gas-fluidized beds. The combined technique was further
xtended and used for reactive systems [26], liquid injection [27–30]
nd for temperature distributions in a fluidized bed [31]. Recently,
e employed this approach for studying drying in a conventional
as-fluidized bed [2,32].

This paper is organized as follows. In the next section, the exper-
mental method for determining the solids velocity and temperature
ields by means of the PIV/DIA/IR method is described. The results
or drying monodisperse solids in a vibrating pseudo-2D fluidized bed
re presented in three ways in Section 3. In the first part, we will
nalyze the effect of vibration on fluidized bed drying by comparing it
ith the static fluidized case. Secondly, the effect of the dimensionless
ibration acceleration is discussed. Finally, the effect of the different
sed amplitudes and frequencies is analyzed. A general conclusion of
his work is given in Section 4.

. Experimental method

The vibro-fluidization experiments were carried out in a pseudo-
2

D fluidized bed with width 8 cm, height 20 cm and depth 1.5 cm.
Table 1
Vibration parameters of the performed experiments. The dimensionless vibration
acceleration, 𝛤 , is calculated via Eq. (1).
𝛤 𝑓𝑧 (Hz) 𝐴𝑧 (mm) 𝛤 𝑓𝑧 (Hz) 𝐴𝑧 (mm)

0 0 0 1 6.57 5.75
0.5 3.3 11.4 1 9.3 2.87
0.5 4.65 5.75 1.5 5.72 11.4
0.5 6.3 3.13 1.5 6.3 9.39
0.5 9.3 1.43 1.5 8.05 5.75
1 4.66 11.4 1.5 9.3 4.3
1 6.3 6.26

The bottom of the fluidized bed consists of a porous gas-distributor
plate with an average pore size equal to 10 μm where nitrogen gas
was uniformly fed through. The nitrogen gas was heated using a
Watlow FLUENT in-line heater. The back and side walls were made of
polymethylmethacrylate (PMMA) with a thickness of 20 mm. PMMA
has isolating properties due to the very low thermal conductivity that
limits heat loss to the environment. The front wall is made of sapphire
glass with a thickness of 3 mm. Sapphire glass has high transmittance
to infrared light needed for IR measurements. The mechanical vibration
is created by a LinMot H01-48 × 250/120-GF linear motor. For more
detailed information on the setup, see [2,31].

2.1. Experimental procedure

Porous spherical 𝛾-Al2O3 particles provided by Sasol with a size of
1.88 mm and a (dry) solids density equal to 970 kg/m3 were used
during the vibro-fluidization experiments. The dry solids mass was
measured and the particles were placed in a water bath. Subsequently,
the particles were put in an oven for a short time to remove the liquid
layer around the outer particle surface. Subsequently, the material was
cooled in the open air to a temperature of 23 ◦C. Afterwards, the
particle weight was again measured and the water mass inside the
porous particles could be determined. Finally, it was put inside a pre-
heated fluidized bed setup using a gas inlet temperature of 78 ◦C. In
the experiments, the superficial gas velocity was set to a value equal
to 0.783 m/s. This gas velocity is above the obtained (dry solids)
minimum fluidization velocity equal to 0.64 m/s [32].

Three different dimensionless acceleration values were studied us-
ing the vibration parameters shown in Table 1. Besides, an experiment
without vertical vibration was carried out in order to directly compare
the influence of vibration on a drying process.

2.2. Data acquisition

The local solids velocity and bed temperature were obtained using
a high-speed optical camera PCO (Dimax HD, resolution 1080 × 720)
nd a high-speed infrared (IR) camera (FLIR x8400sc, resolution 1024
648). The optical camera was placed perpendicular to the fluidized

ed and the IR camera was positioned at a slight angle with respect to
he optical camera. For optimized visual image contrast, the setup was
lluminated with two LED light sources. Both cameras were connected
o a trigger (Velleman PCGU 1000), to control the frame rate of
oth cameras. The measurements were conducted with an acquisition
requency of 10 Hz.

Milacic et al. [31] and Li et al. [26] explained in detail the pro-
essing steps for the static fluidized bed case. However, the mechanical
ibration resulted in a changed position of the region of interest for
oth cameras. Therefore, an additional processing step was added in
rder to correct the vertical translation caused by the mechanical vibra-
ion and this automatically resulted in the relative system of reference.
n Fig. 1, a graphical example of the additional processing step is
hown. The vertical translation was determined via the four stickers
laced on the sides of the bed. Based on this vertical translation, all
isual and infrared images were translated and cropped. Subsequently,
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Fig. 1. Graphical example of the additional processing step required in the vibro-
fluidized bed cases. The two optical images were recorded. A vertical translation needed
to be carried out. Based on the four sticker locations, the vertical translation was
calculated and corrected for. Besides, the image was cropped to ensure a region of
interest at exactly the same position in both images (shown in step 2). Subsequently,
the well-documented procedure described by Milacic et al. [31] and Li et al. [26] was
carried out.

the well-documented procedure described by Milacic et al. [31] and Li
et al. [26] was carried out.

The PIV processing was performed according to the method de-
scribed by van Buijtenen et al. [22] and De Jong et al. [23] by using
DaVis (LaVision) 8.2.3 software. See [23] for more information about
the measurement uncertainties associated with PIV. PIV [33] is a non-
invasive technique based on the comparison of two consecutive images
taken by the optical camera, where in our case, a delay of 3.4 ms was
used. An interrogation region of 64 × 64 pixels was utilized and a multi-
pass algorithm with 32 × 32 pixels and 50% overlap was applied. This
resulted in n 16 × 16 pixel windows, each containing a velocity vector.

Subsequently, the 3D solids volume fraction field was obtained
using the method of De Jong et al. [23]. Utilizing this method, the 2D
solids volume fraction was converted via a correlation to a 3D solids
volume fraction field. Combining the 3D solids volume fraction field
and the obtained velocity vectors results in the instantaneous solids
volume fluxes calculated via:

𝝓(𝑡, 𝑛) = 𝐯𝑝(𝑡, 𝑛)𝜀𝑝(𝑡, 𝑛) (2)

The infrared images were combined with the 3D solids fraction field,
which led to the local solids temperature. See [24,26] for more in-
formation about the infrared temperature calibration method and the
associated measurement uncertainties. By correcting for the local solids
volume fraction, the instantaneous spatial average temperature was
calculated according to:

𝑇 𝑝 =
∑

𝑛 𝜀𝑝(𝑛)𝑇𝑝(𝑛)
∑ (3)
3

𝑛 𝜀𝑝(𝑛)
And the instantaneous particle temperature standard deviation was
calculated as:

𝜎 =

√

√

√

√

√

∑

𝑛 𝜀𝑝(𝑛)
(

𝑇 (𝑛) − 𝑇 𝑝

)2

∑

𝑛 𝜀𝑝(𝑛)
(4)

3. Results and discussion

3.1. Discussion of relevant phenomena

The effect of mechanical vibration on fluidized bed drying is studied
in this work. First, we present a short discussion about the effects of
mechanical vibration on solids drying. This discussion is presented in
order to facilitate a detailed understanding of the obtained results. In
a fluidized bed, the gas–solid contacting and solids mixing have an
important effect on solids drying. Both phenomena are dependent on
the ratio of the superficial to minimum fluidization velocity (𝑢0/𝑢mf ).
Increasing this ratio results in larger gas bubbles due to an increased
bubble coalescence rate. The gas bypassing via the bubble phase de-
creases the gas–solid contacting efficiency. On the other hand, larger
gas bubbles enhance solids mixing. During a drying process, the bed
mass is decreasing and the 𝑢0/𝑢mf ratio increases. As a consequence,
larger bubbles gradually start to appear during the process [2]. This
results in less efficient gas–solid contacting but in more vigorous solids
mixing.

In fluidized bed drying, the solids mixing is important since this
determines the heat and mass transfer rates and the available time
wherein a particle of interest is in contact with unsaturated and hot gas.
Increasing the 𝑢0/𝑢mf ratio results in more evenly distributed contact
over all particles present in the bed which results in more homogeneous
solids drying. Besides, more vigorous mixing also homogenizes the bed
temperature since energy from hot particles is more rapidly transferred
to cold solids. However, it should be noted that a larger gas volumetric
flow rate results in a longer time required to fully saturate the injected
gas. This increases the time wherein a particle of interest is in contact
with unsaturated and hot gas. On the other hand, at low 𝑢0/𝑢mf ratios,
bed mixing is a relatively slow process due to the absence of large
gas bubbles since the superficial gas velocity is close to the minimum
fluidization velocity. Thus, particles located in the bottom region have
a relatively large contact time with hot injected gas.

Mechanical vibration has a positive effect on both the gas–solid
contacting and solids mixing. Vibration is able to compress appearing
bubbles and this results in a more homogeneous state [6,11]. As
mentioned, this is preferential since less gas is bypassing the solids via
the bubble phase. The solids mixing is also improved by the additional
force that mechanical vibration applies on the bed [13]. During the
vibration sine period, defined by the vibration frequency, the vibration
acceleration will temporarily improve this bed mixing. Hence, the
vibration reduces the contact time with hot and unsaturated gas. This
improvement is more pronounced when the superficial gas velocity is
close to the minimum fluidization velocity. By changing the vibration
period, the time between these applied forces differs. The vibration
acceleration and thus the solids mixing degree is also dependent on the
vibration amplitude. Therefore, it is expected that varying the vibration
amplitude or frequency and thus the dimensionless vibrational acceler-
ation, 𝛤 , will result in changing gas–solid contacting, solids mixing and
drying characteristics.

In order to capture these changing bed dynamics under the influence
of vibration, vibrating fluidized bed drying is characterized in three
ways in this work. In the first part, we will analyze the effect of
vibration on fluidized bed drying by comparing it with the conventional
fluidized case. Secondly, the effect of the vibration acceleration (cap-
tured by the dimensionless acceleration 𝛤 , see Eq. (1)) is discussed. In
the last subsection, the effect of different amplitudes and frequencies is
analyzed. The used amount of dry porous 𝛾-Al2O3 particles, the liquid
content and the initial column outlet temperature are presented in
Table 2. The initial column outlet temperature is noted just before the
start of an experiment after preheating the empty column according to

the described experimental procedure.
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Table 2
Initial column temperature and the used amount of dry and wet solids material for
each experiment. The amount of solids material results in a packed bed aspect ratio of
one.

Experiment Initial column Mass dry Mass wet
𝛤 , 𝑓𝑧 (Hz), 𝐴𝑧 (mm) outlet temperature (◦C) material (g) material (g)

0, 0, 0 62.0 53.53 86.55
0.5, 3.3, 11.4 61.8 53.15 85.52
0.5, 4.65, 5.75 61.4 53.23 85.52
0.5, 6.3, 3.13 61.4 52.92 87.73
0.5, 9.3, 1.43 60.4 52.70 86.91
1, 4.66, 11.4 60.4 52.42 84.59
1, 6.3, 6.26 60.0 53.42 85.69
1, 6.57, 5.75 60.1 52.91 84.50
1, 9.3, 2.87 60.9 53.11 84.90
1.5, 5.72, 11.4 61.2 53.46 85.76
1.5, 6.3, 9.39 61.6 52.58 85.60
1.5, 8.05, 5.75 60.0 52.66 83.77
1.5, 9.3, 4.3 61.0 53.05 85.34

3.2. Effect of vibration

The effect of vibration is visually presented in Figs. 2–3, showing
respectively the static and the vibrating (𝛤 = 0.5, 𝐴𝑧 = 5.75 mm,
𝑓𝑧 = 4.65 Hz) fluidized bed cases. A clear difference between both
experiments is observed as the static fluidized bed case resulted in a
fixed bed. Similar to our previous research [2], the increased particle
mass due to the addition of water inside the porous 𝛾-Al2O3 resulted in
a minimum fluidization velocity value above the applied superficial gas
velocity. Hot air is injected into the column via the porous plate located
at the bottom. As a consequence, drying proceeds via a propagating
front that is dependent on the gas moisture saturation. Initially (see
Fig. 2A), the whole bed is in an externally limited drying regime
(i.e. wet-bulb regime). At a certain point in time, the intra-particle
mass transfer becomes limiting for the solids located in the bottom
region. At that point in time, the drying rate is internally limited
and the energy required for the evaporation becomes less due to the
reduced evaporation rate. Therefore, still some energy is left to heat
up the solids. This results in large temperature differences. Due to
the evaporation of liquid, the solids mass reduction leads to a lower
required minimum fluidization velocity. At 510 s, this hot bed region
is brought into motion by the gas–solid interaction and at 600 s, this
triggers a bed inversion of hot particles originally located in the bottom
region that start to move upwards (see Fig. 2C). This results in a
partially fixed and fluidized bed as observed in Fig. 2D.

On the contrary, the vibro-fluidization case shows improved dry-
ing behavior. The applied superficial velocity is still lower than the
required minimum fluidization velocity for the wet material. However,
the added vibrational forces result in solids motion. As a consequence,
the heat and mass transfer characteristics are severely improved. There-
fore, a very homogeneous bed temperature is noticed during the entire
experiment compared to the static fluidized bed case as seen in Fig. 3.
Please note, identical temperature color bars between Figs. 2 and
3 were applied in order to show the drastically improved drying
characteristics.

In order to give more details about the influence of vibration on
the solids drying, the particle temperature standard deviation over time
is presented in Fig. 4. As previously explained, the characteristics of
the fixed-bed result in a propagating heat front, which indicates the
internally limited drying regime. This results in a very large increase in
the particle temperature standard deviation over time. At 510 s, this hot
bed region is brought into motion by the gas–solid interaction which
leads to a small decrease in the particle temperature standard deviation.
After the bed inversion, the particle temperature standard deviation
drastically drops due to the fluidizing motion of the dried (and hot)
material. This motion results in more extensive mixing and improved
4

heat and mass transfer characteristics. The energy from the hot solids
is quickly transferred to the cold solids. Hence, the bed temperature
homogenizes, indicated by the particle temperature standard deviation.
On the other hand, the vibro-fluidization case shows a very small
particle temperature standard deviation over the complete experiment.
Therefore, it can be concluded that vibration has a positive effect on
fluidized bed solids drying and temperature control when a superficial
velocity close to the minimum fluidization velocity is applied.

3.3. Effect of vibration amplitude

In the previous subsection, a dimensionless vibration acceleration,
𝛤 , equal to 0.5 already shows positive effects on the drying characteris-
tics. It is therefore interesting to understand the effect of the vibration
acceleration on the drying behavior. The experiments 𝛤 = 0.5, 𝐴𝑧 =
3.13 mm, 𝑓𝑧 = 6.3 Hz, 𝛤 = 1, 𝐴𝑧 = 6.26 mm, 𝑓𝑧 = 6.3 Hz and 𝛤 =
1.5, 𝐴𝑧 = 9.39 mm, 𝑓𝑧 = 6.3 Hz are compared in this analysis. Fig. 5
shows visual images taken at 120 and 750 s. At, both, 120 and 750 s,
the bed is in motion due to the added vibration forces. However, subtle
differences in the drying process are observed. At 120 s (Fig. 5A, C E),
gas-bubble formation is not observed in all three cases. McLaren et al.
[10] showed that vibro-fluidization reduces the minimum required
fluidization velocity more than the minimum bubbling velocity. This
means that bubbles either will not be formed or fully compressed due
to the bed motion as a result of the vibration. As a consequence of
the drying process, the solids mass is reduced, leading to a lower
required minimum fluidization and minimum bubbling velocity. Hence,
the fluidization regime changes and larger bubbles start to appear. The
applied vibration acceleration has a clear influence on these appearing
bubbles as shown in Fig. 5B, D and F. In the lowest applied amplitude,
bubbles appear, while the other two cases do not show bubble forma-
tion. This could be explained by bubble compression which is related to
the applied vibration frequency and amplitude. In the case of a bubble
size smaller than the bed displacement during a vibration period, no
bubbles will be formed. On the other hand, a relatively small bed dis-
placement will only lead to partial bubble compression. The vibration
frequency also plays an important role, which will be discussed in
detail in Section 3.4. In fluidized beds, the bubble frequency is typically
in the range of 3–5 Hz. Vibration frequencies lower than the bubble
frequency will result in appearing bubbles, while frequencies above the
bubble frequency result in complete bubble compression. The decrease
in bubble volume fraction with increasing vibration intensity was also
observed by Lehmann et al. [6]. They explained that this has a positive
influence on the overall drying rate. In the 𝛤 = 0.5 case, the gas would
bypass the solids via the bubble phase, while due to the increased
vibration force, gas is forced to pass through the emulsion phase. This
improves the gas-particle heat and mass transfer significantly.

In order to characterize these improved gas–solid contacting mech-
anisms, we performed an additional measurement using the vibration
parameters equal to 𝛤 = 1.5, 𝐴𝑧 = 9.39 mm, 𝑓𝑧 = 6.3 Hz. Due to
camera data storage limitations, only a small part of the total exper-
iment is captured when using a high, 50 Hz, acquisition frequency.
This acquisition frequency allows us to capture the vibration period
in more detail. Fig. 6 shows the vessel displacement created by the
mechanical vibration indicated by the absolute time (750–750.30 s)
and relative time of the vibration cycle. Fig. 7 shows the instantaneous
solids fluxes for one vibration period in the relative system of reference.
The pseudo-2D fluidized bed setup is relatively small and the column
depth-to-particle size ratio is low. Therefore, it is expected that wall
friction effects are more dominant than in 3D fluidized beds [34].
This could influence the obtained instantaneous solids volume fluxes.
The vessel vibration results in periodic behavior of the solids motion
with a phase delay compared to the vessel displacement. The observed
periodic behavior follows the oscillation frequency of the vessel. The
bed starts to move downwards at 750.06 s and at 750.12 s, the solids
volume fluxes are evidently decreased in the bottom region as the bed

comes into contact with the bottom plate. After 750.12 s, the bed



Chemical Engineering Journal 472 (2023) 144809

5

M.J.A. de Munck et al.

Fig. 2. Visual (top) and infrared (bottom) snapshots for the static fluidized bed case. The color bars are given in degree Celsius. The liquid content caused a particle mass increase
leading to a superficial velocity lower than the required minimum fluidization velocity. Hence, the fixed bed drying front proceeds from the bottom where the hot gas is injected
to the top of the bed. At 510 s, the hot (and less dense) solids are brought into motion by the gas–solid interaction and this ultimately results in a bed inversion starting at 600
s. Thereafter, the bottom part of the bed is still in a fixed state while the top section is fluidizing.
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Fig. 3. Visual (top) and infrared (bottom) snapshots for the vibrating fluidized bed case (𝛤 = 0.5, 𝑓𝑧 = 4.65 Hz and 𝐴𝑧 = 5.75 mm). The color bars are given in degree Celsius.
The added vibrational motion results in a mixing bed. This severely improves the drying characteristics and as a consequence, the solids dry more homogeneously compared to
the static fluidized bed case.
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Fig. 4. Standard deviation of the particle temperature over time for the static and
vibrating fluidized bed case. Vibro-fluidized bed drying drastically improves the solids
drying characteristics.

motion is reversed. At 750.22 s, it reached a similar bed configuration
as observed in 7A. This periodic behavior implies that in this case, the
solids motion is mainly controlled by the vibration and not by the gas
flow. This has a positive effect on the solids located in the wall region
since the gas flow normally leads to better gas–solid contacting in the
middle region of the bed due to the preferred gas bubble pathways,
while the wall regions are generally seen as more stagnant regions.

The effect of the vibration cycle on the solids drying is shown in
Fig. 8. During the upward bed motion, the bottom region is completely
filled with hot and unsaturated gas. This unsaturated gas comes into
contact with the solids during the down-going motion of the bed that
starts at 750.06 s. This excess of gas is not fully saturated after contact
with the bottom-located solids, hence the additional energy that is left
is used to heat up the solids material. The temperature of the solids
residing in the bottom region becomes higher since the bottom-located
solids are in the internally limited drying regime. After 750.12 s, the
solids motion is starting to reverse as the column vibration pushes
the material in an upward direction. During this transition period,
the bed is temporarily in a stagnant form as also observed in the
solids volume fluxes shown in Fig. 7C. This results in temporary heat
and mass transfer characteristics that are dominated by the gas–solid
forces and not by the vibration forces. Besides, the solids volume fluxes
are clearly reduced and this results in temporary fixed bed heat and
mass transfer characteristics. Therefore, the temperature difference be-
tween the bottom-located solids and other sections of the bed becomes
slightly higher as seen in Fig. 8D. Due to the upward motion, the bed
temperature homogenizes and the vibration periodic cycle is repeated.

The periodic bed temperature change is quantified in more detail
in Fig. 9A where the mean and standard deviation of the particle tem-
perature is presented between 750 and 751.5 s. It becomes clear that a
phase delay between the mean and standard deviation is present. This
can be better explained by Fig. 9B showing in more detail the periodic
cycle corresponding with the snapshot data presented in Fig. 8. During
the upward motion, the solids temperature homogenizes, resulting in a
drop of the particle temperature standard deviation. During the down-
going motion of the bed that starts at 750.06 s, gas in the empty bottom
region heats up the solids material, resulting in an increase of the
particle temperature standard deviation, reaching a maximum at 750.8
s. Due to the high gas–solid heat transfer characteristics, the standard
deviation is reduced by the energy transfer of the hot solids to other
parts of the bed. After 750.12 s, the solids motion is reversed as the
7

column vibration pushes the material in an upward motion. During
this transition, the bed is temporarily in a stagnant form, resulting in
an increase of the particle temperature standard deviation, reaching a
maximum at 750.16 s. Thereafter, the bed motion is increased which
improves the heat transfer characteristics leading to a reduction of both
the particle mean and standard deviation, both reaching a minimum at
750.20 s. The mean temperature also drops due to the enhanced rate
of liquid evaporation.

The vibration amplitude also changes this periodic behavior in the
original experiments (𝛤 = 0.5, 𝐴𝑧 = 3.13 mm, 𝑓𝑧 = 6.3 Hz, 𝛤 = 1, 𝐴𝑧
= 6.26 mm, 𝑓𝑧 = 6.3 Hz and 𝛤 = 1.5, 𝐴𝑧 = 9.39 mm, 𝑓𝑧 = 6.3 Hz). It
hould be noted that the used acquisition frequency of 10 Hz is not high
nough to capture one vibration period in more detail. Fig. 10 reveals
hat the increase in amplitude results in larger differences between the
emporal particle temperature standard deviation. Besides it should be
oted that the local temporal average value of the standard deviation
s higher for the larger applied amplitude as can be seen in Fig. 10C.
his can be explained by the fact that the bed temperature does not
omogenize completely before the new vibration period starts.

Fig. 10 also shows a changing standard deviation over the full
xperiment and initially, a sharp decrease is observed. After 100 s, a
ecreasing trend is observed while at the end of the experiment, again
n increasing temperature standard deviation is measured. The initial
harp decrease and increase till 100 s are related to the continuously
hanging wall temperatures that have a larger influence on the solids
ocated near the walls. During the wet-bulb regime, the bed homoge-
izes where-after the solids material slowly starts to heat up again due
o the transition towards the internally limited drying regime. During
he internally limited drying regime, the particle temperature standard
eviation is increased. Compared to the static fluidized bed case, it
an be concluded that the discussed vibration experiments result in a
rastically reduced particle temperature standard deviation.

.4. Effect of vibration frequency

Another option for an increasing dimensionless vibration accelera-
ion, 𝛤 , is employing a higher applied vibration frequency. Therefore,

the experiments 𝛤 = 0.5, 𝐴𝑧 = 11.4 mm, 𝑓𝑧 = 3.3 Hz, 𝛤 = 1, 𝐴𝑧 =
11.4 mm, 𝑓𝑧 = 4.66 Hz and 𝛤 = 1.5, 𝐴𝑧 = 11.4 mm, 𝑓𝑧 = 5.72 Hz are
compared in this analysis. Similar to Fig. 5, bubbles are not formed or
fully compressed at the start of all three experiments. At the end of the
experiments, similar differences between the dimensionless vibrational
acceleration values of 0.5, 1 and 1.5 cases are found. Bubbles are
formed in the 𝛤 equal to 0.5 case. On the other hand, no bubbles
are observed in the 1.0 and 1.5 dimensionless acceleration cases. This
follows the explanation from the previous discussion regarding the
applied vibration frequency and amplitude compared to the bubble
frequency and size.

The drying behavior as a function of the vibration acceleration is
captured in Fig. 11. Initially, a sharp decrease is observed followed
by an increasing standard deviation. After 100 s, a decreasing trend is
observed while at the end of the experiment clear differences are found
between Fig. 11A, B and C. At the end of the experiment, the drying is
internally limited and this causes a temperature increase of the solids
material. In the case of a well-mixed system, this temperature increase
is quickly homogenized over the full bed. However, this is not the case
in the 𝛤 = 0.5, 𝐴𝑧 = 11.4 mm, 𝑓𝑧 = 3.3 Hz experiment. This can be
better understood via snapshots presented in Fig. 12. It shows similar
but less pronounced behavior as in the static fluidized bed (i.e. without
vibration) as hot and less dense solids material in the bottom zone starts
to move upwards whereafter the hot solids temperature is reduced due
to the heat transfer with the surrounding relative cold gas and particles.
This means that this vibration amplitude and frequency combination
is not able to fully homogenize the bed temperature. The reason is
the relatively low applied vibration frequency that results in a large

vibration period and as a consequence, the solids mixing is too low. See
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Fig. 5. Visual images of the 𝛤 = 0.5, 𝐴𝑧 = 3.13 mm, 𝑓𝑧 = 6.3 Hz, 𝛤 = 1, 𝐴𝑧 = 6.26 mm, 𝑓𝑧 = 6.3 Hz and 𝛤 = 1.5, 𝐴𝑧 = 9.39 mm, 𝑓𝑧 = 6.3 Hz cases for 120 and 750 s. The
bed is in a downgoing motion in all snapshots. In (B), gas bubbles are formed and by increasing the vibration acceleration, bubbles are not observed in (D) and (F).
Fig. 6. Vessel displacement created by the mechanical vibration indicated by the
absolute time and relative time of the vibration cycle for the 𝛤 = 1.5, 𝐴𝑧 = 9.39 mm,
𝑓𝑧 = 6.3 Hz experiment.

the next subsection for a detailed discussion about this effect. There-
fore, the gas-particle contact time of material located in the bottom
zone is too large, leading to larger temperature differences. However, it
should be noted that the temperature differences are smaller compared
to the static fluidized bed case where a very large particle temperature
standard deviation was obtained.

3.5. Effect of amplitude and frequency

Various vibration amplitude–frequency combinations could lead to
exactly the same dimensionless vibration acceleration 𝛤 . Daleffe et al.
[35] and Meili et al. [21,36] explained that this ratio should be chosen
with care. In this analysis, we first examine the bed hydrodynamic
behavior of the dimensionless vibrational acceleration equal to 0.5.
Similar to the previous discussion, initially gas bubbles were not formed
or fully compressed while at the end of the experiment, in all cases
bubbles were detected as shown in Fig. 13 at 750 s. This bubble
formation was observed in all combinations since the bubble frequency
and/or the diameter is higher than the applied vibration amplitude and
frequency.
8

Similar to Daleffe et al. [35] and Meili et al. [21,36], we also found
that the drying behavior is not similar for the four cases we tested
using a 𝛤 value equal to 0.5. Fig. 14 shows the particle temperature
standard deviation for the different experiments. It is observed that
a larger applied amplitude results in larger differences between the
temporal solids temperature distribution. In the previous subsection,
we discussed the large increase of the particle temperature standard de-
viation shown in Fig. 14D. Therefore, very different drying behavior is
encountered for a constant dimensionless 𝛤 value calculated in Eq. (1).

This can be explained by the sine acceleration curve where the
behavior between the maximum and minimum acceleration values is
not taken into account. For the 𝛤 = 0.5, 𝐴𝑧 = 11.4 mm, 𝑓𝑧 = 3.3 Hz
and 𝛤 = 0.5, 𝐴𝑧 = 1.43, 𝑓𝑧 = 9.3 Hz cases, both amplitude–frequency
combinations lead to the desired maximum applied acceleration equal
to 4.905 m/s2 (i.e. 𝛤 = 0.5). However, the vibration periodic time is
different and this causes the changed fluidization behavior. In vibro-
fluidized beds, the bed hydrodynamics will be determined by the ratio
of the applied gas–solid and the vibration forces. At the point in time
where the maximum vibration acceleration is applied, the vibration
force is more dominant compared to the point in time where the
vibration acceleration is almost equal to zero due to the transition from
the upward to downward vibration motion. Therefore, it means that the
applied vibration acceleration needs a certain threshold to dominate
over the gas–solid forces in order to impact the bed hydrodynamics.
However, in the 𝑓𝑧 = 3.3 Hz case, the time where the vibration
acceleration does not dominate the bed hydrodynamics is larger than
for the 𝑓𝑧 = 9.3 Hz. In order words, both the vibration and gas–solid
forces are dominating for a longer consecutive period in the 𝑓𝑧 = 3.3 Hz
case compared to the 𝑓𝑧 = 9.3 Hz case. Since the gas–solid forces result
in inferior solids mixing due to the applied superficial velocity which
is close to the minimum fluidization velocity, the temperature of the
bottom-located solids starts to rise, resulting in a larger temperature
difference inside the bed.

In the 𝛤 equal to 1.5 cases, also differences regarding the hydrody-
namic behavior were found. In Fig. 15A and B, small bubbles appeared
that were not fully suppressed by the used vibration amplitude and
frequency combination. On the other hand, Fig. 15C and D show no
appearing gas bubbles since both the frequency and amplitude are
larger than respectively the bubble frequency and size. However, the 𝛤
equal to 1.5 cases do not result in very different drying characteristics
compared to the 𝛤 equal to 0.5 cases. The main reason is that the
vibration forces are larger and also dominate the gas forces over a
larger part of the vibration period.
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Fig. 7. Instantaneous solids volume fluxes during one vibration period using 𝛤 = 1.5, 𝐴𝑧 = 9.39 mm, 𝑓𝑧 = 6.3 Hz. Please note the scale differences.
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Fig. 8. Snapshots of the bed temperature for the vibrating fluidized bed case 𝛤 = 1.5, 𝐴𝑧 = 9.39 mm, 𝑓𝑧 = 6.3 Hz over one vibration cycle. The color bars are given in degree
Celsius. During the downward bed motion, the bottom-located solids temperature increases. Between (C) and (D), the solids motion is reversed, resulting in temporarily fixed bed
heat and mass transfer characteristics. In the upward motion, the bed temperature quickly homogenizes.
Fig. 9. Mean and standard deviation particle temperature for the additional 𝛤 = 1.5, 𝐴𝑧 = 9.39 mm, 𝑓𝑧 = 6.3 Hz experiment using an acquisition frequency equal to 50 Hz. A
clear periodic trend is observed which corresponds with the applied vibration frequency. The used vibration amplitude is causing the fluctuating temperature values.
Fig. 10. Particle temperature standard deviation over the full experiments (𝛤 = 0.5, 𝐴𝑧 = 3.13 mm, 𝑓𝑧 = 6.3 Hz, 𝛤 = 1, 𝐴𝑧 = 6.26 mm, 𝑓𝑧 = 6.3 Hz and 𝛤 = 1.5, 𝐴𝑧 = 9.39 mm,
𝑓𝑧 = 6.3 Hz). The increased amplitude causes larger differences between the temporal particle temperature standard deviation.
4. Conclusions

Monodisperse porous 𝛾-Al2O3 particles were dried in a pseudo-2D
vibro-fluidized bed setup. A combined PIV and IRT technique was
employed to study the local particle hydrodynamic behavior and the
particle temperature. It is observed that the addition of vibration
severely improved the solid drying characteristics. The static fluidized
bed experiment resulted in a fixed bed with the corresponding less
favorable heat and mass transfer rates, while vibro-fluidization case
10
showed drastically improved drying features which were quantified
using the particle temperature standard deviation.

The effect of the vibration acceleration was studied over 𝛤 values
equal to 0.5, 1.0 and 1.5. It becomes clear that bubble formation
in vibro-fluidized beds is dependent on the reducing solids density.
The solids density reduction causes a changing fluidizing behavior due
to the shifted ratio between the superficial to minimum fluidization
velocity. In the case of more vigorous fluidization, larger bubbles will
appear. It was found that gas bubbles will be compressed in the case
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Fig. 11. Particle temperature standard deviation over the full experiments (𝛤 = 0.5, 𝐴𝑧 = 11.4 mm, 𝑓𝑧 = 3.3 Hz, 𝛤 = 1, 𝐴𝑧 = 11.4 mm, 𝑓𝑧 = 4.66 Hz and 𝛤 = 1.5, 𝐴𝑧 =
11.4 mm, 𝑓𝑧 = 5.72 Hz). The applied frequency and amplitude in (A) result in relatively low solids mixing. Therefore, the gas-particle contact time of material located in the
bottom zone is too large, leading to larger temperature differences.

Fig. 12. Visual (top) and infrared (bottom) snapshots for the 𝛤 = 0.5, 𝐴𝑧 = 11.4 mm, 𝑓𝑧 = 3.3 Hz case. The color bars are given in degree Celsius. The applied frequency and
amplitude in (A) result in relatively low solids mixing. Therefore, the gas-particle contact time of material located in the bottom zone is too large, leading to larger temperature
differences. Hot and less dense solids move upwards whereafter the hot solids temperature is reduced due to the heat transfer with the surrounding relative cold gas and particles.
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Fig. 13. Snapshots of the 𝛤 = 0.5 cases taken at 750 s. Bubble formation is observed in all cases as either or both the bubble frequency or diameter is higher than the applied
vibration amplitude and frequency.
Fig. 14. Particle temperature standard deviation over the full experiment for the 𝛤 equal to 0.5 cases. An increasing vibration amplitude results in larger differences between the
temporal standard deviation.
where the vibration frequency is larger than the bubble frequency
in combination with an applied vibration amplitude larger than the
bubble size. Therefore, this bubble compression is dependent on the
𝑢0/𝑢mf ratio and the chosen vibration amplitude and frequency. An
experiment applying an acquisition frequency of 50 Hz showed in more
detail the periodic effect of the vibration on the bed temperature. It was
observed that the temporal change in the particle temperature standard
deviation follows the vibration period.

The effect of the applied amplitude and frequency ratio revealed
different bed hydrodynamics even within a constant applied dimension-
less vibration acceleration 𝛤 . This resulted in changing solids drying
characteristics whereof some combinations demonstrated unfavorable
bed behavior. This could be explained by the periodic sine wave that
is used in mechanical vibration. During the sine wave period, the ratio
between the gas-solids and vibration forces is changing. At the point in
time that the gas-solids forces are too weak to establish sufficient solids
mixing, the solids drying becomes more inhomogeneous at the point
in time where the applied vibration forces become low. In the case
of a low vibration acceleration established by a high amplitude (and
thus a low frequency), a substantial time in between the dominance
of the vibration forces results in a relatively long contact time with
the hot injected gas. In higher vibration acceleration cases, this effect
12
was not observed since the vibration forces are larger and dominate the
gas–solid forces over a larger part of the vibration period.
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Fig. 15. Snapshots of the 𝛤 = 1.5 cases taken at 750 s. Bubble formation is observed in (A) and (B), while in (C) and (D) the bubble formation is fully suppressed by the applied
vibration amplitude and frequency.
Meerman and Henk Jan Panneman for the fruitful discussions and Joop
Aarts, Herbert Fiedler and Larry de Graaf for their valuable technical
support.
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