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In this study, the impact of different vibrational modes on the fluidization characteristics of cohesive micro- and 
nano-silica powder was examined. Fractional pressure drop, bed expansion measurements, and X-ray imaging 
were utilized to characterize the fluidization quality. The densities of the emulsion phase at the top and bottom 
of the column were quantified and compared, providing insights into the solid distribution within the fluidized 
bed. In the absence of vibration, neither powder could be fluidized within the considered range of superficial gas 
velocities. Vertical vibration was found to initiate fluidization for both powders. In contrast, elliptical vibration 
failed to overcome the channelling behavior when fluidizing the micro-powder. For nano-powder, combined 
channelling and powder compaction occurred when the bed was subjected to elliptical vibration. For the micro-

powder, it was observed that bed homogeneity was independent of vertical vibration intensity but improved with 
increasing superficial gas velocity. For nano-powder, intensifying vertical vibration led to segregation, likely due 
to agglomerate densification. Furthermore, fractional pressure drop measurements proved to be a strong tool in 
assessing fluidization quality, providing insights that could not be attained by conventional indicators.
1. Introduction

In recent years, there has been a growing interest in cohesive micro-

and nano-powders due to their diverse applications across a range of 
fields, including catalysis (Qu et al., 2010; Feng and Liu, 2011), elec-

tronic devices (He et al., 2020; Matsui, 2005) and food production 
(Dekkers et al., 2013; Wang et al., 2014). Fluidization is often the pre-

ferred method for processing powders (Van Ommen et al., 2012; Kam-

phorst et al., 2022). However, powders consisting of primary particles 
smaller than 30 μm are typically cohesive, complicating the fluidization 
process. The cohesive nature of these powders stems from the scaling 
of inter-particle forces, with respect to particle size (Kamphorst et al., 
2022; Raganati et al., 2018; Seville et al., 2000). Upon decreasing the 
particle size, the attractive van der Waals forces start dominating (in 
the absence of moisture), introducing complications for fluidization. 
Conventional fluidization of such powders is typically characterized 
by channelling and excessive agglomeration, severely limiting gas-solid 
contact and internal mixing (Iwadate and Horio, 1998; Chen and Pei, 
1984; Alavi and Caussat, 2005). If present, these phenomena dominate 
the often poor fluidization behavior (Kamphorst et al., 2023; Morooka 
et al., 1988; Zhu et al., 2005). The reduced gas-solid interactions in such 

* Corresponding authors.

systems undermine applications targeted at the high surface-to-volume 
ratio of (ultra-)fine particles. Additionally, a homogeneous solid distri-

bution within the bed – indicating superior internal mixing as well as 
inter-phase heat and mass transfer – is beneficial for most applications 
and is severely lacking when utilizing conventional fluidization with 
such powders. To improve the fluidization quality of cohesive pow-

ders, various techniques, such as pulsed flow (AL-Ghurabi et al., 2020; 
Ali et al., 2016), mechanical agitation (Alavi and Caussat, 2005) and 
mechanical vibration (Wu et al., 2023; Mawatari et al., 2015), are de-

scribed in literature. These assistance methods have been demonstrated 
to disrupt channelling and reduce agglomerate sizes. Out of the assis-

tance methods found in literature, mechanical vibration has seen the 
most interest from researchers. Commonly listed benefits of this tech-

nique include the lack of internals and its applicability for a broad range 
of powders. The vast majority of studies on this method focus solely on 
vertical vibration, with only a few studies considering horizontal mo-

tion. Considering that a combination of horizontal and vertical motion, 
resulting in an elliptical trajectory, is often applied in industrial flu-

idized bed dryers (Satija and Zucker, 1986; Han et al., 1991; Mohseni 
et al., 2019), this vibration orientation begs to be explored.
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Fig. 1. (a) experimental vibro-fluidization setup with location of pressure sensors, depending on initial powder bed height, (b) vertical and (c) elliptical vibration 
trajectories.

Fig. 2. Number-based particle size distributions of the used (a) micro- and (b) nano-powder.
Previous research has shown that stratification of agglomerates oc-

curs within the fluidized bed (Wang et al., 1998), with larger agglom-

erates predominantly found in the bottom and smaller ones in the top 
of the emulsion phase. Since bed homogeneity is desirable, optimiz-

ing assistance methods necessitates insight and quantification of solid 
distribution. While bed homogeneity is a common focus in studies on 
assistance methods (Lee et al., 2019; Kaliyaperumal et al., 2011; Jaraiz 
et al., 1992), there is a lack of quantitative assessment in this regard.

In this study, the impact of elliptical vibration, as well as the ef-

fect of the intensity of vertical vibration, on the fluidization of cohesive 
micro- and nano-silica were studied. Total pressure drop and bed height 
expansion measurements, as well as X-ray imaging, were employed. 
Furthermore, we evaluated the solid distribution within vibro-fluidized 
beds, subjected to various vibration modes. This analysis was performed 
by examining the density distribution alongside the bed height, calcu-

lated from fractional pressure drop measurements.

2. Materials and methods

2.1. Experimental

For all fluidization experiments, a glass column with an inner diam-

eter of 2.5 cm was used. Similar column sizes are commonly found in 
literature, both for studying the fundamentals (Zeng et al., 2008; Yang 
et al., 2009) and applications of fluidized beds (Li et al., 2010; Shen and 
Gu, 2009; Kamphorst et al., 2024). The column was filled with powder 
reaching a bed height of either 5.0 cm (with a ratio of initial bed height 
to column inner diameter H0/D = 2.0), denoted as ‘low’, or 7.5 cm 
(H0/D = 3.0), denoted as a ‘high’ initial bed height. Prior to each ex-

periment, the powder sample was weighed on an ABJ 320-4NM scale, 
allowing to calculate the static pressure exhibited by a given sample in 
the absence of a gas flow. Dry nitrogen was supplied through a SIKA-R 
3 AX distributor plate. Two pressure sensors utilized during each exper-
2

iment, one of which measured the pressure drop, Δ𝑃 , from the bottom 
Table 1

Amplitudes and frequencies of studied vibrational modes.

Vibrational settings

Label 𝐴𝑥 (mm) 𝑓𝑥 (Hz) 𝐴𝑦 (mm) 𝑓𝑦 (Hz)

Low vertical 0 0 0.20 36

High vertical 0 0 0.30 51

Elliptical 0.15 36 0.14 36

to the top of the column, the other measuring from 2/3𝑟𝑑 of the initial 
bed height to the top, as depicted in Fig. 1a. FSM DPS pressure sensors 
were used for the micro-sized particles, whereas Siemens QBM2030-1U 
pressure sensors were employed for the nano-powder. The setup was 
mounted on a PTL-40/40 vibrating table. When operating in the verti-

cal orientation, two distinct modes were used, which will be referred to 
as a ‘low’ setting and a ‘high’ setting throughout this work. The ‘low’ 
intensity corresponds to the lowest setting at which the micro-powder 
could consistently be fluidized within the range of superficial gas ve-

locities considered in this study. The same vibrating table was used to 
create both vertical and horizontal vibrations simultaneously, resulting 
in an elliptical motion. The relevant parameters of the selected vibra-

tional modes are provided in Table 1.

Both powders used in the experimental investigation are SiO2 based. 
The micro-sized powder, Köstropur 050818, has a number-based pri-

mary particle size of 4.4 μm (𝑑50), as measured by laser diffraction 
(see Fig. 2a). The nano-sized powder, Aerosil 300, is characterized 
by a number-based primary particle size of 6.7 nm (𝑑50), as obtained 
from analysis of TEM images (see Fig. 2b). The dominant difference 
in fluidization behavior observed within cohesive powders originates 
from the different agglomerate structures formed by micro- and nano-

powders, being single-stage or multi-stage agglomerates respectively 
(Kamphorst et al., 2022). Therefore, the powders considered in this 
study offer insights that are broadly applicable to cohesive powders 

as a whole.
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Fig. 3. Normalized pressure drop and bed expansion data from unassisted fluidization of (a) micro and (b) nano-powder.
Previous studies have shown that powder history, particularly slow 
compaction during storage, significantly affects the fluidization behav-

ior of cohesive powders (Bailey, 1984; Valverde and Castellanos, 2006). 
To ensure reproducibility of our work, fresh powder was used for each 
experiment. Additionally, the powder was sieved (mesh size of 600 μm 
for micro- and 224 μm for nano-powder) prior to any measurement. 
This procedure maintained a consistent state of aeration for the powder 
bed prior to conducting experiments. Note that the used pore sizes are 
orders of magnitude larger than the primary particle size of the respec-

tive powders, therefore having a negligible impact on the particle size 
distributions. Moreover, since prior studies have shown fluidization be-

havior to change over time (Nam et al., 2004; Mogre et al., 2017), each 
measurement was taken 10 min after the initiation of gas flow. Un-

less stated otherwise, the presented data points represent the average 
of three separate experiments.

2.2. Density calculations

The theoretical maximum pressure drop over a fluidized bed can be 
calculated as per Eq. (1). Here, Δ𝑃0 represents the maximum theoretical 
pressure drop, 𝑚𝑏𝑒𝑑 the mass of powder in the column, 𝑔 the gravita-

tional acceleration, and 𝑆𝑐𝑜𝑙𝑢𝑚𝑛 the cross-sectional area of the column. 
The fraction of fluidized material, 𝑋𝑓 , is calculated as per Eq. (2), where 
𝑃𝑡𝑜𝑡 represents the measured pressure drop over the entire bed. For the 
fractional measurements, the bed was divided into a bottom and top 
section. The bottom phase runs from the distributor plate to the loca-

tion of the pressure sensor at 3.5 cm for low and 5 cm for high bed 
initial height, as shown in Fig. 1a. The top phase spans from the bot-

tom sensor location to the top of the emulsion phase. The pressure drop 
in the top section was measured directly, while the Δ𝑃 of the bottom 
section was obtained by the difference between the entire bed and the 
top section. For calculation of the emulsion density in the top of the 
bed, Eq. (3) was used. Here, Δ𝑃top represents the pressure drop mea-

sured over the top section of the bed and 𝐻top the height of the bed in 
the top section, which is equal to the total bed height, 𝐻bed, minus the 
height of the bottom pressure sensor, 𝐻bot . Note that Eq. (3) implicitly 
assumes the powder present above the top pressure sensor to be fully 
fluidized. If this condition is not fulfilled, the equation can still be used 
to calculate a surrogate top density. While the calculated value may not 
provide an adequate assessment of the fluidized state in the top section 
by itself in such case, the ratio between top and bottom bed densities, 
will still provide valuable insights into the quality of fluidization as will 
be shown in the result section.

Δ𝑃0 =
𝑚bed ⋅ 𝑔
𝑆column

(1)

𝑋𝑓 =
Δ𝑃tot
Δ𝑃0

(2)

Δ𝑃top
3

𝜌top =
𝐻top ⋅ 𝑔

(3)
Additional considerations are required to calculate the density of the 
emulsion phase in the bottom section of the bed. The fluidized fraction 
is typically less than unity, meaning a fraction of the powder unagitated, 
not contributing to the pressure drop. This stagnant powder occupies 
space in the bottom section, which needs to be corrected for. Eq. (4)

was used to calculate 𝜌bot , the density in the bottom section of the bed. 
In this equation, Δ𝑃bot represents the pressure drop over the bottom 
section of the bed and 𝜌𝑏 the bulk density of the powder. The 𝜌b after 
sieving is 134 kg m−3 for micro-silica and 50 kg m−3 for nano-silica. For 
the density ratios presented in this work, the calculated bottom density 
was divided by the (surrogate) top density.

𝜌bot =
𝑆column ⋅Δ𝑃bot

𝑔 ⋅
(
𝑆column ⋅𝐻bot −

𝑚bed(1−𝑋𝑓 )
𝜌𝑏

) (4)

2.3. X-ray imaging

To provide additional insight in the gas-solid distribution within the 
fluidized bed and verify the results obtained by the fractional pressure 
drop measurements, X-ray imaging was performed. Experiments were 
performed using an in-house fast X-ray imaging set-up, utilizing a single 
standard industrial type X-ray tube source (Yxlon International GmbH) 
with a maximum energy of 150 keV working in cone beam mode and a 
Teledyne Dalsa Xineos 2D detector. A detailed description of this setup 
can be found in our previous work (Kamphorst et al., 2023).

3. Results and discussion

3.1. Unassisted fluidization

Previous research findings indicated that cohesive powders, with 
particle sizes comparable to those used in our study, may exhibit flu-

idization without the need for assistance methods (Pacek and Nienow, 
1990; Yao et al., 2002). However, as can be seen in Fig. 3, unassisted 
operation did not yield desirable fluidization quality for the powders 
considered in this study. The bed expansion was observed to be rel-

atively modest in all experiments. This expansion primarily resulted 
from the formation of gas channels, looser packing, and sporadic par-

ticle spouting. The significant initial pressure drop ratio, observed for 
all experiments, was attributed to plugs which did not break at low gas 
velocities, consistent with our earlier work (Kamphorst et al., 2023). 
At higher gas velocities, the Δ𝑃∕Δ𝑃0 exhibited high fluctuations due 
to the formation and subsequent collapse of channels coupled with oc-

casional spouting in the upper section of the bed. Given the inherent 
unpredictability of the channelling behavior in unassisted fluidization 
of cohesive powder, attaining reproducible data becomes challenging. 
Therefore, the data points presented in Fig. 3 are of single experiments. 

Nevertheless, repeated runs yielded similarly fluctuating profiles.
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Fig. 4. Normalized pressure drop of vibro-fluidized beds consisting of micro-powder with (a) low and (b) high initial bed heights, the dashed lines indicate the 

minimum fluidization velocities.

3.2. Vibro-fluidization of micro-powder

The normalized pressure drop values of micro-powder beds under 
different vibrational modes are depicted in Fig. 4. The dashed verti-

cal lines indicate minimum fluidization velocities, corresponding to the 
first pressure drop value that falls within a 1% range of the average of 
the five consecutive data points. At low-intensity vertical and elliptical 
vibration, the values appear to be irregular at low gas velocities, irre-

spective of initial bed height. This behavior corresponds to slugging as 
well as the formation and subsequent collapse of gas channels, compara-

ble to unassisted fluidization. For vertical vibration, the final Δ𝑃∕Δ𝑃0
all range from 0.88 to 0.91, indicating no significant dependency on vi-

brational intensity or initial bed height. In our prior research, utilizing 
the same micro-powder in a 9 cm column, vibrated at 𝑓=50 Hz and 
𝐴=1 mm, Δ𝑃∕Δ𝑃0 values of up to 0.93 were found (Kamphorst et al., 
2023). The similar final normalized pressure drop values, while utiliz-

ing vastly different column sizes, suggest that wall effects played not 
significant role during these experiments. Furthermore, the Δ𝑃∕Δ𝑃0 is 
comparable to those reported by other studies on cohesive micro pow-

ders in vibro-fluidized beds, ranging from 0.7 to 1.0 (Mawatari et al., 
2003; Lee et al., 2019; Barletta and Poletto, 2012; Kaliyaperumal et al., 
2011; Jiang and Fatah, 2022). A decrease in minimum fluidization ve-

locity with respect to initial bed height can be observed, which was 
also found during the experiments with nano-particles. This can be ex-

plained by considering the channel dimensions. To provide a consistent 
gas bypass, a channel needs to span the entire bed height. A taller 
bed will produce longer, and comparatively more slender, channels, 
which are more easily disrupted, leading to improved fluidization (i.e., 
a lower minimum fluidization velocity). Consistent with earlier stud-

ies, an increase in vertical vibrational intensity was found to decrease 
the minimum fluidization velocity (Lee et al., 2019; Mawatari et al., 
2015). In the case of elliptical vibration, the Δ𝑃∕Δ𝑃0 values remain 
consistently low, compared to vertical vibration. Some degree of stable 
fluidization is achieved, as indicated by the smooth pressure drop curve 
at high superficial gas velocities, compared to the one found for unas-

sisted fluidization. However, the presence of gas channels is visually 
observed throughout all experiments.

Contrary to the expectation of enhancing fluidization through the 
introduction of additional energy, the horizontal component of ellipti-

cal vibration was found to counteract the disruptive effects of vertical 
vibrations. This is apparent from the comparatively low Δ𝑃∕Δ𝑃0 data 
obtained while introducing elliptical vibrations, as shown in Fig. 4. The 
same can be seen by considering the coefficients of variation of the 
obtained data, which can be found in the supplementary materials. Fur-

thermore, looking at Fig. 4, lowering the vibrational intensity shifts the 
obtained results, delaying the pressure plateau at which fluidization oc-

curs, while the trend itself is preserved, the same was demonstrated 
by earlier studies (Lee et al., 2019; Zhou et al., 2018; Marring et al., 
4

1994). When considering the results of elliptical vibration however, it 
Fig. 5. 10 second average X-ray images of the bed of micro particles in a flu-

idized bed column with a superficial gas velocity of 3.0 cm s−1, subjected (a)

no vibration, (b) low intensity vertical vibration, (c) high intensity vertical vi-

bration and (d) elliptical vibration, the legend on the right provides the gas 
fraction corresponding to each color.

can be seen that no such trend is visible at all, suggesting the under-

lying phenomena dominating this system are fundamentally different. 
Note that full fluidization can sometimes be obtained when applying 
vertical vibration of a lower intensity than used in this study. There-

fore, the absence of full fluidization in all experiments conducted with 
elliptical vibration cannot be explained by the lower amplitude in the 
vertical direction considered in isolation.

It was hypothesized that this phenomenon may be attributed to the 
compaction of powder against the column wall induced by the horizon-

tal motion, similar to the effect of vertical vibration in creating a dense 
layer near the distributor plate (Wu et al., 2023). In order to investi-

gate this hypothesis, additional experiments were performed, using the 
X-ray imaging technique, to inspect the flow patterns. The results of 
these experiments are depicted in Fig. 5. The displayed images repre-

sent an average of 650 frames (10 s) captured 10 min after the initiation 
of gas flow. First of all, Fig. 5a shows channelling in the absence of any 
vibration applied to the system. Furthermore, since structures can be 
seen, even while the images are time-averaged, it can be concluded 
that these structures are mostly stable. In Fig. 5b and c the gas fractions 
of fluidized beds subjected to low and high intensity vertical vibra-

tion are displayed. These beds demonstrate significant bed expansion 
and a fairly homogeneous emulsion phase, indicating the absence of 
permanent structures. However, the bottom region of the bed is signif-

icantly denser than the top section for either vibration intensity. This 

phenomenon was also observed in a study by Wu et al. utilizing a sig-
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Fig. 6. Normalized bed expansions of vibro-fluidized beds consisting of micro-powder with (a) low and (b) high initial bed heights.

eds
Fig. 7. Density ratios between top and bottom sections of vibro-fluidized b

nificantly higher amplitude for the vibration (Wu et al., 2023). The 
consistent appearance of this region at the lowest intensity at which 
consistent fluidization can be achieved, as well as at significantly higher 
frequencies and amplitudes of vibration, indicates its presence to be 
unavoidable. The lack of long-term structures in the bottom sections 
does however indicate that this region is still fluidized under influence 
of either vertical vibration intensity. Finally Fig. 5d provided insight 
in the bed operated at elliptical vibration. Long-term structures can 
be observed with only a small fraction of the powder being fluidized. 
Based on the similarity observed in the flow patterns between ellipti-

cally vibrated and non-vibrated beds, it can be concluded that elliptical 
vibration does not have a discernible influence on the channel forma-

tion or disruption. Furthermore, these findings highlight the mitigation 
of vertical vibrations, when horizontal motion is employed, in a man-

ner resulting in an elliptical motion of the system. However, these 
experiments do not provide conclusive evidence to determine whether 
this phenomenon is solely due to horizontal vibrations or the specific 
combination of horizontal and vertical vibrations employed in our ex-

periments. The persistent channelling also explains the relatively low 
and stable normalized pressure drop values observed in Fig. 4. Addi-

tionally, the anticipated compaction of particles near the column walls 
was not obvious, and an accurate assessment of compaction at the bot-

tom cannot be fully realized, as the presence of a clamp obstructed part 
of the view of the lower section.

The bed expansion of the micro-powder reached a plateau across 
all experimental conditions, as shown in Fig. 6. The comparison of the 
Δ𝑃∕Δ𝑃0 and 𝐻∕𝐻0 graphs also reveals that the plateau in bed expan-

sion typically occurs at higher gas velocities. This observation suggests 
that the expansion of the bed between the minimum fluidization veloc-

ity and the velocity at maximum bed expansion is primarily influenced 
by the increased dilation of the emulsion phase, rather than the addi-

tional fraction of powder becoming fluidized. Moreover, a comparison 
between Fig. 6a and Fig. 6b illustrates that lower initial bed heights 
result in higher bed expansion ratios across all vibration modes in-
5

vestigated. This finding indicates a potential correlation between the 
consisting of micro-powder with (a) low and (b) high initial bed heights.

attenuation of vibrations throughout the powder bed, resulting in the 
vibrations having a greater impact on shallower powder beds. However, 
this limitation may be partially overcome by increasing the vibrational 
intensity, thereby increasing the penetration depth of the effective vi-

bration into the bed, as suggested in Fig. 6b.

The density ratios between the bottom and top sections of the micro-

powder bed, as defined in Section 2.2, are displayed in Fig. 7. The data 
related to vertical vibration modes spans from the minimum fluidiza-

tion point to the maximum gas velocity at which experiments were 
performed. Across these cases, it can be observed that the density in the 
bottom region of the bed is approximately twice that of the top section. 
Previous research has indicated the occurrence of agglomerate strati-

fication in fluidized beds containing micro- and nano-particles (Wang 
et al., 1998). Provided that larger agglomerates are more often found 
in the bottom of the bed, it is expected that the density of the emulsion 
phase is higher in this region since smaller agglomerates, experiencing 
the same gas velocity are more likely to be lifted by the gas flow, due to 
their lower terminal velocity. This results in a higher inter-agglomerate 
voidage and therefore a less dense phase. However, as mentioned ear-

lier, the vibration itself induces the formation of a dense phase in the 
bottom region of a vibro-fluidized bed. Rather than segregation based 
on agglomerate size, the bottom phase getting hit repeatedly by the dis-

tributor plate appears to be the dominant factor leading to this dense 
phase. An increase in the gas velocity was found to mitigate this is-
sue, independent of vibration intensity. It is important to note that this 
information cannot be deduced from the total pressure drop or bed ex-

pansion measurements. Solely relying on these indicators, one would 
find no further improvements in fluidization quality after 3.0 cm s−1, as 
both Δ𝑃∕Δ𝑃0 and 𝐻∕𝐻0 reach a plateau at this point, which under-

scores the benefits of fractional pressure drop measurements. For the 
elliptically vibrated beds, exhibiting no significant degree of fluidization 
at any of the experimental conditions, density ratios were plotted from 
4 cm s−1 onward. The results for both initial bed heights may suggest a 
completely homogeneous mixture. However, effective fluidization did 

not occur as indicated by the pressure drop and by X-ray imaging. In-
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Fig. 8. Normalized pressure drop of vibro-fluidized beds consisting of nano-powder with (a) low and (b) high initial bed heights, the dashed lines indicate the 
minimum fluidization velocities.

Fig. 9. Normalized bed expansions of vibro-fluidized beds consisting of nano-powder with (a) low and (b) high initial bed heights.
stead, these results indicate persistent channelling in the bottom section 
of the bed, resulting in a low pressure drop within that region, while oc-

casional spouting behavior in the top of the bed causes a relatively high 
pressure drop in that section, resulting in a ratio less than 1. More-

over, higher initial bed heights lead to even lower density ratios due to 
the instability of taller and slender channels, which are more prone to 
collapse in the top of the bed, leading to enhanced spouting and local 
pressure drop values in this region. These findings reinforce the conclu-

sion that elliptical vibration does not consistently eliminate channelling. 
Additionally, these results demonstrate the capability of fractional pres-

sure drop measurements to indicate the presence of channels within the 
powder bed by obtaining density ratio approaching or below unity.

3.3. Vibro-fluidization of nano-powder

The pressure drop values observed during experiments conducted 
with nano-powder are displayed in Fig. 8. Similar to the micro-powder 
results, the fluctuations in some of the data at low gas velocities can be 
attributed to slugging and channelling phenomena. Moreover, all vibra-

tion modes exhibit a plateau in the pressure drop ratio, the elliptically 
vibrated bed at significantly lower values than both vertically vibrated 
ones. High intensity vertical vibrations consistently exhibit the lowest 
minimum fluidization velocity, followed by low intensity vertical vi-

brations, due to its low normalized pressure drop value, the elliptically 
vibrated bed is not considered to be adequately fluidized. A discussion 
on the coefficients of variation corresponding to the pressure drop data 
can be found in the supplementary materials. As for the micro-powder, 
an increased aspect ratio of the bed lowers the minimum fluidization 
velocity due to the presence of less stable channels.

According to Fig. 8 and Fig. 9, high pressure drop values are accom-

panied by high bed expansion ratios. As for the micro-powder, the peak 
values of 𝐻∕𝐻0 are attained at gas velocities beyond 𝑢mf and higher 
6

initial bed heights result in lower bed expansion ratios, indicating signal 
attenuation throughout the beds. Additionally, while the pressure drop 
values were low, substantial bed expansion is observed with elliptical 
vibration. Zhang et al. reported similar bed expansions for a horizon-

tally vibrated bed of Aerosil 300 at 33.4 Hz (Zhang and Zhao, 2010), 
which aligns with our findings for elliptical vibration. In that study, the 
conclusion that the Aerosil 300 was well-fluidized was solely based on 
bed expansion as no pressure drop values were reported. Our pressure 
drop results do however indicate that only a limited amount of pow-

der is agitated, highlighting the limitations of bed expansion data in 
reliably assessing the fluidization quality of cohesive powders. The nor-

malized pressure drop plateau values for vertical vibration found in this 
work range from 0.75 to 0.85. This is reasonably close to the range of 
0.82–1.1 found in other studies on vibro-fluidization of nanopowders 
(Kaliyaperumal et al., 2011; Nam et al., 2004; An and Andino, 2019).

While the low pressure drop values observed with elliptical vibra-

tion can be partially explained by ineffective channel disruption, as 
discussed in Section 3.2, the existence of a plateau in normalized pres-

sure drop, accompanied by a significant bed expansion, suggests at least 
part of the bed is fluidized. It is therefore anticipated that channel desta-

bilization is not the sole contributing factor. To elucidate, additional 
experiments were conducted. Similar to how vertical vibration induces 
compaction of the bottom fraction of the bed, we hypothesized that the 
column walls would provide an additional source of compaction due to 
the horizontal component of the elliptical motion. The low bulk den-

sity of the silica nano-powder complicates the exact determination of 
density differences with X-ray imaging, necessitating the use of alter-

native methods. To this end, nano-powder was fluidized at 3 cm s−1

for 10 min with an initial 𝐻∕𝐷 of 2.0 for each vibration mode. After 
terminating the gas flow, loose powder was carefully extracted using 
a suction probe, inserted from the top of the column. Subsequently, 
the windbox was then removed, and all remaining powder, compacted 
on the column wall and distributor plate, was collected. The weight 

fraction of the collected powders were presented in Fig. 10, each data 
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Fig. 10. Fraction of compacted nano-powder present in the system after flu-

idizing under different vibration conditions, averages of 5 measurements, error 
bars correspond to the standard deviation.

point representing an average of five measurements. The results indi-

cate no significant difference between low and high intensity vertical 
vibrations. The nano-powder being predominantly found at the bottom 
of the column after employing either vertical vibration mode, supports 
the idea that this compaction results from tapping by the distributor 
plate. In contrast, when elliptical vibration was employed, the amount 
of compacted powder nearly triples compared to that observed in ver-

tical vibrations. Although not quantified, visual observations confirm a 
substantial amount of powder adhering to the column walls. It should 
be noted that triboelectric forces, causing the nano-powder to adhere 
to the column walls, may contribute to this phenomenon as well. The 
observed compaction can account for the relatively low pressure drop 
observed during the fluidization of the nano-powder with elliptical vi-

bration, as depicted in Fig. 8, as this fraction of powder does not actively 
participate in the fluidization process.

In Fig. 11, the influence of gas velocity on the density ratios of 
nano-powder under the selected vibration modes is presented. As with 
the micro-powder analysis, the ratios are plotted from 𝑢mf onwards for 
vertical vibrations, while for elliptical vibration, the gas velocities cor-

responding to the pressure drop plateaus are displayed. The density 
ratios under both vertical intensities are 1.5 to 2 times higher than 
those for the micro-powder. This observation can be attributed to the 
relatively denser bottom section of the nano-powder, stemming from 
its higher compactability. Furthermore, higher intensities were found to 
depress the bed homogeneity. However, based on the findings presented 
in Fig. 10, this is not attributable to variations in compacted regions 
with increased vibration intensity. Rather, we hypothesize that agglom-

erates densify, leading to enhanced stratification within the emulsion 
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phase. Existing literature indicates that nano-particle agglomerates un-

Fig. 11. Density ratios between top and bottom sections of vibro-fluidized bed
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dergo densification over time, the higher vibration intensity is expected 
to increase agglomerate-agglomerate and agglomerate-wall collisions, 
amplifying this densification. The densification process is associated 
with a decrease in agglomerate size (Mogre et al., 2017), which, com-

bined with other studies demonstrating reduced agglomerate size with 
increased vibration intensities (Kaliyaperumal et al., 2011; Barletta and 
Poletto, 2012), substantiates this hypothesis. In the case of elliptical vi-

bration, the density ratios are significantly higher (note the axis break 
in Fig. 11b), indicating poor internal mixing within the emulsion phase. 
It is important to note that the observed poor solid distribution cannot 
be attributed to the compacted fractions shown in Fig. 10, as they were 
measured to exhibit a minimal pressure drop. Instead, it is suspected 
that the increased particle-wall collisions resulting from the horizon-

tal component of the elliptical motion results in denser agglomerates, 
amplifying the density gradient along the bed height. Additionally, the 
considerable portion of un-fluidized powder introduces sensitivity to 
the calculated density ratios, as these results rely on the correction 
method for the volume of the bottom section, as seen in Eq. (4). It is 
suspected that the density of the un-fluidized fraction may deviate from 
the bulk density, possibly reflecting a tapped density. It is worth noting 
that such a deviation may lead to the results presenting an exaggerated 
representation of the actual density ratio.

3.4. Comparative analysis of micro- and nano-silica vibro-fluidization

Upon examining the datasets obtained from all experiments collec-

tively, several overarching conclusions can be drawn. Neither powder 
could be fluidized without the aid of an assistance method, while 
high and low intensity vertical vibrations were effective in achieving 
a fluidized state for both powders. Comparing beds with high and 
low initial bed heights, the latter consistently demonstrated higher 
bed expansion ratios, suggesting attenuation of the vibration signal 
through the bed. Furthermore, higher initial bed heights consistently 
corresponded with lower minimum fluidization velocities, attributed to 
less channel integrity in taller bed. However, notable differences are 
found when considering the density ratios of the respective powders. 
With increasing vibration intensity, the fluidized nano-powder exhib-

ited reduced homogeneity, whereas no significant effect was observed 
for micro-powder. This discrepancy can be explained by the distinc-

tive agglomeration processes inherent to micro- and nano-powders. 
Micro-powders undergo agglomeration through the clustering of pri-

mary particles, driven by attractive inter-particle forces, often referred 
to as ‘single-stage agglomeration’ (Kamphorst et al., 2022). In con-

trast, nano-particles form multi-staged agglomerates, wherein primary 
particles are sintered into aggregates during the production process. 
These aggregates can then cluster together to form simple agglom-

erates, which further stick together to create complex agglomerates 
(Kamphorst et al., 2022; Yao et al., 2002). Importantly, each stage of 
this multi-stage agglomeration incorporates additional voids into the 

structure, resulting in a lower density and increased compactability. 

s consisting of nano-powder with (a) low and (b) high initial bed heights.
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The difference in behavior of the two powders when subjected to in-

creased vibration intensity is therefore attributed to the disparities in 
agglomerate structure and characteristics, particularly the compactabil-

ity of the formed agglomerates. It is worth noting that the exact particle 
size at which single-stage transitions into multi-stage agglomeration is 
not well-defined (Kamphorst et al., 2022), limiting the predictability of 
fluidization behavior.

4. Conclusion

In this study, we investigated the impact of vibrational orientation 
and intensity on the bed homogeneity of fluidized micro- and nano-

silica. Bed expansion and fractional pressure drop values were collected 
to quantify fluidization quality. In the absence of mechanical vibra-

tion, both powders exhibited slugging and channelling, resulting in 
poor fluidization. However, vertical vibration enabled fluidization of 
both micro- and nano-powders, as evidenced by increased pressure drop 
ratios and significant bed expansions. The solid distribution of micro-

powder is enhanced by increasing the superficial gas velocity. In con-

trast, bed homogeneity was unaffected by superficial gas velocity when 
considering nano-particles. Furthermore, increasing the vertical vibra-

tion intensity in such systems led to large density differences within the 
bed, attributed agglomerate compaction. Elliptical vibration, already 
applied in industry for non-cohesive powder fluidization, did not yield 
a desirable fluidization quality for either powder. For micro-particles, 
this mode was incapable of adequately disrupting channels, whereas for 
nano-particles, this orientation additionally led to a significant increase 
in powder compaction. Furthermore, vertical vibration introduces an 
unavoidable high-density region in the bottom of the bed, restricting 
the effectiveness of this assistance method. Combined with indicated 
signal attenuation over the system, it is implied that mechanical vi-

bration, of any orientation, has limited benefits for the fluidization of 
cohesive powders at large scale. Therefore, research into other assis-

tance methods, that may avoid these specific issues, is encouraged. 
Additionally, while the elliptical orientation was found to be ineffi-

cient, fundamental understanding of its ineffectiveness is incomplete. 
Combinations of horizontal and vertical motion resulting in other tra-

jectories, may still provide benefits; further research into these methods 
is required to allow for generalization of the results regarding the field 
vibro-fluidization of cohesive powders as a whole. Specifically, a study 
on sole horizontal vibration, utilizing fractional pressure drops to assess 
the solid distribution throughout the column would provide valuable 
insights, especially considering the few available studies on this topic 
and their limited assessment of fluidization quality.

Finally, our findings emphasize the limitations of relying on total 
pressure drop and bed extension as indicators of fluidization quality. 
Fractional pressure drop measurements are recommended for study-

ing fluidized beds and optimizing assistance methods as they provide 
insight into solid distribution, while being easy to implement. Addition-

ally, fractional pressure drop measurements were found to be a useful 
tool to indicate the presence of channels within the system.

List of symbols

𝜌 Density [kg m−3]

𝐴 Amplitude [mm]

𝑓 Frequency [Hz]

𝑔 Gravitational acceleration [m s−2]

𝐻 Measured bed height [m]

𝐻0 Bed height prior to gas flow initiation [m]

𝑚𝑏𝑒𝑑 Mass of powder in the bed [kg]

Δ𝑃 Measured pressure drop [Pa]

Δ𝑃0 Theoretical pressure drop [Pa]

𝑆𝑐𝑜𝑙𝑢𝑚𝑛 Cross-sectional area of column [m2]

𝑋𝑓 Fraction of fluidized material [–]
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