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Stirring has been recognized in the literature as a promising technique for facilitating fluidization of cohesive 
powders, via inputting additional energy to counteract interparticle forces. However, the influence of operating 
conditions and stirrer configurations on flow behavior remains largely unknown, which impedes the practical 
implementation of stirred fluidization. Utilizing X-ray imaging, this research demonstrates that stirring enhances 
fluidization in cohesive micron-silica powder (Sauter mean diameter 𝐷32 = 7.9μm) by collapsing the powder 
packing structure, and transitioning channeling beds into bubbling states. Comb-like configurations featuring 
fewer stirrers and blades, placed in the bottom region, have shown to be highly effective. Excessive stirring can 
lead to air pockets and a compacted phase of particles on the column walls, undermining the interaction between 
particles and stirrers. Additionally, the experiments show that maximizing the sweeping coverage, employing 
complex asymmetrical configurations, and avoiding tortuous gas pathways are preferable.
1. Introduction

Fluidization is a popular technique to process solids for various ap-

plications in industry, where exceptional interphase mixing and heat 
and mass transfer are paramount. Smooth fluidization is easily attain-

able with sand-like particles, whereas it becomes rather troublesome to 
effectively aerate fine particles because of their intrinsic cohesiveness. 
Strong interparticle forces, such as capillary and van der Waals forces, 
dominate the collective behavior of fine particles, resulting in the for-

mation of agglomerates (Raganati et al., 2018; Kamphorst et al., 2023). 
When fluidizing fine powders, individual particles or agglomerates tend 
to adhere together, forming internal cracks and channels, which results 
in a substantial portion of the fluidizing gas to bypass, undermining the 
gas-solids interaction (van Ommen et al., 2012).

Incorporating additional degrees of freedom allows for enhanced 
flexibility in manipulating fluidization. A range of “assistance meth-

ods”, imposing various forces and forms of energy on the system, has 
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been demonstrated to be effective in improving fluidization of fine pow-

ders (van Ommen et al., 2012; Zhang, 2009; van Ommen et al., 2009). 
These approaches can be classified based on the mode of manipulation, 
which involves imposing dynamic or geometrical constraints on the gas 
or solid phase, and modifications to forces, such as contact force (e.g., 
particle-particle and particle-wall), surface force (e.g., particle-fluid), or 
body force (e.g., external force fields and gravitational pull) (Francía et 
al., 2021). External actuators have been explored, with numerous suc-

cessful attempts documented in the literature, including vibration (Zhao 
et al., 2020; Cruz et al., 2005; Kamphorst et al., 2024b), pulsation (Wu 
et al., 2017; Khosravi Bizhaem and Basirat Tabrizi, 2013), stirrer mix-

ing (Zhao et al., 2020; Kariman et al., 2013), high-speed jet flow (Hong 
et al., 2005; van Ommen et al., 2013; Quevedo et al., 2010), and doping 
of flow conditioner (Alavi and Caussat, 2005; Zhou and Zhu, 2019; Yin 
et al., 2008). Nonetheless, devising a universal method for fluidizing co-

hesive powders remains a challenge, as the type of cohesion, scalability, 
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energy consumption, and instrumentation requirements varies between 
different applications.

In comparison to other assistance techniques, stirring offers advan-

tages in terms of scale-up practices, operation and effective length, 
and practicality of integration with existing reactor units. Stirrers func-

tion as moving internals to agitate particulate flows, transmitting me-

chanical energy through particle-boundary interaction. Nevertheless, 
their performance largely relies on the operating conditions and stirrer 
configurations. For instance, there is no universally applicable rota-

tion speed. Previous research reports that, in columns with diameters 
ranging between 3 cm and 7 cm, increasing stirring speed mitigates ag-

glomeration and channeling, resulting in a reduced terminal velocity 
and minimum fluidization velocity for Geldart C micro-powders (Kim 
and Han, 2006), while improving bed dilation (Kariman et al., 2013) 
and promoting a vigorous bubbling fluidization state for nano-powders 
(Zhao et al., 2020). However, in columns of similar sizes, excessively 
high rotation speeds (e.g., faster than 100 rpm) have been found to sig-

nificantly increase the particle entrainment rate in fluidizing Geldart 
C type micro-powders (Yang et al., 2013). Additionally, a tendency to 
compress particles against the column walls was observed, resulting in 
the formation of the compact layers of solids, indicated by an overshoot 
in the bed pressure drop signal (Alavi and Caussat, 2005). On the other 
hand, a low rotation speed (e.g., 30 rpm), irrespective of stirrer geome-

tries, has been observed to yield insufficient impact on agglomerates to 
overcome interparticle forces of micro-powders larger than 1 μm (Alavi 
and Caussat, 2005), although such a speed has been shown fast enough 
to promote fluidization of sub-micron and nano-powders smaller than 
1 μm (King et al., 2008). The placement of the stirrer also plays a cru-

cial role. An impeller-type stirrer was investigated and considered most 
effective when positioned in the bottom region of the bed, e.g., within 
approximately 1 cm from the base of a 45 cm deep column (Godard and 
Richardson, 1969). It is hypothesized that the stirrers sweep particles 
into the initial channels, which subsequently break down. However, in 
half a column (semi-circle or a ‘D’ shape when viewed from above) 
with a diameter of 20 cm, improved fluidization quality and reduced 
minimum fluidization velocity of micron cohesive particles (16 μm LiF 
powder used in the study) were also found with the impeller placed at 
a higher position (e.g., at 70% static bed height) (Hu et al., 2020). This 
study also concluded that gas channels develop and become too persis-

tent to break when the stirrer is mounted too high (e.g., at 86% static 
bed height), as indicated by a significant reduction in the measured 
pressure drop. Studies on stirred fluidization of fine, cohesive powders 
are scarce, and primarily rely on pressure drop measurements and visu-

alization on the surface layers through transparent walls. Nevertheless, 
the local gas channeling and powder structures complicate the inter-

pretation of pressure signals, making it challenging to associate with 
the impact induced by stirring on the hydrodynamics. Furthermore, 
surface layers, which experience significant boundary effects, do not ac-

curately represent the bulk flow behavior, and fine particle clouds have 
a tendency to adhere to walls, rapidly causing blurred or obstructed 
visibility.

Non-intrusive imaging and tomography techniques, extensively ap-

plied in medical and technical practices, such as electrical capacitance 
tomography (Makkawi and Wright, 2002; Chandrasekera et al., 2012), 
magnetic resonance imaging (Boyce et al., 2016; Penn et al., 2019), and 
X-ray imaging and computational tomography (XRT) (Mudde, 2010), 
offer opportunities to overcome the constraints of observational limita-

tion and access into system hydrodynamics (van Ommen and Mudde). 
These technologies allow for a direct visual exploration into the bed 
characteristics in 3-D opaque systems, not only monitoring the detailed 
time evolution of apparent phenomena, such as flow pattern and bub-

ble motion, but also quantitatively measuring particle-level features, 
including solid fraction distribution and particle segregation. Conse-

quently, they facilitate understanding of systems with complex hydro-

dynamic behaviors and fundamental mechanisms. In terms of studying 
2

gas-solid system, among the mentioned techniques, X-ray imaging ex-
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cels by offering a higher spatial resolution and identification of material 
contrast (van Ommen and Mudde). This technique has been widely ap-

plied since the 90 s to study the gas-solid fluidization of various powders 
(Ma et al., 2019; Mema et al., 2020) and structural geometries (Maurer 
et al., 2015; Helmi et al., 2017). With the X-ray beams attenuating ac-

cording to the local solid fraction, it is possible to attain a temporally 
resolved solid distribution of fluidization, which allows for the direct 
inspection and tracking of local hydrodynamic events within a cylin-

drical apparatus, like the one employed in this study (Saayman et al., 
2013).

In this study, a comprehensive experimental investigation into the 
effects of stirring on the fluidization of cohesive powders by varying de-

sign parameters and operating conditions was conducted. The fluidiza-

tion behavior is thoroughly compared across various design variables, 
including the number of stirrers, number of blades, rotation speed and 
geometry. Two-dimensional (2D) fast X-ray imaging was performed in 
conjunction with pressure drop and bed expansion measurements to 
capture the temporal evolution of flow patterns and identify in-situ hy-

drodynamic events, such as solid distribution, gas bubble development, 
and channel formation. The results serve as a valuable guide for de-

signing optimal stirrers for applications of solid processing and provide 
opportunities for validating models of simulating fluidization of cohe-

sive powders.

2. Experimentation and methodology

2.1. Experimental setup

Fig. 1 depicts a schematic representation of the experimental ar-

rangement. Experiments were conducted using a Plexiglas column with 
an inner diameter 𝐷 of 5 cm. Two 3mm thick porous plates (SIKA-R 3 
AX, Sintertech) were used to couple the column to a plenum chamber 
situated below and a breakout box positioned above. The porous plates 
were cleaned using an ultrasound bath before use. Furthermore, par-

ticles entrained within the fluidized bed were captured by the porous 
plate positioned at the top of the column. To ensure safety, a wash 
bottle and a HEPA powder filter were installed downstream prior to 
discharging the fluidizing gas into the atmosphere.

The column was mounted onto a vibration table, which was uti-

lized for initialization of fluidization in certain experiments. The parti-

cles were fluidized at room temperature with dry nitrogen gas, which 
was regulated using a mass flow controller (Bronkhorst F-202AV). 
An in-house LabVIEW program managed the data acquisition system, 
which connected to both the flow controller and pressure transducers 
(OMEGA-PX419). A motor was placed on top of the breakout box, with 
the lowest tip of the shaft mounted 5mm above the distributor. The 
shaft used in this study was made of metal, effectively functioning as 
a grounding rod and mitigating the triboelectric charging of particles 
induced by stirring. It is therefore expected that the contribution of 
electrostatic forces to the observed fluidizaiton behavior to be minimal.

2.2. X-ray image processing

Fast X-ray imaging serves as a non-invasive and hard field technique 
to effectively monitor system hydrodynamics. The column was posi-

tioned in between an X-ray generation tube and a scintillation detector 
panel, as shown in Fig. 2. The distance between the source tube and cen-

ter of the column was set at 100 cm. The X-ray source used was YXLON 
Y.TU 160-D06 tube with a maximum voltage of 150 kV and a maxi-

mum anode current of 12 mA. In this study, a voltage of 120 kV and a 
current of 1.9 mA were selected to ensure the X-ray intensity remained 
sufficiently high after passing though the full bed, yet did not surpass 
the maximum limit of the detector when passing through an empty col-

umn. The X-ray detector plate utilized is a Theledyne Dalsa Xineos-3131 
model, featuring a sensitive area measuring 307mm× 302mm and a res-
olution of 1548 × 1524 pixels. Each pixel has dimensions of 198 μm ×
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Fig. 1. Schematic representation of the experimental setup.

Fig. 2. Schematic representation of the X-ray imaging setup. The column is 
placed in between the X-ray source and detector.

198 μm. In this work, a field of view of 1548 × 500 pixels is used. The 
raw images were acquired at a frame rate of 65Hz, which is considered 
sufficient for monitoring the system hydrodynamics, as the majority of 
hydrodynamic events occur below 10 Hz (Wu et al., 2023a).

X-ray beams pass through gas-solid suspensions, their attenuation 
being directly proportional to the mass of the material present within 
the pathway (Mudde, 2010). For each experiment, the attenuated X-ray 
beams were measured at the detector panel to construct a 2D intensity 
map of the field of view. The attenuation of X-ray beams follows the 
Lambert-Beer law:

𝐼 = 𝐼0 exp(−𝜇𝑑) (1)

where 𝐼0 and 𝐼 are the intensity of X-ray beams before and after pene-

trating loaded material of a thickness 𝑑, 𝜇 is the attenuation coefficient 
associated with the material properties. Theoretically, deviation from 
the correlation is expected, as X-rays are poly-chromatic. However, a 
calibration test shows that this deviation is minimal (see section 1 of 
the Supplementary Material for the calibration procedure).

The X-ray attenuation provides a map of the gas fraction. Consider-
3

ing the same solid material, the local normalized gas fraction, denoted 
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Fig. 3. Volume-based particle size distribution and cumulative distribution of 
the silica powder. Sauter mean diameter 𝐷32 is 7.9 μm. The inserted photos are 
the SEM images of the silica powder.

as 𝜀, is expressed as a line integral extending from the X-ray source to 
the specific pixel on the detector:

𝜀 =
𝑑𝑓 − 𝑑𝑚

𝑑𝑓
(2)

where 𝑑𝑓 and 𝑑𝑚 represent the solid length (i.e., the distance of the 
X-ray beam traveling through solids) of the full bed and measurement, 
respectively. As per Eq. (1), these solid lengths can be obtained by mea-

suring two reference intensity profiles:

𝑑𝑓 = 𝜇−1 ln (
𝐼𝑒𝑚𝑝𝑡𝑦

𝐼𝑓𝑢𝑙𝑙
)

𝑑𝑚 = 𝜇−1 ln (
𝐼𝑒𝑚𝑝𝑡𝑦

𝐼𝑚𝑒𝑎𝑠
)

(3)

where 𝐼empty is for an empty column, and 𝐼full is for a fully loaded col-

umn. 𝐼meas is for the measurement column. By employing a two-point 
calibration protocol with these two reference profiles of X-ray intensity, 
the gas fraction 𝜀 can be computed using the following expressions:

𝜀(𝐼𝑚𝑒𝑎𝑠) =
ln(𝐼𝑚𝑒𝑎𝑠 ∕ 𝐼full)
ln(𝐼empty ∕ 𝐼full)

(4)

Note that the range of 𝜀, as per the definition, lies between 0 and 1, 
standing for the close packing of the powder and pure gas, respectively. 
In order to obtain a reproducible full reference, the loaded powders 
were vibrated for 10min to approach a close packing state without the 
presence of stirrers. In the subsequent gas fraction maps, low attenua-

tion of X-rays is represented by deep blue colors, signifying low solid 
concentrations. On the other hand, high attenuation of X-rays is repre-

sented by red colors, denoting high solid concentrations. The projected 
area of both the stirrers and shaft consistently appearing in deep red, 
due to higher attenuation, have been excluded from the analysis.

Given a symmetrical configuration, the projections obtained from 
various angles are expected to be identical. Validation experiments were 
conducted by shooting X-ray simultaneously from three detector-source 
pairs, with each pair being evenly spaced by 120 degrees. The outcomes 
confirmed that the flow patterns are indeed symmetrical, and that a 
projection from a single angle is sufficiently representative (see section 
2 of the Supplementary Material for the validation experiments).

2.3. Powder properties

Commercially available Geldart C Silica powder (CWK Bad Köstritz) 
was employed in this study. Laser diffraction particle analyzer mea-

surements reveal a mono-peak size distribution, characterized by a 
Sauter mean diameter of 7.9 μm, as depicted in Fig. 3. The cohesive 
silica powder tends to form agglomerates upon close contact. The scan-
ning electron microscopy (SEM) images of the fresh powder confirm 
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the presence of intricately shaped primary agglomerates (see figures 
inserted in Fig. 3). The silica powder is porous, with a skeletal den-

sity of 1900 kg/m3. The theoretical minimum fluidization velocity 𝑈mf

is determined to be 0.002 cm∕s as per the Gidaspow correlation (Gi-

daspow et al., 1991). However, preliminary tests show channeling in 
the powder bed up to 7 cm∕s, making it impractical to determine the 
experimental 𝑈mf. The bulk density is 134 kg/m3, determined by fill-

ing a measuring column without consolidation. The dynamic angle of 
repose is measured to be 50°, using a rotating drum at 30 revolutions 
per minute. This angle indicates poor flowability according to the Carr 
classification (Beakawi Al-Hashemi and Baghabra Al-Amoudi, 2018).

2.4. Fluidization properties

To facilitate the evaluation of fluidization, the pressure drop across 
both the entire and lower section (8.5 cm above the distributor plate) of 
the fluidized powder bed was continuously monitored using two pres-

sure transducers. Pressure oscillations were recorded at a sampling rate 
of 1000Hz. Oscillations in the pressure time series are induced by the 
periodic rotation of stirrers and the bubbling events. Signal analysis is 
conducted in both time and frequency domains, as illustrated by time-

averaged and power-spectrum plots (van Ommen et al., 2011; Wu et al., 
2023a). Furthermore, for fluidization, dominant hydrodynamic events 
typically occur at frequencies below 10Hz (van Ommen et al., 2011).

For a 2D projection of the flow pattern, a bubble is defined as the 
area consisting of pixels where the gas fraction exceeds a threshold de-

termined from the surroundings. An in-house MATLAB code is used to 
identify the bubbles by adaptive thresholding (Bradley and Roth, 2007). 
The bubbling probability density is constructed:

𝑝𝑏(𝑥, 𝑦) =
1

𝑁Δ𝑡Δ𝑥Δ𝑦

𝑡0+Δ𝑡∑

𝑡=𝑡0

𝐹𝑏(𝑥, 𝑦, 𝑡) (5)

where 𝐹𝑏 is the bubble flag, which is equal to one for a bubble pixel 
and zero for an emulsion pixel. 𝑁Δ𝑡 is the number of X-ray imaging 
frames between 𝑡0 and 𝑡0 + Δ𝑡.

In addition, with the gas fraction 𝜀 obtained from the X-ray imaging, 
a time-averaged gas fraction profile 𝜀 can be computed as follows:

𝜀(𝑥, 𝑦) = 1
𝑁Δ𝑡

𝑡0+Δ𝑡∑

𝑡=𝑡0

𝜀(𝑥, 𝑦, 𝑡) (6)

2.5. Stirrer configurations

Various stirring parameters were investigated independently using a 
(comb-form configuration) modular design that allows decoupling de-

sign parameters and producing measurable effects. The modular design 
employs basic axial blade stirrers as building blocks, inspired by the 
work conducted by Kuipers et al. (1996), in which the authors inves-

tigated the impact of various axial stirrers on the fluidization of heavy 
potato starch (mean volume-based diameter around 50 μm). The dimen-

sions of the stirrer were adapted to suit the column in this study, and 
set to a diameter of 41mm, which considers a certain shaft wobble and 
results in a gap of 4.5mm between the blade tip and the column wall 
for each side. All stirrers were 3D-printed with Polylactic Acid-Polymer 
(PLA) material. An additional ring disc was affixed to the shaft to min-

imize the wobbling effect, located at 30 cm above the distributor plate, 
which is beyond the maximum bed height reached by the bed. Multi-

ple stirrers could be flexibly mounted and stacked with a separation of 
6mm between the neighboring stirrers, secured by two nuts. Example 
stirrers are depicted in Fig. 4.

2.6. Experimental design

To prepare for the experiments, the unfluidized powder was initially 
sieved through a 600 μm mesh to collapse any large, existing agglomer-
4

ates and ensure an equal state of initial aeration. For each experiment, a 
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Fig. 4. 3D-printed modular stirrers: (a) dimensions of the four-bladed modular 
design, (b) modular stirrers with different number of blades, and (c) an example 
of stacked stirrers.

Fig. 5. Operating procedures for the stirring fluidization experiments. 𝑈 =
3.1 cm∕s.

new batch of sieved powder of 21 g was loaded, constituting a static bed 
height 𝐻0 of approximately 10 cm (𝐻0∕𝐷 = 2). The performance of the 
stirrer design is evaluated from two different perspectives: the ability 
to initialize and sustain fluidization. The initialization phase concerns 
the stirrer configuration’s effectiveness in disrupting pre-existing bed 
structures, such as cracks and channels induced by the shaft placement 
and powder loading protocols, and initiating the aeration of particles. 
Conversely, the maintenance phase focuses on the stirrer’s capacity to 
sustain a consistent state of complete fluidization. The detailed operat-

ing protocols are listed in Fig. 5.

To comprehensively identify the influence of various stirrer config-

urations on fluidizing cohesive powder, a series of experiments was 
conducted under different conditions, including rotation speeds, num-

ber of blades, and stirrer arrangements. Other design variables, such as 
attachment angle of blades and length of blade, while important, are 
less contentious in designing and fall outside the scope of this study 
to determine the optimal stirrer dimensions or test every possible con-

figurations. The observed fluidization was compared to evaluate the 
significance of each parameter on flow behavior. The experiment con-

ditions tested are listed in Table 1. The fluidization observed in the 
highlighted experiment (conditions marked in bold in Table 1) serves 
as a reference for comparing the effects of various stirring conditions. 
Each experiment was conducted at least in duplicate to ensure reliabil-
ity and reproducibility of the results.
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Table 1

Experimental conditions investigated.

Stirring parameter* Value

Rotation speed [rpm], 𝑁 35; 70; 130; 160; 230

Number of blade [-], 𝐵 1; 2; 4; 6; 8

Number of stirrer [-], 𝑆 1; 2; 3; 6

* The conditions of the reference case are present in bold.

3. Results and discussion

A comparative study of the stirrers’ capability to initialize and sus-

tain effective fluidization is conducted concerning the key fluidization 
properties, such as flow pattern, solid distribution, bed expansion, and 
pressure drop. Based on the analysis, a set of criteria for stirrer design 
is proposed and then examined based on the improved stirrer configu-

rations.

3.1. Hydrodynamics of the unassisted and vibro-fluidized beds

For comparison purpose, unassisted and vibro-fluidization experi-

ments were carried out, with no stirrer present in the system. The 
fluidizing gas was introduced at the beginning in both experiments. 
For vibro-fluidization, the vibration was activated at 120 s. Notable 
differences in the flow patterns arise between the unassisted and vibro-

fluidization of cohesive powder. When subjected to dry nitrogen gas 
without vibration, micron-silica particles initially form a plug and the 
entire powder bed rises in the column. Subsequently, upon hitting the 
top plate, this plug collapses, causing the elevated powders to fall and 
settle on the distributor plate, resulting in a slightly dilated bed with 
disorganized internal cracks.

Fig. 6 shows the time-evolving flow patterns over a 540 s fluidiza-

tion with a superficial gas velocity 𝑈 = 3.1 cm∕s after the plug has 
collapsed, and the powder has settled. In absence of external assistance, 
the powders remain predominantly stationary, despite the presence of 
a fluidizing gas. Mechanical vibration is shown able to initiate fluidiza-

tion, resulting in significant bed expansion and bubbling. Nevertheless, 
stratification of the powder occurs rapidly, with two distinct flow re-

gions appearing over time, as depicted in Fig. 6b. Due to vibration, the 
bottom layer of powders progressively compacts against the distributor 
plate, causing a significant reduction in the gas fraction 𝜀 at normalized 
Y-position, 𝑌 ∕𝐷 = 1.0. In addition, the dilute phase in the top bed also 
decreases in depth and gas fraction, eventually leading to incomplete 
fluidization, showing poor sustainability. Similar fluidization behavior

has been observed in a larger vibrated column (Wu et al., 2023b).

3.2. Effect of rotation speed

To investigate the impact of rotation speed on fluidization, exper-

iments were conducted employing a configuration consisting of three 
stirrers, each with four radial blades (as displayed in Fig. 4c), operat-

ing at speeds of 35 rpm, 70 rpm, 130 rpm, 160 rpm and 230 rpm. The 
results reveal that varying rotation speed has distinct effects on the ini-

tialization of fluidization, as shown in Fig. 7.

For the beds initiated by stirring, it was observed that as the stirrer 
begins to rotate, the rotating blades disrupt and break up the pri-

mary packed structure within the sweeping region into fragments or 
agglomerates. These fragments subsequently become fluidized, travel-

ing towards the upper region of the bed. Simultaneously, the structure 
of packed particles located above the sweeping region descends and 
collapses layer by layer upon contact with the blades. A good represen-

tation of this phenomenon can be seen in Fig. 7a for 160 rpm at 120 s, 
where the bottom section of the bed is agitated by the sitter, yet a slug 
initially persists above it. Such a continuous process subsequently leads 
to the initial expansion of the bed, and causes a delay of at least 30 s
5

between the beginning of stirring and initiation of fluidization.
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Fig. 6. (a) Time-averaged flow patterns and (b) gas fraction profile in the unas-

sisted and vibro-fluidized beds. Each flow pattern is obtained by averaging 10 s
of frames at each time. Vibration starts at 120 s after the fluidization process 
begins. 𝑈 = 3.1 cm∕s; 𝑓 = 30Hz; 𝐴 = 1.0mm, 𝐷 = 5 cm, 𝐻0 = 10 cm.

Increasing rotation speed results in a more pronounced development 
of fluidization. The flow patterns presented in Fig. 7a demonstrate that 
a rotation speed of 35 rpm is insufficient to achieve a homogeneous flu-

idization state in the bed. The gas flow tends to concentrate towards the 
central region, where the shaft is located, indicating that the existing 
powder structure remains largely intact. Fig. 7b displays an overshoot 
of bed expansion at 130 rpm, reaching a peak approximately 60 s after 
the stirring begins. The results suggest the existence of a threshold ro-

tation speed required for initiating a fully developed fluidization state, 
which in this set-up was observed above 70 rpm, corresponding to a tip 
speed of 10.5 cm∕s. However, excessively high rotation speeds lead to 
the rapid displacement of particles, preventing them from entering the 
sweeping zone. This separation results in the formation of an air pocket 
- a stable, particle-free region around the stirrer stack - which greatly re-

duces the contacts between particles and stirrers, as shown at 180 s for 
160 rpm, therefore delaying the initialization of fluidization. At larger 
rotation speeds, such as 230 rpm, an air pocket forms and persists, and 
the primary bed structure remains largely untouched, since the blade 
rotates without impacting powder or inputting any mechanical energy. 
Consequently, the gas flow tends to bypass the central region around 
the shaft, continuously propelling particles to both sides and creating a 
funnel-like configuration at the top of the bed.

Additionally, the flow patterns show that, over time, particles tend 
to accumulate along the sidewalls of the column, resulting in reduced 
bed expansion. Although there are variations in the maximum expan-

sion levels, the bed expansion at all tested rotation speeds eventually 
converges to a similar 𝐻∕𝐻0 of approximately 1.5, with the exception 

of the bed at 160 rpm, which experienced delayed fluidization initia-
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Fig. 7. (a) Time-averaged flow patterns in stirred beds of varying rotation speed 
from 35 rpm to 230 rpm, and (b) the gas fraction at 540 s and (c) bed expansion 
profiles. Stirring starts at 120 s after the fluidization process begins. The flow 
pattern and profiles are obtained by averaging 10 s of frames at each selected 
time. Three stirrers of four blades are used. 𝑈 = 3.1 cm∕s, 𝐷 = 5 cm, 𝐻0 =
10 cm.

tion, as shown in Fig. 7c. This is consistent with the previously reported 
bed expansions for this powder in a vibro-fluidized bed (Kamphorst et 
al., 2024a). On the other hand, Fig. 7b displays that at rotation speeds of 
70 rpm and above, the beds exhibit similar gas fractions around 𝜀 = 0.5, 
despite the slight differences in bed expansion, suggesting the attain-

ment of comparable fluidization with each other.

3.3. Effect of number of blades

Increasing the number of blades makes the initialization of fluidiza-

tion more challenging. As depicted in Fig. 8a, a single-bladed stirrer 
6

leads to immediate collapse of the existing powder structure, resulting 
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Fig. 8. (a) Time-averaged flow patterns in stirred beds of varying number of 
blades from one to eight, and (b) the gas fraction at 540 s. Stirring starts at 
120 s after the fluidization process begins. The flow pattern and profiles are 
obtained by averaging 10 s of frames at each selected time. A stack of 3 stirrers 
is used, operating at 130 rpm. 𝑈 = 3.1 cm∕s, 𝐷 = 5 cm, 𝐻0 = 10 cm.

in rapid bed expansion. However, such a dilated state is not sustained, 
and the bed quickly contracts. In contrast, stirrers equipped with eight 
blades initially render an air pocket (as shown at 180 s), and gradually 
cause the bed to spout, with a substantial number of particles being 
directed towards the walls, which impairs the interphase contacts. Con-

sequently, instead of evolving into an effective fluidization state, the 
bed creates a pronounced preferential path for gas to bypass around the 
shaft in the central region.

According to Fig. 8b and Fig. 8c, configurations with double-bladed 
stirrers outperform others in terms of bed expansion and gas fraction. 
For the configurations with one and four blades, despite achieving ini-

tial fluidization, bed expansion begins to decline over time, eventually 
converging to a similar bed expansion, indicative of poor sustaining flu-

idization. Based on the flow patterns, an increased number of blades 
leads to more pronounced stratification in the gas-solid suspension, 
creating preferential gas pathways at the center and reduced particle 

dilation.
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Table 2

Disturbance frequencies tested.

Rotation speed, 𝑅 [rpm]

Blade number 
𝐵 [-]

Area blockage 
𝐴𝐵 [-]

35 70 130 160 230

1 15.97% - - 130 - -

2 18.97% - - 260 - -

4 24.98% 140 280 520 640 920

8 37.00% - - 1040 - -

However, increasing the number of blades at a fixed rotation speed 
has a twofold effect: it enhances the disturbance frequency (a product 
of the blade number and rotation speed), but also increases obstruction 
in the cross-sectional area for gas distribution. Fluidization behavior 
cannot be solely characterized by disturbance frequency, as detailed in 
Table 2. For instance, the configuration with two blades at 130 rpm and 
the configuration with four blades at 70 rpm yield comparable distur-

bance frequencies, yet the latter displays much inferior fluidization. The 
performance is influenced by both the absolute impact speed (e.g., tip 
speed) and the coverage of the cross-sectional area.

3.4. Effect of number of stirrers

To determine the influence of stirrer number on fluidization, exper-

iments were performed at a consistent rotation speed of 130 rpm, while 
varying the number of stirrers from one to six. Stacks of four-blade 
stirrers were used as the basic stirrer block. Increasing the number of 
stirrers occupies more space inside the powder bed, slightly elevating 
the static bed height, but also results in a decrease in bed expansion, as 
shown in Fig. 9.

With the use of more stirrers, a greater fraction of particles is swept 
across the bed. It is noteworthy that, with six stirrers, the sweep length 
approaches the static bed height. This increased effective stirring vol-

ume creates a taller compacted phase within the bed induced by the 
stirrer blades. Consequently, it promotes the formation of the central 
gas pathway. Fig. 9c shows a rapid decline in bed expansion after only 
120 s of stirring. The flow pattern is similar to the one obtained with an 
eight-blade configuration in Fig. 8a, where the preferential pathway al-

lows upward spouting of particles, eventually leading to a funnel-like 
bed surface. Conversely, fewer stirrers develop higher initial bed expan-

sion as well as sustaining a more homogeneous fluidization. The bed 
expansion ratios of the one and three stirrer configurations approach 
approximately the same value after 540 s, whereas the double-stirrer 
configuration demonstrates enhanced maintenance of effective bed flu-

idization. Single- and double-stirrer configurations were observed to 
initiate fluidization rapidly, resulting in a steadily homogeneous flu-

idization state. Overall, an increase in the number of stirrers has a 
tendency to lead to degraded and more inhomogeneous fluidization.

In several experiments, such as those combining one or three stir-
rers with four or eight blades, a persistent air pocket formed, remaining 
stable throughout the experiment and hindering the initiation of flu-

idization. It is noteworthy that the single-blade stirrer configuration did 
not result in the formation of an air pocket in any scenario. In particu-

lar, the flow pattern observed with a single stirrer configuration exhibits 
less particle accumulation on the walls. This phenomenon is potentially 
attributed to its asymmetric design, which facilitates more complex gas 
and bubbles distribution and encourages particle recirculation. There-

fore, it is likely that an asymmetrical stirrer design is advantageous for 
sustaining fluidization, while a suitable combination of sufficient tip 
speed and cross-section opening is crucial to disrupt existing structures 
in the bed, such as channels and air pockets, thereby initiating fluidiza-

tion. Furthermore, stirring the bottom region is of critical importance, 
as demonstrated by the experiment shown in Fig. 10, in which a two-

bladed stirrer positioned in the middle of the static bed was ineffective 
7

in initiating fluidization. Such a mid-level stirring only led to the forma-
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Fig. 9. Time-averaged flow patterns in stirred beds of varying number of stirrers 
from one to six, and (b) the gas fraction at 540 s. Stirring starts at 120 s after 
the fluidization process begins. The flow pattern and profiles are obtained by 
averaging 10 s of frames at each selected time. Four-bladed stirrers are used, 
operating at 130 rpm. 𝑈 = 3.1 cm∕s, 𝐷 = 5 cm, 𝐻0 = 10 cm.

Fig. 10. Time-averaged flow patterns in the stirred bed. The stirrer is posi-

tioned in the middle of the static bed (𝑌 = 5 cm). Stirring starts at 120 s after 
the fluidization process begins. The flow pattern and profiles are obtained by 
averaging 10 s of frames at each selected time. A two-bladed stirrer is used, 

operating at 130 rpm. 𝑈 = 3.1 cm∕s, 𝐷 = 5 cm, 𝐻0 = 10 cm.
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Fig. 11. Example flow behavior in a stirred bed with three double-bladed stirrers at 175 rpm: (a) Time-averaged flow patterns with indicative bubbles, and 
arrows suggesting the solid circulation routes, and streamlines showing the gas and bubbles routes; (b) the corresponding bubble probability density map; (c) the 
corresponding pressure series, measured over the entire bed and the bottom to 2/3𝑟𝑑 of initial bed height and (d) power spectrum. The flow pattern and profiles are 
obtained by averaging 10 s of frames at each selected time. 𝑈 = 3.1 cm∕s, 𝐷 = 5 cm, 𝐻 = 10 cm.
tion of an air pocket in the stirred area, aligning with the conclusions 
in Godard and Richardson (1969).

Additionally, brief episodes of vertical vibration (with an amplitude 
of 1mm and a frequency of 30Hz) have shown effective in initiating 
fluidization, preventing the formation of air pockets regardless of the 
stirrer configurations; however, it was discovered that vibration induces 
significant powder stratification within the bed, which depresses the 
maintenance of the fluidized state. Therefore, such a combination of 
stirring and vibration is not considered favorable (See section 3 of the 
Supplementary Material for the experimental results).

3.5. Advanced design of stirrer

The flow patterns observed show that most modular designs, fol-

lowing the shape shown in Fig. 4, are not capable of maintaining a 
highly expanded state. Overall, the modular stirrers exhibit a tendency 
to press the particles against the walls, inducing poor interphase con-

tact. For demonstration purpose, Fig. 11a and Fig. 11b illustrate various 
stages of flow patterns and the bubbling probability density of a stirred 
bed operating at 175 rpm with three stirrers of two blades, where this 
issue is particularly pronounced. The observed flow patterns show that, 
following the initial bed expansion, particles begin to accumulate along 
the walls and directly above the distributor plate in regions not reached 
by the stirrers. Subsequently, the particles form a stable structure that 
restricts gas flow, causing bubbles and gas to divert towards the bed 
central regions, as shown in Fig. 11a with added illustrated bubbles 
and streamlines for clearer understanding of the gas pathways. Mean-

while, bubble-free regions in close proximity to the sidewall continue to 
develop. Eventually, the particle structure becomes stable, without re-

circulation of solids in the side and bottom regions of the bed, forming 
an annular ring of the stagnant particle phase. In contrast, the gas flow 
and bubbles consistently travel the central region and spout particles 
upwards, creating a funnel-like surface at the top of the bed. Overall, 
the bed deteriorates into a radially stratified system characterized by 
8

insufficient interphase contacts.
0

In Fig. 11c and Fig. 11d, the time series of normalized pressure drops 
and their power spectra are displayed, respectively. The pressure drop 
of both the bottom section and the total bed sharply increases upon the 
initiation of the mechanical agitation at 120 s. In the subsequent 20 s, 
a decrease in the pressure drop in the bottom bed is noted, whereas 
the total pressure drop increases, indicating dilution of the bed and in-

ternal mixing. However, for the remaining duration of the experiment, 
the opposite was observed: the total pressure drop decreases, whereas 
it increases in the bottom section, suggesting a densification of the bed, 
specifically in the bottom section, as shown in Fig. 11a. Additionally, 
the power spectra of the pressure drop signals exhibit distinct peaks 
at the frequency of full stirrer rotation (𝑓 = 2.92Hz), and the dis-

turbance frequency linked with individual blades passing by the probe 
(𝑓 = 5.84Hz).

The witnessed fluidization behavior provides insight into several 
design criteria for improving stirrer configurations. Firstly, the stirrer 
design should aim to maximize the sweep area to ensure consistent mo-

bility of the powder, particularly in the bottom and wall regions of the 
bed. To corroborate this hypothesis, a modification to the stirrer is pro-

posed, designed to reactivate particles that have settled in these critical 
regions. Lowering the stirrers is not feasible, since the tip of the bottom 
shaft was already positioned close to the distributor plate, only 5mm
away. As an alternative, attaching a soft brush to the lowest stirrer en-

ables gently contacts with the plate and column walls, sweeping the 
deposited particles. Such a modification would facilitate in reciculating 
the powder into the fluidization process. A modular design consisting 
of three stirrers, each with four blades, served as the reference geom-

etry, and experiments were conducted at a rotation speed of 130 rpm. 
From this reference configuration, two variations of soft brush arrange-

ments were tested. The first design positions the soft brushes solely on 
the bottom surface of the lowest stirrer, and the second layout features 
soft brushes affixed to both the side and bottom of the lowest stirrer, 
allowing for the simultaneous sweeping of the wall and bottom areas 

above the distributor plate, as shown in Fig. 12.
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Fig. 12. (a) Time-averaged flow patterns and (b) gas fraction profile in the 
stirred beds with brushes attached. Stirring starts at 120 s after the fluidization 
process begins. Each flow pattern is obtained by averaging 10 s of frames at 
each time. 𝑈 = 3.1 cm∕s, 𝑁 = 130 rpm, 𝐷 = 5 cm, 𝐻0 = 10 cm.

An improvement in fluidization is discernible with the integration 
of soft brushes, as depicted in Fig. 12b. Both brush designs result in 
a similar initial bed expansion, and fluidization degradation is con-

siderably reduced with the brush implementation. The bed stabilized 
after 300 s, and maintained a consistent, homogeneous state of fluidiza-

tion. Compared to the experiments shown in Fig. 7, the flow patterns 
displayed a much more uniform fluidization across the entire bed. Fur-

thermore, the flow patterns revealed particle accumulation along the 
sidewalls, where brushes are absent, but notably, particles at the bed 
bottom are effectively recirculated in both scenarios, promoting sus-

tainable solid circulation. While the difference between the two brush 
designs is marginal, there is an improvement in terms of particle aera-

tion, as indicated by the increased gas fraction. In contrast, experiments 
with non-brush modular stirrers showed a continuous compaction of 
solids. The successful implementation of brushes, as proof of concept, 
highlights the importance of thoroughly sweeping the bottom region to 
ensure effective circulation of particles. It is worth noting that in large-

scale applications, the volume beneath the stirrers may only constitute 
a relatively small portion of the total powder load. Nonetheless, this 
region plays a crucial role in shaping the gas distribution, making it 
imperative to avoid any structured accumulation of particles.

In addition, the stirrer design should promote a more even distri-

bution of bubbles and gas throughout the bed, while also preserving as 
much of the cross-sectional area as possible. This approach enables high 
shear interactions between gas and solids and minimizes the likelihood 
of air pocket formation. In addition to the modular design analysis, 
various modifications and several advanced stirrer configurations were 
also explored, as a proof of concept. These are depicted in Fig. 13. 
The designs aim to fulfill the identified design criteria for enhanced 
fluidization performance by introducing both radial and axial distur-
9

bances. Specifically, three intricate configurations: the helical ribbon, 
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Fig. 13. Configurations of advanced stirrers (a) ribbon type stirrer (b) spiral 
type stirrer (c) rotary disc.

spiral ribbon, and double spiral ribbon stirrer, were tested. These stir-
rers maintain a height comparable to the stacked three-stirrer modular 
configurations, but feature a curved spine and ribbon geometry. This 
design is anticipated to lift particles, instead of pressing them to the 
sides. The spiral ribbon mixers modify the gas pathway with cone-

shaped rings positioned centrally, effectively redirecting gas streams 
and bubbles to create a more dynamic gas distribution. For consistency, 
all comparisons were also conducted at a rotation speed of 130 rpm, 
allowing for a direct comparison of their effectiveness in fluidization 
against the standard modular configurations.

The experimental results shown in Fig. 14 reveal that the ribbon stir-
rer falls short in promoting bed expansion or disrupting the existing bed 
structure. Despite the stirring, gas continues to bypass through the cen-

tral region, similar to the flow pattern obtained with the three-stirrer 
eight-blade configuration in Fig. 8, which is attributed to its relatively 
hollow and symmetrical configuration, coupled with gas blockage near 
the edges. In contrast, the use of a single spiral stirrer is able to trigger 
an initial bed expansion, while the particles quickly begin to accumu-

late, clearly visible along the cone edges. The results indicate that the 
single spiral stirrer converges gas streams at the tip of its cone, leading 
to a stable state with a slightly higher gas fraction of 0.5, compared to 
the ribbon stirrers, in which the gas fraction remains at 0.4. In an effort 
to redistribute gas flow, a configuration featuring two opposing spiral 
stirrers mounted in an inverted arrangement was tested. This configu-

ration is anticipated to redistribute the merged gas flow from the tip of 
the lower spiral stirrer. The flow patterns reveal that such a configura-

tion rapidly initiated bed expansion, and the top region was fluidized 
with a more uniform distribution of gas and bubbles, thereby maintain-

ing a high level of bed expansion. Despite some particles settling from 
the gap between the stirrer edge and column wall, the enhanced dis-

tribution results in less particle accumulation along the sidewalls. The 
fluidization achieved with this configuration remains stable over time, 
exhibiting a significant dilated bed with a gas fraction 𝜀 exceeding 0.7.

Lastly, the influence of cross-sectional area openings on fluidization 
was investigated using different arrangements of rotary discs. The de-

signs feature three triangular-shaped openings, as shown in Fig. 13c. 
Both aligned and alternating arrangements were assessed, accounting 
for 50% and 100% of cross-sectional area obstruction, respectively. In 
the case of the 100% obstruction arrangement, the gas is unable to pass 
axially through the column, but navigates tortuously through the gaps 
between adjacent stirrers.

Fig. 15 illustrates the effect of stirrer-induced cross-sectional area 
blockage on fluidization behavior. Fluidization becomes increasingly 
challenging, as the level of obstruction increases. Beds stirred by rotary 
discs in both the aligned and alternating arrangements are incapable of 
achieving a homogeneous state of fluidization. The aligned configura-

tion is able to trigger initial bed expansion, but instead of improving 
fluidization by redistributing gas flow, fluidization rapidly deteriorates 
as particles accumulate along the sides, resulting in a spouting state. 
The half-opening configuration, designed to continuously redirect gas 
streams through the available openings, also shows it is ineffective 
in assisting fluidization. In contrast, the alternating arrangement faces 
greater challenges in initiating fluidization. Air pockets remain preva-

lent throughout the fluidization process, leading to a significant spouted 

bed state, as shown in Fig. 15b. This comparison suggests that the tor-
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Fig. 14. (a) Time-averaged flow patterns and (b) gas fraction profile in the 
unassisted and vibro-fluidized beds. Each flow pattern is obtained by averaging 
10 s of frames at each time. Stirring starts at 120 s after the fluidization process 
begins. 𝑈 = 3.1 cm∕s, 𝑁 = 130 rpm, 𝐷 = 5 cm, 𝐻0 = 10 cm.

tuous gas pathways created in this setup are detrimental to initiating 
fluidization. These findings align with the observations of increased 
blockage when the number of blades is increased, as previously shown 
in Fig. 8.

The conducted experiments showcase that the proposed design crite-

ria for stirrers are promising. Notable improvements were observed in 
both bed expansion and sustained aeration in comparison to modular 
designs. However, practical applications present additional concerns. 
Scaling up stirrers is not trivial and can be approached either through 
employing multiple stirrers in specific areas or a single, larger-sized stir-
rer. Therefore, replicating these experiments in a larger column would 
yield valuable insights.

In addition to stirrer configurations, the observed flow patterns re-

veal that the presence of the shaft throughout the bed is problematic. 
Its substantial size (10% of the bed diameter) is promoting a prefer-

ential pathway for gas-bypass. It might be preferable to introduce the 
shaft from the bottom of the bed, thereby avoiding the formation of a 
10

central gas pathway. Nevertheless, such a negative effect is anticipated 
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Fig. 15. (a) Time-averaged flow patterns and (b) gas fraction profile in the bed 
with different cross-section blockage. Each flow pattern is obtained by aver-

aging 10 s of frames at each time. Stirring starts at 120 s after the fluidization 
process begins. 𝑈 = 3.1 cm∕s, 𝑁 = 130 rpm, 𝐷 = 5 cm, 𝐻0 = 10 cm.

to diminish if a larger bed diameter is employed, which would propor-

tionally reduce the relative size of the shaft.

Moreover, achieving a balance between the blade length and vol-

ume swept by the blades is crucial. An excessively long blade could 
continuously press particles towards the bed boundaries, leading to in-

efficient mixing and potential compaction. In contrast, a blade that is 
too short may be inadequate for effectively sweeping the powder bed 
and initiating fluidization.

4. Conclusions

Stirring assistance has been shown to be an effective method for ini-

tiating fluidization by collapsing the existing bed structure, expanding 
the bed, and converting a channeling bed into a bubbling one by re-

activating settled particles. The fluidization of cohesive micron-silica 
powders is heavily influenced by the stirring conditions and the config-

uration of the stirrer. Designs with comb-configuration featuring fewer 
stirrers and blades, particularly when positioned in the bottom region of 
the bed, are more effective than those with a larger number of stirrers 
and blades in both initiating and sustaining fluidization. It has been 
observed that an increased number of stirrers tends to sweep more 
particles towards the column walls, resulting in a compacted layer of 
stagnant solids. This layer restricts the effective cross-sectional area, 
and redirects gas and bubbles towards a central pathway alongside 
the shaft. Besides, stirring agitation should be sufficiently vigorous to 
disrupt the internal structure of the bed, while excessive stirring can 
prevent particles from entering the stirring zone and quickly push them 
towards the sides, causing poor contact between the stirrer and the par-
ticles.
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The analysis of flow patterns highlights that the compacted phase 
of solids is detrimental to effective fluidization. It is essential to ei-

ther prevent the formation of stagnant zones or reactivate settled solids 
to sustain a fluidized state. Consequently, it is advisable to maximize 
sweep coverage to reduce stagnant areas and prevent compaction and 
deposition of solids. In addition, implementing more intricate designs, 
especially those that are asymmetrical, can facilitate the redistribution 
of gas and bubbles, and thereby promoting solid circulation. The config-

urations should also preserve an adequate opening in the cross-sectional 
area and avoid creating tortuous gas pathways. To formulate a more 
quantitative assessment, future research can focus on measuring the 
torque exerted by the stirrer on the system. This measure could serve as 
an additional indicator for optimizing stirrer configurations, potentially 
correlating it with the minimum mechanical energy input necessary to 
initiate and sustain an effective fluidization state. Moreover, to further 
understand radial and axial mixing within this system, particle tracking 
techniques could be employed.
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