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Abstract

In this study, we investigate the correlation between fluidization behavior and flow

properties of 10 commercially available cohesive powders through fluidization and

rotating drum experiments. The rotating drum was operated at high speeds to aerate

the powder, creating flow fields and stress conditions comparable to those in gas–

solid fluidized beds. We introduce a fluidization quality index (FQI) computed from X-

ray imaging, which addresses the limitations of conventional analyses for assessing

fluidization quality of cohesive powders. By analyzing flow patterns, the FQI inte-

grates gas holdup and its temporal variation, providing a reliable measure of fluidiza-

tion quality. The findings establish a positive correlation between flowability and

fluidization quality, demonstrating how flowability measurements can predict the

effectiveness of mechanical vibration in enhancing fluidization characteristics. These

results suggest that fast, user-friendly flowability assessments in a rotating drum can

effectively predict fluidization potential, contributing to process optimization and

advancing fluidization studies for cohesive powders.

K E YWORD S

fluidized bed, Geldart C, powder flow, rotating drum, X-ray imaging

1 | INTRODUCTION

Solid particles are used in fields including catalysis, pharmaceutical,

chemical, and environmental industries. In recent years, a gradual shift

has taken place towards the use of powders with smaller particle sizes

due to the beneficial properties of their high surface-to-volume ratio,

for example, in the fields of medicine,1 catalysis,2 and composite

development.3 Therefore, handling such solids is becoming a more

important component of many industrial processes. The smaller parti-

cle sizes introduce complications, however, as the attractive van der

Waals forces start dominating over other forces at smaller particle

sizes, making the powders cohesive and impeding flow and aeration.4

Challenges associated with this cohesiveness limit the applicability of

conventional processing methods like gas–solid fluidization.

Gas–solid fluidization is realized by passing a gas upward through

a bed of settled particles to suspend them in a fluid-like state, which

results in homogeneous solids mixing and efficient heat and mass

transfer between the two phases.5 In the context of fluidization, sev-

eral classification systems exist in which cohesiveness plays an essen-

tial role, most prominently the Geldart classification and Bond

number.6 The use of the Geldart classification is widespread in partic-

ular, as its prediction of fluidization behavior is solely based on particle
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size and density, which are typically easy to obtain.7 Generally, coarse

powders, such as Geldart group A and B, can be well fluidized. Cohe-

sive powders, such as Geldart group A/C and C; however, tend to

form agglomerates such that, upon fluidization, both primary particles

and particle agglomerates are present in the bed, while the fundamen-

tal description of agglomerate formation and breakup—either it is

force or energy based—is largely debatable, making it challenging to

predict fluidization behavior.6 Additionally, agglomerates are fragile by

nature, making it difficult to assess their properties.8 Associated with

this complexity, Geldart group A/C powders within the Geldart classi-

fication, which are typically recognized as cohesive (or mildly cohe-

sive), have been observed to occasionally form agglomerates as

well.9,10 It should also be pointed out that the boundary between type

A and C powders is poorly defined, in part due to the fact that density

and primary particle size are not the sole parameters determining

powder behavior.

Adding to the complexity of predicting fluidization behavior based

on particle properties is that cohesive powders typically do not fluidize

upon utilizing unassisted fluidization techniques, showing channeling

and plugging instead.7 The latter challenges the design and operation of

conventional fluidized beds of cohesive powders, thereby limiting prac-

tical applications. Over time, methods have been developed that aid

the fluidization of cohesive powders by introducing an additional

source of energy to the bed that disrupts channeling.11 These assis-

tance methods include mechanical stirring,12,13 gas pulsation,14,15

acoustic waves,16,17 and mechanical vibration.18,19 In particular,

mechanical vibration has been recognized as an effective method of

aiding the fluidization behavior of cohesive powders and, therefore,

readily finds practical applications. However, despite the significant

progress in aiding the fluidization of cohesive powders, there is still a

missing ability to predict whether a particular fine powder will be fluid-

ized with or without the implementation of an assistance method, and

which assistance method is optimal and effective remains a challenging

task. Moreover, carrying out fluidization experiments is time-consuming

and requires substantial infrastructure to regulate gas supply and

ensure safe gas outlet handling, particularly when dealing with fine par-

ticles that are highly prone to entrainment. For practical applications,

direct visualization of fluidization behavior is challenging. Therefore, the

assessment largely relies on indirect measurements, such as pressure

drop and bed expansion. Furthermore, the observed phenomena can

be scale-dependent and are susceptible to initial conditions, which are,

in turn, influenced by user-dependent factors. Consequently, there is a

pressing need for fast, user-friendly, and user-independent powder

flow testing methods.

For cohesive powder, the degree of cohesion significantly affects

flowability, therefore, a wide array of powder flow testing methods

has been developed to characterize the flow properties of

powders.20–24 For mildly cohesive powders, quantitative indicators,

including angle of repose,25 angle of avalanche,26 powder discharge

flow,27 torques in aerated powder bed,28 were measured to assist the

interpretation of powder cohesion. For adequate characterization in

relation to a unit operation, the flow field and stress state of the pow-

der should be comparable in the powder flow tester and the

respective unit operation.21,29 In a fluidized bed, the powder bed can

be considered to be in a highly dispersed and low consolidation state.

Rotating drums have been widely used to characterize the flowability

of powders in the dynamic flowing regime in a state of low

consolidation.26,30–34 The rotating drum powder characterization

instrument comprises a cylinder typically half-filled with powder that

is rotated around its axis at desired rotation speed. Interestingly, sev-

eral studies have shown that a cohesive powder bed can transition

from a quasi-periodic avalanche mode to a fluidized mode as the rota-

tion speed increases.35–39 At low speeds, the powders initially

undergo periodic avalanches. These avalanches result in mixing with

the surrounding gas, which can lead to partial fluidization by entrain-

ing gas. As the rotation speed increases, the time it takes for the

entrained gas to be evacuated becomes comparable to the interval

between avalanches. This leads to the establishment of a permanent

fluidized region.36 The presence of this fluidized region is evident

from the expansion of the bed and the flattened free surface, which

exhibits fluid-like behavior similar to that observed in a fluidized bed.

It remains, however, unclear to what extent the flow behavior

observed in a rotating drum can be linked to the fluidization

behavior in unassisted and assisted fluidized beds.

In this work, we study the fluidization and flow properties of a

range of commercially available cohesive powders with the objective of

finding to what extent they are correlated. In the first part of the pre-

sent work, the flowability properties are studied by employing a rotat-

ing drum powder flow analysis instrument. By performing

measurements at different drum rotation speeds, we elucidate how the

flow behavior of the various powders is influenced by the rotation

speed. The second part of the present work presents an analysis of the

fluidization properties in the absence and presence of mechanical vibra-

tion. We show that conventional methods to monitor the fluidization

quality, namely total pressure drop and bed height, have significant

shortcomings for cohesive powders. Instead, we argue that the directly

observed flow pattern better represents the fluidization quality, and

therefore, an advanced method that quantifies the fluidization quality

based on the observed flow pattern is introduced in this work. The final

part of this work consists of a detailed cross-comparison of the flow

and fluidization properties to assess their inherent correlation. We

argue that a good correlation implies that data obtained through flow-

ability studies in a user-friendly rotating drum instrument could quickly

and reliably indicate whether a certain cohesive powder is likely to be

fluidized, with or without the implementation of an assistance method.

Such insights hold promise for enhancing fluidization studies by provid-

ing a more efficient and reliable means of predicting powder fluidization

behavior, thereby potentially optimizing fluidization processes.

2 | METHODOLOGY

2.1 | Materials

Ten commercially available materials were evaluated for their flow-

ability and fluidization behavior. These materials included polystyrene,
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egg white, bentonite, silica, lactose, four types of starches, and sorbi-

tol. Sorbitol, a non-cohesive poly alcohol, was chosen as a reference

material due to its excellent flowability. The particle size and morphol-

ogy of the powders were analyzed using a particle size analyzer and

scanning electron microscopy, respectively. The physical properties of

the materials are summarized in Table 1 and will be further discussed

in the following paragraphs.

The particle size distribution was measured using the Malvern

3000 particle size analyzer, equipped with a dry powder module and

high-energy stainless steel venturi tube. Measurements were taken in

an obscure range of 0.5%–8.0%. The volume-based particle size distri-

butions of the materials are represented in Figure 1 by depicting respec-

tive dv10, dv50, and dv90 values. It can be observed that the dv50 ranges

from 5.0 (Lactose) to 190μm (Sorbitol), illustrating a significant spread

in particle size across the materials studied. Based on their median

(dv50), volume-weighted mean (d4,3), and area-weighted mean particle

size (d3,2), all powders can be classified as Geldart C type, except sor-

bitol, which is classified as a Geldart A type. However, as commonly

encountered in real applications, the powders consist of a collection

of particles that display a distribution in particle sizes. The width of

the particle size distribution is quantified by computing the span as

dv90�dv10=dv50ð Þ. It can be observed that corn starch, tapioca starch,

and polystyrene have a small span value, indicating a narrow particle

size distribution. On the contrary, modified corn starch, bentonite,

and egg white have a large span value, representing a wide particle

size distribution.

The morphology of the powders was analyzed employing a JEOL

JSM 7500F field emission scanning electron microscope with an

acceleration voltage of 5 kV. The imaging was performed at magnifi-

cations between 100 and 1000. Before imaging, the samples were

sputter-coated with gold to reduce sample charging and improve the

image quality using a JEOL JFC-1300 auto fine coater in automatic

mode for a gold sputtering duration of 30 s. Typical acquired scanning

electron microscope images of the powders are depicted in Figure 2.

In agreement with the measured particle size shown in Figure 1, it

can be observed that the powders display a significant spread in particle

sizes (see Figure S1 for particle size distribution in the Supplementary

Material S1). Moreover, notable differences are observed considering the

morphology of the particles. On the one hand, potato starch, polystyrene,

egg white, tapioca starch, and corn starch display a spherical shape with

relatively smooth surfaces. On the other hand, sorbitol, modified corn

starch, bentonite, silica, and lactose are characterized by an angular shape.

2.2 | Flowability experiments

2.2.1 | Rotating drum setup

The flowability of the materials was analyzed using the GranuDrum®

rotating drum instrument.33 This automated powder flowability analysis

instrument is designed to characterize the flowability of materials in the

dynamic flowing regime. The GranuDrum® comprises a rotating drum cyl-

inder, an LED panel inducing contrast between powder and air, and a digi-

tal camera (5MPMonochrome CMOS). These components are positioned

TABLE 1 Physical properties of the
powders used in this study.

Powder d4,3
a (μm) d3,2

b (μm) Spanc (�) Shape Geldart group7

Sorbitol 201.0 74.5 1.75 Angular A

Potato starch 45.5 36.1 1.23 Spherical C

Modified corn starch 42.3 19.4 1.98 Angular C

Polystyrene 40.6 40.4 0.21 Spherical C

Bentonite 29.8 10.3 2.49 Angular C

Egg white 28.9 9.6 2.50 Spherical C

Corn starch 14.7 13.2 0.89 Spherical C

Tapioca starch 14.6 13.0 0.91 Spherical C

Silica 6.6 4.1 2.05 Angular C

Lactose 5.1 2.1 1.84 Angular C

aVolume-weighted mean particle size.
bArea-weighted mean particle size.
c Span¼ dv90�dv10=dv50ð Þ.

F IGURE 1 Volume-based particle size distribution of the powders

included in this study.
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within a case to maintain consistent light conditions, as illustrated in

Figure 3. The drum cylinder is made of stainless steel with sidewalls of

transparent coated glass to allow visualization of the powder bed. The

drum has an inner diameter of 84 mm and a depth of 20 mm, corre-

sponding to a total volume of 110 mL. The depth of the drum significantly

exceeds 6.4 times the mean particle radius (r) of all powders, such that

front and back wall friction effects on the flow characteristics are miti-

gated according to Jain et al.40 The instrument was connected to a com-

puter for operation and image acquisition. The environmental

temperature was maintained at 20�C, with humidity in a range of

30%–50%.

2.2.2 | Image acquisition and analysis

For each experiment, a volume of 55 cm3 of the designated material

was loaded in the drum cylinder, resulting in a 50% fill level. The drum

was then placed in the instrument and rotated around its horizontal

axis at rotation speeds of 5, 10, 30, and 60 RPM. The rotation speed

was varied to elucidate how bed expansion, as the result of high angu-

lar velocities, influenced the flowability of the materials. At each rota-

tion speed, the digital camera acquired a snapshot every 600 ms for a

duration of 60 s, giving a total of 100 images. The camera was oper-

ated at a shutter speed of 0.85 ms to capture the bed dynamics at

high rotation speeds accurately.

The acquired images were processed through a digital image anal-

ysis workflow introduced by Neveu et al.,34 illustrated in Figure 4. For

each image, the interface between the powder and air in the raw

image (Figure 4a) was detected by an edge detection algorithm

(Figure 4b). Subsequently, the detected powder surface is extracted

(Figure 4c). This procedure is executed for all the images acquired dur-

ing a measurement. From the extracted powder surface positions, a

mean powder surface position and standard deviation are computed

(Figure 4d) through Equation (1)34:

σ xð Þ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPNy xð Þ

i¼1 y xð Þ�yi xð Þð Þ2
Ny xð Þ

s
, ð1Þ

F IGURE 2 Scanning electron microscope images of the powders. It should be noted that images are acquired at magnifications between
100 and 1000. Therefore, the lengths of the scale bars presented in the respective images differ.

F IGURE 3 Schematic representation of the rotating drum setup. The GranuDrum® instrument consists of a rotating drum, digital camera, and

LED panel. The instrument is connected to a computer for operation and image acquisition.

4 of 16 VAN DER SANDE ET AL.
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where σ xð Þ is the standard deviation, Ny xð Þ the number of images, y xð Þ
the mean surface position, and yi xð Þ is the surface position for image i.

The standard deviation of the surface position represents the tempo-

ral fluctuations of the powder surface and is correlated to the cohe-

sive index (CI), a quantitative interpretable powder flowability

descriptor, as:

CI¼ 1
Dcrop

X
x
σ xð Þ, ð2Þ

where Dcrop is the diameter of the cropped image.41,42 The

CI is related to powder flowability as depicted in Table 2. A low CI

value, representing low temporal fluctuations of the powder surface,

corresponds to excellent flowability, while a high CI value, represent-

ing significant temporal fluctuations of the powder surface, corre-

sponds to poor flowability.42

2.3 | Fluidization experiments

Many challenges are associated with fluidizing cohesive powders,

such as agglomeration, channeling, and plugging.7 In this study,

mechanical vertical vibration is employed as an assistance method to

initiate or improve the fluidization of the powders. The influence of

vertical vibration on the fluidization behavior of the powders was sys-

tematically assessed by evaluating the pressure drop, bed height, flow

pattern, and gas holdup without mechanical vibration (referred to as

unassisted fluidization) and with vertical vibration employed (referred

to as vibro-assisted fluidization).

2.3.1 | Fluidized bed column

A laboratory-scale fluidized bed setup was used to assess the fluidiza-

tion behavior of the powders. The fluidized bed column was

comprised of a 50 mm inner-diameter perspex cylinder with a length

of 400 mm coupled to a plenum-chamber beneath using a 3 mm thick

sintered stainless steel distributor plate to allow even gas distribution.

The distributor plate was cleaned using an ultrasound bath before

use. For each experiment, a volume of 200 cm3 of fresh powder was

gently dosed and loaded into the column, corresponding to an initial

bed height of 10 cm. This procedure was consistently followed to

ensure comparable initial conditions for all experiments. An expansion

breakout box was installed atop the column to recycle entrained pow-

der. The gas vent was directed through a wash bottle and solids HEPA

filter to collect escaped particles before releasing the fluidizing gas

into the atmosphere. Compressed air, dried and filtered to remove oil

and dust, was directed into the column through a mass flow controller

(Bronkhorst F-202AV). The flow rate was set to achieve a superficial

gas velocity of 6 cm s�1 at 20�C. This velocity is sufficiently high to

fully fluidize Sorbitol powder, which has the highest theoretical mini-

mum fluidization velocity (Umf) among the powders studied. The col-

umn was mounted on a vibration table to facilitate vibro-assisted

fluidization with vertical oscillation. In this study, the vibro-assisted flu-

idization experiments were performed through vertical vibration with a

frequency of 30 Hz and an amplitude of 1 mm. This condition has been

shown to effectively enhance fluidization of cohesive powders.18

F IGURE 4 Image processing workflow to compute the cohesive index.

TABLE 2 Classification of powder flowability based on the
cohesive index.42

Flowability Cohesive index

Excellent <5

Good ≤5 < CI < 10

Fair ≤10 < CI < 20

Passable ≤20 < CI < 30

Poor ≤30 < CI < 40

Very poor ≤40 < CI < 50

Very, very poor ≥50

Abbreviation: CI, cohesive index.
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2.3.2 | X-ray imaging method

The fluidization behavior of the various powders was experimentally

assessed using an in-house fast X-ray imaging setup. X-ray imaging is a

non-invasive imaging method that allows visualization of opaque multi-

phase flows. Through X-ray imaging, a 2D projection of the 3D gas

holdup in the fluidized bed was captured. The X-ray setup consists of a

standard industrial-type X-ray source (Yxlon International GmbH) with a

maximum energy of 150 keV working in cone beam mode and a 2D

detector (Teledyne Dalsa Xineos) with a theoretical spatial resolution of

0.15 mm placed opposite of the source. To ensure a safe working envi-

ronment, the setup was controlled from a workstation located outside

the setup room during the measurements. X-ray images were acquired

at a sampling rate of 50 Hz over a measurement period of 120 s, equat-

ing to the acquisition of 6000 images per experiment. The obtained

data were then stored for subsequent digital image analysis.

Each acquired image is a time-resolved projected 2D intensity map

of the fluidized bed. A two-point calibration protocol was performed to

compute a gas holdup from the measurement intensity. This requires

two reference images: an image of the empty column and an image of

the full column. The X-ray measurement principle is based on the atten-

uation of X-rays traveling in a straight line from an X-ray source to a

detector while passing through matter. The transmission of a mono-

chromatic beam of high-energy photons with initial intensity I0 through

matter of constant density is described by the Lambert–Beer law:

I zð Þ¼ I0 exp �μzð Þ: ð3Þ

Here, I zð Þ denotes the intensity measured at the detector, μ is the

attenuation coefficient, and z is the material thickness. In cases of

varying attenuation, the measured intensity is the integral effect

of local attenuation with the local attenuation coefficient. By applying

the Lambert–Beer law, the measurement gas holdup map was derived

from the measurement intensity map using the empty and full refer-

ence as depicted in Figure 5. The normalized gas holdup εg was calcu-

lated as follows:

εg ¼ ln Imeasurement=Ifullð Þ
ln Iempty=Ifullð Þ : ð4Þ

It should be noted that the normalized gas holdup in this study

ranges from 0 to 1, where 1 represents pure gas and 0 dense packing

of solids. Warm colors in the gas holdup map correspond to low X-ray

attenuation, indicating high gas concentrations. In contrast, cold colors

represent high X-ray attenuation, indicating low gas concentrations. A

detailed validation of the method is presented in the work by Wu

et al.13

2.3.3 | Fluidization quality index

The acquired X-ray images provide a qualitative description of the flu-

idization behavior. To allow a direct quantitative comparison to the

quantitative CI, we developed a method to quantify the fluidization

quality based on the acquired X-ray images. With the gas holdup ε

derived from X-ray imaging, a time-averaged gas holdup profile εg can

be calculated as follows:

εg x,yð Þ¼ 1
NΔt

Xt0þΔt

t¼t0

εg x,y,tð Þ, ð5Þ

where NΔt is the number of X-ray imaging frames between t0 and

t0þΔt, x is the horizontal pixel position, and y is the vertical pixel

position.

Moreover, the standard deviation of the gas holdup serves as an

indicator of the flow pattern's variability over time. This metric allows

for the assessment of how dynamic the system is, providing valuable

F IGURE 5 X-ray imaging analysis of the fluidized bed
hydrodynamics: Schematic representation of the experimental setup
(left), a two-point calibration procedure is employed to convert the
intensity map to a gas holdup map (right).

6 of 16 VAN DER SANDE ET AL.

 15475905, 0, D
ow

nloaded from
 https://aiche.onlinelibrary.w

iley.com
/doi/10.1002/aic.18706 by T

u D
elft, W

iley O
nline L

ibrary on [23/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



insights into the flow patterns. For each pixel position x,yð Þ the time-

based standard deviation of the gas holdup σ is computed as:

σ x,yð Þ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPt0þΔt

t¼t0
εg x,y,tð Þ�εg x,yð Þ½ �2
NΔt�1

s
: ð6Þ

A low σ represents regions with less or no bubbling or other

changes in density. On the contrary, regions with frequent bubbles

and solid motion give rise to a large σ. Therefore, σ can be considered

a quantitative indication of the system variability within a time

interval.

Either the time-averaged gas holdup or its standard deviation

solely cannot provide a fair quantitative description of the fluidiza-

tion behavior. For instance, a channeling bed and a very homoge-

neously fluidized bed can exhibit similarly low standard deviation

values. Furthermore, a bed of fine powder can have a loosely packed

state with a high time-averaged gas holdup, yet is not possible to be

fluidized. Therefore, incorporating both, we propose a quantitative

description of the fluidization behavior that is the product of the

time-averaged gas holdup and the temporal standard deviation of

the domain-averaged gas holdup:

FQI¼ 1
NxNy

XNx

x¼1

XNy

y¼1

εg x,yð Þ�σ x,yð Þ½ �: ð7Þ

2.3.4 | Pressure analysis

Pressure drop measurements are commonly carried out in order to

monitor and evaluate the fluidization quality. To assess the fluidiza-

tion quality, the pressure drop across the powder bed was moni-

tored with an OMEGA PX409-10WG5V differential pressure

transducer. The gas pressure was probed at two positions: one

located in the bed flange, �6 mm above the distributor plate, and

the other at the gas outlet of the bed. The pressure measurements

were synchronized with the X-ray imaging system to ensure simul-

taneous data acquisition. The pressure drop was sampled at

1000 Hz, with a measurement error of 2% of the full scale

(14 mbar), as specified by the manufacturer. The pressure drop

across the bed was then obtained as the difference between the

pressure measured at these two taps.

The evaluation of fluidization quality relies on the time-averaged

pressure drop and the standard deviation of the pressure drop. The

acquired pressure values ΔPð Þ were divided by the static pressure

exerted by the powder, ΔP0ð Þ, to yield a normalized pressure drop, a

commonly used indicator of fluidization quality. Values of the normal-

ized pressure drop correspond to the fraction of powder that is being

fluidized.

ΔP0 ¼mg
A

, ð8Þ

where A is the column cross-sectional area, m is the mass of the pow-

der and g is the gravitational acceleration.

2.3.5 | Bed expansion

The time-averaged bed height H is measured according to time-aver-

aged gas fraction profiles obtained from X-ray imaging. The bed sur-

face is identified based on the time-averaged series of radial-averaged

gas fraction εg,y :

εg,y yð Þ¼ 1
NxNΔt

Xt0þΔt

t¼t0

XN
x¼1

εg x,y,tð Þ, ð9Þ

where NΔt is the number of X-ray imaging frames between t0 and

t0þΔt, Nx is the number of pixel over the horizontal line at height y.

The time-averaged bed height H is determined to height y where εg,y ,

counting from the freeboard to the bottom, first falls below 0.9. The

bed expansion ratio H=H0 is determined as the ratio of the time-aver-

aged bed height H over the initial bed height H0.

3 | RESULTS AND DISCUSSION

3.1 | Flow properties

3.1.1 | Flow pattern

The powder flowability was analyzed using the GranuDrum® rotating

drum instrument for a range of rotation speeds varying from 5 to

60 RPM. Figure 6 depicts typical snapshots of the granular flow

behavior for a rotation speed of 5, 10, 30, and 60 RPM. Notably, for

free-flowing powders, such as sorbitol, the observed flow behavior is

intrinsically linked to the drum rotation speed. As mentioned earlier,

free-flowing powders transit through six flow modes upon an increas-

ing rotation speed: slipping, slumping, rolling, cascading, and finally

centrifuging.43

This behavior can be observed for sorbitol, which is free-flowing

and non-cohesive, and depicts a flat surface at a rotation speed of

5 RPM, while cascading motion, characterized by an S-shape

surface,44 is observed when inertial effects become more pronounced

at a rotation speed of 60 RPM. For all other powders, however, the

cohesive nature gives rise to a more complex flow structure, as

already observed by Rietema.35 At a rotation speed of 5 RPM, the

cohesive powders show intermittent quasiperiodic avalanches of

lumps. The bed is characterized by large values of the dynamic angle

of repose and rough powder surfaces due to the formation of lumps.

On the contrary, at a rotation speed of 60 RPM, four different

types of behavior can be distinguished. The first behavior is cascading

motion, characterized by an S-shape powder surface. As mentioned

earlier, this behavior is typical for free-flowing powders when exposed

to elevated rotation speeds, such as sorbitol in this study. The second

type of flow behavior is associated with intermittent quasiperiodic

avalanches, which is similar to the behavior most (mildly) cohesive

powders display at low rotation speeds. This behavior is observed for

the powders polystyrene, tapioca starch, and lactose, which continue

to show intermittent quasiperiodic avalanche flow behavior similar to

VAN DER SANDE ET AL. 7 of 16
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their respective 5 RPM behavior. A third type of flow behavior is dis-

tinguishable from its 5 RPM counterpart by a flattened, aerated pow-

der bed, as ambient gas is entrained in the bulk due to the fast mixing.

This results in an expanded state in which the free surface flattens.37

Due to the aeration, the flowability of these powders is significantly

improved. From Figure 6, it becomes evident that the powders modi-

fied corn starch, bentonite, and silica show this type of behavior. The

observation that a bed of these powders is prone to become aerated

is promising when considering their fluidization potential. Finally, the

last type of behavior is associated with powder adherence to the walls

of the drum. When subjected to high rotation speed, highly cohesive

powders undergo frequent revolutions along the perimeter of the

drum without displaying typical avalanche behavior. This type of

behavior can be observed for potato starch, egg white, and corn

starch. The irregular position of the powder surface also shows that

the angle of repose would be inadequate in characterizing the flow-

ability of powder of high cohesiveness.

3.1.2 | Cohesive index

While the flow pattern can give qualitative insight into the flow-

ability of the powders, it is yet difficult to compare the flowability

among different powders. Therefore, the flow behavior was quan-

tified with the CI using a digital image analysis workflow. As men-

tioned earlier, the CI is a standardized quantitative interpretable

powder flowability descriptor based on the temporal fluctuations

of the powder surface. The mean and standard deviation of the

powder surface position are superimposed with transparency over

the flow pattern images in Figure 6. The CI is plotted against the

rotation speed in Figure 7.

The powders identified with similar types of flow behavior can be

further distinguished according to the CI. In line with the qualitative

flow behavior, the free-flowing nature of sorbitol consequently results

in a low CI for all tested rotation speeds. By referring to Table 2, the

flowability can be classified as excellent too good. The powders modi-

fied corn starch, bentonite, and silica experienced significant aeration

upon an increasing rotation speed, improving their flowability.45 In

agreement with the observed flow behavior, this is clearly observed

by the downward trend in the CI for an increase in rotation speed.

The flowability ranges from passable and poor at a rotation speed of

5 RPM to good and excellent at a rotation speed of 60 RPM. Polysty-

rene, tapioca starch, and lactose depict a higher CI and show a minor

increase in the CI for an increase in rotation speed, indicating that

their flowability is not significantly affected. Their flowability can be

considered poor to very, very poor. Finally, potato starch, egg white,

and corn starch depict an even higher CI and demonstrate a significant

increase upon an increase in rotation speed. According to their CI, the

flowability is classified as very, very poor. This is in agreement with

the observed behavior, which was characterized by adherence to the

walls of the drum. Interestingly, when relating the qualitative and

quantitative flow behavior to the mean particle size, span, and shape

of the powders (see Table 1), it becomes evident that there is no rela-

tion, underscoring the complexity associated with the flow of cohe-

sive powders. Overall, the quantitative CI is found to be in good

agreement with the qualitative description of the flow pattern.

F IGURE 6 Representative snapshots of the flow pattern of the powders at rotation speeds of 5, 10, 30, and 60 RPM, ordered from top to
bottom. The mean (red line) and standard deviation (green area) of the powder surface position are superimposed with transparency over the
flow pattern images. Video S1 displaying the flow behavior is included in the electronic supplementary.
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3.2 | Fluidization properties

3.2.1 | Flow pattern

Figure 8 demonstrates the comparison between the time-resolved

flow patterns of unassisted and vibro-assisted fluidization. With-

out any external assistance, the intrinsic cohesiveness of most

powders leads to the formation of gas channels of varying sizes,

which allows the inlet gas to bypass the bed, thereby resulting in

poor gas–solid interactions and a largely stationary bed. This effect

is particularly pronounced in powders characterized by a high

CI. Within this context, the nature of fluidization behavior is fur-

ther distinguished by the morphology of the gas channels; for

instance, potato starch, egg white, and tapioca starch exhibit the

formation of curved macrochannels (also known as rat holes),

whereas corn starch and lactose powder beds present branched

micro-channels.

When comparing the flow patterns between unassisted and

assisted fluidization, it becomes clear that the introduction of mechan-

ical vibration generally modifies the dynamics of powder fluidization,

especially in powders with high CIs, enhancing particle mobility signifi-

cantly. It disrupts macro channels in modified corn starch, silica, and

tapioca starch, although it is less effective against microchannels.18

Notably, except for highly cohesive materials such as egg white, corn

starch, potato starch, and lactose, other powders transition from

micro-channeling fluidization behavior to a bubbling state, therefore

remarkably enhancing fluidization. It should, however, be noted that

potato starch displays fluidization of large agglomerates upon the

introduction of mechanical vibration, as can be observed in Video S3

included in the electronic supplementary.

A comprehensive analysis of visual results allows for system-

atic categorization of fluidization behavior, ranging from a highly

turbulent bubbling state to a relatively stationary sub-fluidized

state. Figure 9 presents a comparison of the time-averaged flow

patterns attained for unassisted fluidization and vibro-assisted flu-

idization. The time-averaged flow patterns demonstrate that pow-

ders prone to forming micro or macro channels tend to remain

static (i.e., little difference between the pattern in Figures 8 and 9),

leading to an uneven distribution of gas and solids, as illustrated in

Figure 9. Additionally, the formation of gas-channeling structures

is notably stable, while mechanical vibrations enhance the overall

mobility of particles. However, it is observed that powders forming

micro-channels still exhibit limited mobility, while those forming

large channels or bubbles show a significantly improved homoge-

neity in gas–solids mixing.

3.2.2 | Bed expansion

Figure 10 compares the bed expansion in both unassisted and assisted

beds across the various powder types. Notably, the application of

mechanical vibrations contributes to an increased bed expansion,

except for egg white and lactose powders. Bentonite displays the

most significant bed expansion, approximately doubling its static

height (H=H0 ¼2), which corresponds to the observed intensive bub-

bling fluidization behavior. Under vibration assistance, the fluidization

of these powders is further enhanced, which is particularly notable

with silica, tapioca, and potato starch powders, as the disruption of

microchannels significantly elevates powder expansion. In contrast,

for Geldart Group A Sorbitol powder, a high degree of fluidization was

already attained in the absence of mechanical vibration. Therefore,

the assistance did not add to any significant bed expansion. This indi-

cates that, while vibration enhances bubbling behavior, that is creating

more bubbles of small sizes, while it is not necessary to further

enhance the dilation of emulsion phase. In addition, this level of bed

expansion is not inherently superior to those powders under sub-

F IGURE 7 The flow behavior
quantified by the cohesive index.
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fluidized conditions, such as egg white and modified corn starch.

Therefore, these results demonstrate that, due to the cohesive nature,

a higher bed expansion is indicative of a fluidized state, while it cannot

be used to compare across different powders to determine the fluidi-

zation quality directly. This finding aligns with our prior research as it

suggests that an elevated bed expansion does not necessarily provide

direct insights into the internal arrangement of powder particles.18,19

3.2.3 | Pressure analysis

Figure 11 shows the normalized pressure drop of the unassisted and

vibro-assisted beds. It can be observed that the normalized pressure

drop increases and becomes more stable upon the introduction of

mechanical vibrations. In light of the X-ray images presented in

Figures 8 and 9, the pressure drop graphs do, however, also highlight

the shortcomings of using the total pressure drop as the sole indicator

of fluidization quality, as pointed out in earlier work.19 The normalized

pressure drop only serves as a useful tool when the measured pres-

sure drop indeed stems from fluidized particles, which is typically the

case for non-cohesive powders. In contrast, the obtained pressure

drop measured over beds of cohesive powders is potentially influ-

enced by multiple phenomena, including spouting, plugging, arching,

and fluidization.

Whereas the presence of one or more of these phenomena

can be deduced from the otherwise nonphysical results of unas-

sisted lactose and vibro-assisted fluidized egg white, as the nor-

malized pressure drop exceeded unity, in the case of corn starch,

the X-ray images demonstrate the presence of semi-stable struc-

tures in the bed. Normalized pressure drops are a strong

F IGURE 8 Representative still images of the flow patterns of the unassisted (top) and vibro-assisted beds (bottom). Videos S2 and S3
displaying the evolution of the flow patterns are included in the electronic supplementary.
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indicator of fluidization quality for well-fluidizing powders (sorbi-

tol, bentonite, silica), but on the boundary of Geldart group C

and A, powders may experience channeling and plugging behav-

ior, rendering the pressure data misleading if not interpreted

with the utmost care.

3.2.4 | Fluidization quality index

Figure 12 illustrates the computed fluidization quality index (FQI)

based on the flow patterns discussed on Flow_Pattern. By comparing

FQI to the flow patterns shown in Figure 8, it is concluded that FQI

can effectively classify different fluidization states, ranging from

homogeneous bubbling and partial bubbling to micro- and macro-

channeling (also known as rat-holes) to complete stationary, and is

found to proportionally increases in this order. Such quantification

is independent of the expanded bed height and highlights the dynamic

elements in the bed, which is the key to evaluating fluidization

behavior.

Generally, it is observed that FQI increases with the application

of mechanical vibration, with notable exceptions such as lactose pow-

der, which predominantly forms micro-channels. Significant improve-

ments are found with tapioca, silica, and modified corn starch when

the vibration is applied. Their flow patterns also show that existing

channels have been disrupted, transitioning into a bubbling stage—a

change quantitatively described by doubling the FQI. In comparison to

the pressure drop and bed expansion ratio, FQI appears to be an

effective indicator for describing the fluidization state of cohesive

powders.

It becomes clear that the fluidization behavior cannot be simply

governed by the mean particle size, size distribution span, and shape

factor solely (see Table 1), but as a collective behavior of the particle

properties. This underscores the limitations of traditional methods

that aim to predict fluidization behavior.

F IGURE 9 Time-averaged flow pattern of the unassisted (top) and vibro-assisted hydrodynamics (bottom).

VAN DER SANDE ET AL. 11 of 16
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3.3 | Comparison fluidization and flow property

The flowability characterization measurements demonstrated that

the rotation speed has a significant impact on the apparent flow-

ability of the powders. According to the literature mentioned

above, when the rotation speed is high, such as the 60 RPM used

in this study, the powder bed expands and achieves an aerated

state comparable to that of a gas–solid fluidized bed. Therefore,

the flow characteristics observed in an aerated state in a rotating

drum instrument are likely correlated with the associated fluidiza-

tion behavior.

As discussed above, unlike Geldart A and B particles, cohesive

fine powder exhibits more complex and in-homogeneous flow pat-

terns subjected to fluidization. It is evident that the normalized total

pressure drop and bed expansion, which are commonly used to moni-

tor fluidization quality for Geldart A and B particles, have limitations

in accurately characterizing the fluidization quality of cohesive pow-

ders. As an alternative, the flow pattern-based FQI is adopted here to

evaluate the observed fluidization behavior. The results show that the

FQI quantifies and distinguishes various fluidization states, as given in

Table 3.

By analyzing the flowability at different rotation speeds, we

found that a flowability test with a rotation speed of 60 RPM is best

correlated to the fluidization descriptor. A summary of the acquired

flow and fluidization properties is presented in Table 3, where we pro-

vide the reciprocal of the FQI, denoted as FQI�1, for ease of compari-

son with the CI. A low FQI�1 indicates good fluidization property,

while a high FQI�1 indicates poor fluidization property. Specifically,

powders with good and fair flowability (CI < 20) tend to exhibit bub-

bling or partial bubbling behavior during fluidization. An interesting

observation is that this group includes bentonite, silica, and modified

corn starch. These powders exhibited significant aeration and

improved flowability as the rotation speed increased (see Figures 6

and S2). On the other hand, powders with very poor flowability

(CI > 40) tend to demonstrate macro-channeling (also known as rate-

hole) and static powder behavior. Moreover, for very cohesive pow-

ders in the regime of very, very poor flowability, the fluidization

behavior can be further distinguished. The transition from micro-

channeling (CI between 50 and 75) to macro-channeling (CI > 140)

indicates that the fluidization phenomena are connected to quantita-

tive measurements of the CI.

With the assistance of mechanical vibration, the fluidization

quality can be improved for certain powders. The table indicates that

powders with a CI lower than 75 are effectively facilitated, showing a

transition from channeling to bubbling. For powders that originally

exhibit bubbling behavior, mechanical vibration improves bubbling

with the observation of an increased number of smaller bubbles in the

bed and a lower FQI�1 value, indicating higher gas holdup and/or

more intense gas–solids mixing. Powders with a CI higher than

75 (specifically corn starch, potato starch, and egg white) show some

improvement with the assistance of mechanical vibration. However, it

is evident that these powders cannot be fluidized under these condi-

tions, despite corn starch and potato starch transitioning from rat-hole

to channeling.

To visualize the relation, the FQI�1 is plotted against the CI

in Figure 13. In accordance with the above, powders with a high

CI value (tapioca starch, egg white, potato starch, and corn

starch) display a high FQI�1 value. Conversely, powders with a

low CI value (silica, bentonite, sorbitol) display a low FQI�1

value. Although the data is loosely scattered, a positive correla-

tion between the CI and the FQI�1 is clearly observed, further

supporting the intrinsic connection between the flowability and

F IGURE 10 Time-averaged the
bed expansion ratio. The expansion
ratio is computed by dividing the time-
averaged bed height (Figure 9) by the
settled bed height.
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fluidization property. In addition, the designated CI value is

shown to be capable of predicting the corresponding fluidization

behavior of the cohesive powders. When comparing unassisted

fluidization with vibro-assisted fluidization, it is evident that

mechanical vibration leads to a decrease in the FQI�1 across all

powder types, indicating an improvement in fluidization quality.

However, the powders with a CI exceeding 100 are still challeng-

ing to be fluidized, even with vibration assistance. This highlights

the CI's potential as a predictive indicator of the associated fluid-

ization quality in practical applications. Based on these observa-

tions, it is clear that flowability and fluidization properties are

inherently correlated.

F IGURE 12 The fluidization
behavior quantified by the fluidization
quality index.

F IGURE 11 Temporal evaluation of the normalized pressure drop for unassisted fluidization (left) and vibro-assisted fluidization (right).
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4 | CONCLUSIONS

In this study, a comprehensive examination of the fluidization and

flow properties of 10 commercially available materials was con-

ducted through rotating drum and fluidization experiments. Operat-

ing the rotating drum instrument at a rotation speed of 60 RPM

generates an aerated state within the powder bed, which allows for

comparable flow field and stress conditions as in a fluidized bed. By

analyzing the fluidization behavior, it was observed that widely

applied analyses based on normalized pressure drop and bed expan-

sion, which are typically used for assessing the fluidization quality

of Geldart A and B powders, have limitations when applied to cohe-

sive powders. Therefore, the fluidization behavior was quantified

based on the observed flow pattern, which was studied using X-ray

imaging. A novel FQI was introduced, which combines the time-

averaged gas holdup and the temporal standard deviation of the

domain-averaged gas holdup, thereby offering a reliable indicator of

fluidization quality.

TABLE 3 Comparison fluidization
and flow property.

Flow descriptor (CI)a
Fluidization
descriptor (FQI�1)

Fluidization
descriptor (FQI�1)

Powder 60 RPM Unassisted Vibro-assisted

Bentonite Good (5.5) Bubbling (43.2) Bubbling (37.7)

Silica Good (6.1) Mild bubbling (30.4) Bubbling (19.4)

Sorbitol Good (9.7) Bubbling (49.8) Bubbling (38.9)

Modified corn starch Fair (10.5) Mild bubbling (84.9) Bubbling (31.1)

Polystyrene Very, very poor (53.4) Mild bubbling (50.8) Bubbling (37.4)

Lactose Very, very poor (59.2) Channeling (70.0) Mild bubbling (74.0)

Tapioca starch Very, very poor (71.8) Channeling (116.8) Bubbling (27.4)

Corn starch Very, very poor (131.5) Rat-hole (191.9) Channeling (146.0)

Potato starch Very, very poor (133.6) Rat-hole (185.2) Channeling (71.1)

Egg white Very, very poor (139.3) Rat-hole (120.2) Rat-hole (103.0)

Abbreviations: CI, cohesive index; FQI, fluidization quality index.
aAs measured at a rotation speed of 60 RPM.

F IGURE 13 Cohesive index against the reciprocal of the fluidization quality index for unassisted fluidization (left) and vibro-assisted
fluidization (right). The cohesive index values are measured at a rotation speed of 60 RPM. The symbols correspond to the qualitative fluidization
descriptor: Rat-hole □ , channeling ◇ , mild bubbling Δ, and bubbling�.
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By carefully comparing powder flowability and fluidization prop-

erties, a positive correlation between flowability (quantified by the CI)

and fluidization quality (quantified by the inverse of the FQI) was

established, underscoring their inherent relationship. This finding

holds significance as it indicates that simple flowability measurements

conducted in a rotating drum instrument can provide valuable insights

into the expected fluidization quality of cohesive powders. Conse-

quently, these insights offer a reliable means of predicting whether a

cohesive powder is likely to fluidize, with or without assistance

methods applied. This understanding holds promise for enhancing flu-

idization studies and optimizing industrial processes reliant on fluidiza-

tion techniques.
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