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Abstract

Magnetic particle tracking (MPT) was employed to study a rotating drum filled with

cork particles, using both air and water as interstitial medium. This noninvasive moni-

toring technique allows for the tracking of both particle translation and rotation in

dry granular and liquid–solid systems. Measurements on the dry and floating bed

rotating drum were compared and detailed analysis of the bed shape and velocity

profiles was performed. It was found that the change of particle–wall and particle–

particle interaction caused by the presence of water significantly affects the bed

behavior. The decreased friction leads to slipping of the particles with respect to the

wall, rendering the circulation rate largely insensitive to increased drum speed. It was

also found that the liquid–particle interaction is determining for the behavior of the

flowing layer. The well-defined experiments and in-depth characterization performed

in this study provide an excellent validation case for multiphase flow models.

K E YWORD S

floating particle bed, liquid–solid systems, magnetic particle tracking, particle dynamics,
rotating drum

1 | INTRODUCTION

The applications of rotating drums for handling and processing of

granular materials are numerous. These devices, consisting of a cylin-

der rotating about its axis, are employed for mixing, coating, drying,

calcination, grinding, granulation, and many other industrial processes.

The behavior of dry granular matter in a rotary drum is well described

in literature. Many studies, both experimental1,2 and numerical3–5 in

nature, have been dedicated to the granular flow inside the drum.

Based on the rotational velocity, filling degree and properties of the

granules different particle flow patterns are prevailing, ranging from a

slipping bed at low velocity to centrifuging behavior at the highest

rotational speed. The intermediate rolling regime is often of special

interest, due to its fast mixing and favorable energy consumption.3 In

this regime, the bed is divided in a densely-packed layer at the drum

wall and a freely rolling active layer at the bed surface. More complex

flow behavior is observed in studies involving nonspherical particles6

or cohesive materials.7 In addition to characterization of the flow pat-

terns, many studies have been dedicated to the mixing, mass and heat

transfer behavior in these devices.5,8,9

The possible applications of rotating drum devices are not limited

to gas–solid systems. Liquid–solid rotating drums, most prevalent

using water as the interstitial medium, have been presented as a

promising contactor/reactor design for several biochemical processes,

including cultivation of plant cells,10 treatment of contaminated soil,11

and bioleaching of various metal ores.12–14 Generally, such units uti-

lize a sparging mechanism for introducing oxygen into the vessel. The

liquid–solid rotating drum has been selected as a suitable device for

Received: 15 February 2021 Revised: 30 September 2021 Accepted: 7 December 2021

DOI: 10.1002/aic.17627

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2022 The Authors. AIChE Journal published by Wiley Periodicals LLC on behalf of American Institute of Chemical Engineers.

AIChE J. 2022;68:e17627. wileyonlinelibrary.com/journal/aic 1 of 11

https://doi.org/10.1002/aic.17627

https://orcid.org/0000-0002-2574-8547
https://orcid.org/0000-0003-1765-576X
mailto:k.a.buist@tue.nl
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/aic
https://doi.org/10.1002/aic.17627
http://crossmark.crossref.org/dialog/?doi=10.1002%2Faic.17627&domain=pdf&date_stamp=2022-02-10


these processes due to its gentle agitation yet effective mass transfer

rates.10

Finally, rotating drum devices are often employed in geologic

research to study flowing layers or avalanches of soil and debris.15–17

Also in this application, the influence of the interstitial medium on the

granular flow is of major interest, contributing to the study of a wide

variety of naturally occurring phenomena, such a submarine landslides.

While research on rotating gas–solid rotating drums is extensive,

much less is known about rotating drum flow with liquid interstitial

media. Breu et al.18,19 studied the formation, growth and decay of pat-

terns in rotating slurries of monodisperse glass beads. They found dif-

ferent ring-like patterns formed in the drum, depending on the

rotation speed and liquid viscosity. However, no underlying mechanics

could be identified. Jain et al.20 found similar results for bidisperse

mixtures of particles. The authors also found that size-based segrega-

tion is faster in liquids than in air and provide an analysis of the segre-

gation and diffusion velocities to explain this finding. In addition,

Finger and Stannarius21 found that while the influence of fluid viscos-

ity on segregation behavior is significant, no influence is observed of

the fluid density.

An in-depth analysis of avalanche behavior in liquid-filled drums

was provided by Courrech du Pont et al.22 In this study, avalanches

were divided into three regimes based on the solid/liquid density ratio

r¼ ffiffiffiffiffiffiffiffiffiffiffi
ρp=ρf

p
and the Stokes number (Equation 1). The latter signifies

the ratio of particle inertia and fluid viscosity, based on the densities ρ,

angle of repose θ, particle diameter dp, and fluid dynamic viscosity μf.

St¼
ffiffiffiffiffi
ρp

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δρgsinθ

p
d3=2p

18
ffiffiffi
2

p
μf

ð1Þ

In the free-falling regime (high Stokes number and density ratio).

no influence of the interstitial liquid is observed, as is the case for dry

granular matter. For liquid–solid drums (low density ratio), avalanches

are either in the viscous limit regime (low Stokes number) or the iner-

tial limit regime (high Stokes number). This study shows that influence

of the interstitial medium can range from negligible to highly signifi-

cant based on the particle and fluid properties. In a later study of Jain

et al.,23 focus was on the flowing granular layer rather than ava-

lanches. This study was conducted using high-density steel beads, and

the authors found little influence of the interstitial liquid on the flow

dynamics, especially for larger particles (>2 mm).

The behavior of a dry rotating drum is often characterized by the

Froude number (2). This dimensionless group signifies the ratio

between particle inertia and gravity, based on the drum angular veloc-

ity Ω, drum radius R, and gravitational acceleration g. As this group

does not consider influences of the interstitial medium inertia and vis-

cosity, its application in a liquid–solid system is precarious. Based on

experimental and numerical results, Juarez et al.24 developed an

adjusted Froude number, including the effects of particle friction, as

the sin of the angle of repose, drum volume fill fraction f, and the

particle-fluid density difference Δρ (Equation 3). They found that the

transition toward the centrifuging regime was predicted reasonably

well by this adjusted Froude number for both dry and immersed cases.

The expression in Equation (3) was modified slightly from the original

to account for floating particles without producing negative values.

Fr¼Ω2R
g

ð2Þ

Fradj ¼Fr
sinθ

ffiffiffiffiffiffiffiffiffiffi
1� f

p

Δρ=ρp

� �
ð3Þ

Liao and Chou25–28 performed different experiments using particle

tracking velocimetry (PTV) in a quasi-2D rotating drum. They studied the

behavior of monodisperse glass beads in water and different water/

glycerin mixtures in order to establish the influence of viscosity on the

drum dynamics. Apart from observing the avalanche regimes described

by Courrech du Pont et al.,22 the authors also composed a regime map

showing the transition to a uniform suspension regime.28 It was found

that the granular temperature decreases with fluid viscosity, yet particle

mixing is promoted.25 Furthermore, experiments using bidisperse particle

mixtures have shown that size-based segregation is weaker in more vis-

cous liquids, while density-based segregation grows stronger. Finally,

Parsons et al.29 studied the liquid–solid mass transfer in a partially filled

drum with baffles using dissolution experiments. They found a linear rela-

tionship between the mass transfer coefficient and the rotation speed,

but no influence of the slurry solids volume fraction.

In the aforementioned studies, experiments have been conducted

using glass and steel beads in water and water/glycerin mixtures. In

order to further explore the influence of the interstitial medium on

bed dynamics, this study focuses on particles with a lower density

than the fluid phase, that is, floating particle beds. Magnetic particle

tracking (MPT) is used to obtain information on the particle move-

ment in a rotating drum filled with water and cork spheres, as well as

the dry cork spheres. MPT is a noninvasive monitoring technique

which yields the time-resolved trajectory of a single magnetic

marker.30 Furthermore, MPT also gives information on the tracer ori-

entation and rotation rate.31 These experiments show the application

of MPT in liquid–solid systems, as well as provide a basis for further

study of dynamic immersed particle flow.

2 | METHODS

2.1 | Magnetic particle tracking

In MPT, the magnetic field generated by a single tracer particle is mea-

sured by an array of sensors. Using these data, the position and orien-

tation of the tracer can then be reconstructed by treating the particle

as a magnetic dipole. The detector used in this study has been

described extensively by Buist et al.30 It consists of a cylindrical array

of 72 anisotropic magnetic resonance (AMR) sensors, positioned in

four horizontal rings surrounding the drum. The inner radius and

height of the array are 0.26 and 0.45 m, respectively. The magnetic

field strength is measured at 1 kHz, which is consecutively down-

sampled to 50 Hz.
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The reconstruction of the tracer position and orientation from the

magnetic field strength data is an iterative process, starting from an initial

guess. The magnetic field strength corresponding to the assumed position

and orientation is calculated and compared with the measured signal.

Equation 4 gives the magnetic field H generated by a magnet with posi-

tion r
!
p and orientation e

!
p, observed at sensor position r

!
s. Here, μm is

the tracers magnetic moment (in A�m2), and r
!

ps ¼ r
!

p� r
!
s is the vector

between the sensor and the tracer. For further processing, the mag-

netic field is nondimensionalized using the magnetic moment and the

sensor arrays typical size L (Equation 5). The theoretical sensor read-

ing is obtained by taking the inner product of the field strength with

the sensor orientation e
!

s, as shown in Equation (6).

H
!

e
!
p, r

!
ps

� �
¼ μm
4π

� e
!
p

r
!

ps

��� ���3þ
3 e

!
p � r!ps

� �
r
!
ps

r
!

ps

��� ���5
0
B@

1
CA ð4Þ

H
!�

¼H
!4πL3

μm
ð5Þ

S�th e
!
p, r

!
p,s, e

!
s

� �
¼H

!�
e
!

p, r
!
ps

� �
� e!s ð6Þ

The true tracer position and orientation are obtained through minimi-

zation of the difference between theoretical and measured signals. The

estimated position approaches the actual tracer position as S�th
approaches the measured value S�m for every sensor. To assess the quality

of the estimate, the chance of obtaining a better estimate than S�th is cal-

culated using the standard deviation of the measurement σ�m
(Equation 7). The terms ⟨S⟩ denote the average over all sensors and

are used to correct for any stray fields. The final quality function

Q (Equation 8) is obtained by taking the root mean square (RMS) of

P for every sensor. A small value for this parameter reflects an accu-

rate reconstruction of the tracer position and orientation from the

magnetic field strength data. A Sequential Quadratic Programming

(SQP) in MATLAB© is used to minimize Q, that is, find the optimal

estimate for position and orientation.

P¼ erf
S�th� ⟨S�th⟩
� 	� S�m� ⟨S�m⟩

� 	�� ��ffiffiffi
2

p
σ�m

 !
ð7Þ

Q¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPNs

i¼1P
2
i

Ns

s
ð8Þ

From Equation (4), it follows that the precision of the estimate of

position and orientation strongly relates to the distance between the

sensor and the tracer. Based on earlier research,30–32 it is known that

the maximum error for this magnetic tracer is 3 mm and for the orien-

tation is on the order of 5–10 degrees. If the distance decreases by a

factor 2, generally the error in position and orientation estimate also

decreases by a factor 2. Therefore, the drum is placed close to the

sensor array to maximize accuracy. With these settings, it is estimated

that the average error in position is 1 mm and in orientation 2–3

degrees.

2.2 | Rotating drum

The drum used in the experiments is constructed out of nonmagnetizable

materials to avoid any interference with the measurements. The drum

inner radius and depth are both 50 mm. The cylinder wall is made from

acrylic, the two end plates are constructed from aluminum. The drum is

connected to a Maxon DC motor through a Type 316 stainless steel drive

shaft supported by pillow block bearings. The shaft is long enough such

that the motor is placed far from the AMR sensors and does not interfere

with the measurement. The motor speed is controlled by varying the volt-

age across its terminals and verified using a digital tachometer. A threaded

hole was added to the end plate of the drum to allow the filling of the

drum with (demineralized) water, which was closed with a brass bolt. The

drum was overfilled and no air bubbles were found inside the drum during

the experiments. Throughout the experimentation, the laboratory temper-

ature was maintained at 20�C.

2.3 | Particles

The particles used in experiments were natural cork spheres. Using digital

calipers, the average particle diameter was determined to be 6.3 mm

(standard deviation σ = 0.14 mm), giving a relatively small drum-to-

particle size ratio of D/dp ≈ 16. This is an important factor considering

continuum modeling of the system. By weighing counted samples of par-

ticles, the dry particle density was determined to be 152 kg/m3. After sat-

urating the cork particles with water by immersing them for multiple

days, a density of 295 kg/m3 was measured. Before experimentation, the

particles were presoaked in water, and during the measurement campaign

stayed in the drum, to ensure a constant density throughout the measure-

ments. A photograph of the cork spheres is included in Figure 1. It can be

seen that the particles are not perfectly spherical and smooth, but rather

show some small cracks and dents.

Table 1 shows the classification of the dry and floating beds based

on the study of Courrech du Pont et al.,22 placing them in the free-fall

and inertial limit region, respectively. Throughout this study, the bed angle

at the lowest drum speed is used as the angle of repose.33

The magnetic tracer consists of a 2.5 mm Ni-Cu-Ni–coated N42

neodymium magnet (μm = 6.75 � 10�3 A�m2) encapsulated in

a 7.6 mm polystyrene sphere, giving it an effective density of

295 kg/m3. Despite its slightly larger diameter and density, the tracers

behavior was not observed to deviate from the other particles, as was

predicted by previous experimental and numerical work.34,35

3 | RESULTS AND DISCUSSION

In this study, experiments were conducted using beds of two different

numbers of particles; 600 and 800 particles, corresponding to filling

NIJSSEN ET AL. 3 of 11



degrees of f = 0.35 and 0.45, respectively. Both beds were tested

under dry and floating conditions using four drum speeds (20, 40,

60, and 80 RPM), leading to a total of 16 experiments. Each run was

conducted for at least 1 hour, or 1200 revolutions at the lowest drum

speed.

After reconstructing the tracer position and orientation from the

measured magnetic field strength, the translational and rotational

velocities of the single tracer were obtained by taking the respective

temporal derivatives. Assuming ergodicity of the system,36 the tracer

position was projected onto the transverse plane of the drum and the

data discretized on a grid (50 grid points across the diameter of the

drum), to obtain occupancy and time-averaged translational and rota-

tional velocities. The occupancy is defined as the probability density

of finding the tracer in each cell. It is used to show that the tracer has

traveled throughout the entire bed and is a good indicator of the bed

shape.6,30

3.1 | Bed shape

Examples of the tracer occupancy, time-averaged particle velocity and

average rotational velocity for the dry and floating bed drums are

shown in Figures 2 and 3, respectively. These figures show measure-

ments using 600 particles at rotational speeds of 20 and 80 RPM. A

full overview of measurements including 600 and 800 particles beds

and four rotational speeds is included in the Supporting Information.

Comparing the results at low and high rotational velocity in the

dry bed (Figure 2), a distinct change in bed shape can be observed. At

low rotation speed, the bed surface is mostly flat, while at the highest

speed, a more s-shaped surface is found, tilted at a greater angle. This

transformation has been observed often in previous research, for

example, by Morrison et al.1 The increased rate of circulation is clearly

observed from the velocity profiles, revolving around a central turning

point.

When making the same comparison for the floating bed

(Figure 3), no change in bed shape is found. The bed surface remains

mostly flat, and no change in bed angle is found. Looking at the veloc-

ity profiles, little difference between the low and high rotation speeds

is found. This indicates that the bed behavior is mostly independent

of the drum speed. Using 800 particles, a slight curved surface is

observed at higher rotation speed.

Figures 2 and 3C,F show the particle angular velocity ω in the trans-

versal plane of the drum, normalized by the drum rotation rate Ω. Positive

values indicate a clockwise rotation, along with the drum. At lower drum

speed, tumbling of the particles occurs only at the bed surface, while the

particles close to the wall undergo solid-body rotation with the drum

(ω/Ω = 1). At higher drum speeds, tumbling of the particles is less pro-

nounced, as particles get projected into the drum rather than rolling of

the bed surface. In the floating bed drum, a band of higher angular veloc-

ity is observed close to the drum, whereas particles further into the bed

exhibit under-rotation (ω/Ω ≈ 0.5). This remarkable feature shows how

the reduced friction due to the presence of water allows for relative parti-

cle motion, even in densely packed regions.

A distinct band of low occupancy close to the wall in the lower

half of the bed is found in nearly all floating bed measurements, and

to a lesser degree in the dry bed. The band is located at approximately

1 dp distance from the drum wall. This suggests a structured stacking

of particles against the wall, or wall exclusion effect. Unfortunately,

further investigation of this phenomenon using particle tracking

methods is precarious, as no information on the particles surrounding

the tracer is available. Tomographic or numerical methods are better

suited for such an investigation.

The definitions used for further analysis of the bed behavior are

shown schematically in Figure 4. Here, O indicates the drum center

and α the bed angle, which is determined at the midpoint along the

surface of the bed. The surface point S is defined as the position along

OC beyond which 99% of measurements are located. This also fixes

the line along the bed surface AB. Finally, turning point T is defined as

the point along OC where its crosswise velocity changes direction.

The observed bed angles measured in dry and floating bed drums

are plotted in Figure 5. An increase of bed angle with increasing rota-

tion rate is observed for the dry bed, which levels off at the highest

drum speed. This increase was previously observed in both experi-

ments and numerical simulations.4,37 The floating bed shows a differ-

ent behavior entirely. For the 600 particle floating bed, no increase of

bed angle is observed. The floating bed of 800 particles exhibits an

initial increase in bed angle, but no further increase at higher drum

speeds. These findings correspond with the observed bed slippage,

which is discussed in Section 3.2.

F IGURE 1 Cork particles used in experiments

TABLE 1 Classification of the dry and floating bed rotating drums,
based on the study of Courrech du Pont et al.22

Property Dry Floating Unit

ρp 152 295 kg/m3

ρf 1.20 998 kg/m3

μf 1.8 � 10�5 1.8 � 10�3 Pa�s
r 11 0.54 -

St 133 7.54 -

Regime Free-fall Inertial limit
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(A) (B) (C)

(D) (E) (F)

F IGURE 2 Time-average bed occupancy, particle velocity profiles, and particle angular velocity for the dry rotating drum containing
600 particles, at 20 RPM (A–C) and 80 RPM (D–F)

(A) (B) (C)

(D) (E) (F)

F IGURE 3 Time-average bed occupancy, particle velocity profiles, and particle angular velocity for the floating bed rotating drum containing
600 particles, at 20 RPM (A–C) and 80 RPM (D–F)

NIJSSEN ET AL. 5 of 11



The total bed depth (CS, Figure 4) can be divided in a passive layer

close to the drum wall (CT) and an active layer closer to the bed sur-

face (TS). Figure 6 shows the total bed depth CS expressed in dp for

both the dry and floating bed drums, whereas Figure 7 shows the

active layer depth relative to the total bed depth. While the layer

depth measurement is highly sensitive to method chosen for determi-

nation of the surface point S, general trends are clearly visible.

The total bed depth CS is found to decrease slightly with drum

speed for the lower filling degree, and increase for the higher filling

degree. The trend is not captured well by the adjusted Froude num-

ber, indicating that physics other than gravity govern this effect. The

exact underlying mechanics are not evident from this study, as more

microscopic information on the particle–particle contact would be

required to uncover this.

For the active layer depth, the lines for both bed sizes collapse

reasonable well. However, the floating bed shows a significantly larger

F IGURE 4 Schematic
overview of the rotating drum,
indicating bed angle α, drum
center O, bed surface AB, turning
point T, and bed depth CS. The
coordinate system used in this
study is indicated

F IGURE 5 Observed bed angle plotted against adjusted Froude
number (Equation 3) for dry and floating bed rotating drums

F IGURE 6 Observed total bed depth normalized by dp, plotted
against adjusted Froude number (Equation 3) for dry and floating bed
rotating drums

F IGURE 7 Observed active layer depth relative to total bed
depth, plotted against adjusted Froude number (Equation 3) for dry
and floating bed rotating drums

6 of 11 NIJSSEN ET AL.



active layer depth than the dry bed. Boateng and Barr38 observed an

expansion of the active layer with increasing drum speed. Such an

increase is observed for dry and floating beds, both in absolute layer

depth and relative to the total bed depth. The floating bed shows a

steeper initial increase before leveling off, whereas the dry bed shows

steady expansion over the whole range of measured Froude numbers.

It must be noted however that some reservation must be made with

the analysis on the bed depths since the bed is generally just 7–10

particle diameters thick. The general trend however seems to agree

with what is found in literature for larger drums.38

3.2 | Particle velocities

The time-averaged particle velocity is a property of great interest in

rotating drum research. Two commonly report velocity profiles are

the crosswise velocity along the bed depth, defined as the component

perpendicular to CS (Figure 4) and the streamwise velocity along the

(A) (B)

(C) (D)

F IGURE 8 Particle velocity profile (perpendicular to CS, Figure 4) plotted over the bed depth for dry and floating bed rotating drums, 600 and

800 particles. The wall point C corresponds with y/CT = 0

F IGURE 9 Comparison of dry and floating particle velocity
profiles perpendicular to CS (Figure 4) using 800 particles and two
different drum speeds. Lines indicate bilinear profiles with maximum
surface velocities given by Equations (9) and (10). The wall point
C corresponds with y/CT = 0

NIJSSEN ET AL. 7 of 11



bed surface, parallel to AB. These two profiles are shown in Figures 8

and 11, respectively.

The velocity profile along the bed depth is commonly assumed to

be comprised of two linear sections separated by the turning point.2

Similar profile shapes can be observed in Figure 8, for both the dry

and floating beds. The linear section in the passive layer corresponds

with a solid body rotation along with the drum wall, whereas the pro-

file in the active layer linearly approaches the maximum surface veloc-

ity vs.

Khakhar et al.39 derived the model for the maximum surface

velocity in the dry case given by Equation (9), where AB and TS

(Figure 4) are the surface length and active layer depth, respectively.

For immersed particles in the inertial limit regime, Courrech Du Pont

et al.22 defined the terminal particle velocity based on the balance of

drag, gravity and buoyancy forces, Equation (10). Per illustration,

Figure 9 shows a comparison between dry and floating particle veloc-

ity profiles, using 800 particles and drum speeds of 20 and 80 RPM.

Here, the lines indicate bilinear velocity profiles with maximum

F IGURE 10 Particle velocity extrapolated to the wall
position, normalized by the drum wall velocity and plotted
against adjusted Froude number for dry and floating bed
rotating drums

(A) (B)

(C) (D)

F IGURE 11 Particle velocity profile plotted over the bed surface (parallel to AB, Figure 4) for dry and floating bed rotating drums, 600 and
800 particles. The points A and B correspond with x/AB = 0 and x/AB = 1, respectively
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surface velocities given by Equations (9) and (10) for the dry and float-

ing cases, respectively.

vs,dry ¼Ω AB=2ð Þ2
TS

ð9Þ

vs,inertial ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Δρgdpsinθ

ρf

s
ð10Þ

From Figure 9, the measured dry bed velocity profiles can be seen

to correspond reasonably well with the profile predicted by

Equation (9). Likewise, the floating bed velocity profile is predicted

very well by Equation (10) at low drum speed. However, at high drum

speed the measured velocities deviate significantly from the predicted

line, both in shape and magnitude. Clearly, particles move faster than

their terminal velocity given by Equation (10). This indicates that the

model of single particles moving through a stagnant liquid is not

appropriate, and a macroscopic movement of liquid along the flowing

particle layer occurs. The flattening of the velocity profile at the sur-

face suggests particles near the bed surface experience a stronger

interaction with the liquid than particles deeper into the bed. As the

current method does not provide insight into the liquid behavior, we

highly recommend further research into this interaction. Especially

numerical methods40 are suitable for gaining insight in the complex

interaction between the solid and liquid phases.

Another striking difference between the dry and floating bed is

found when comparing the particle velocity close to the wall with the

linear wall velocity Ω* = ΩR. This is detailed in Figure (10), in which

the particle velocity profile is linearly extrapolated to the wall position

and compared with the drum wall velocity. In the dry case, a small

degree of slip between the particles and the wall is observed. This is

most pronounced at the lower particle count and higher drum veloc-

ity, stemming from the decreased friction of the lighter bed. For the

floating bed, a much higher degree of slip is observed, up to a 50%

velocity difference. Again, this is most pronounced at high velocity

and low particle count, as the larger bed exerts a larger buoyancy on

the wall. This large difference between the dry and floating cases indi-

cates that the presence of liquid significantly alters the interaction

between particles and the drum wall.

The particle velocity profile along the bed surface in a dry rotating

drum is commonly described as a parabolic shape, which tends to

skew toward the bottom of the bed at higher drum speed.38 The same

observations can be made from Figure 11. In these plots, �1 and 1 on

the horizontal axis correspond to A and B, respectively (Figure 4), fol-

lowing the path of the particles. For the dry bed, the parabolic profile

increases in magnitude with increasing drum speed, and skews slightly

to the right at the highest rotation speeds. Furthermore, little differ-

ence is found between the profiles for both filling degrees.

The surface velocity profile for the floating bed is also of para-

bolic shape, displaying slightly more skewness than the dry bed. How-

ever, its magnitude does not increase steadily with increasing drum

speed. Instead, hardly any increase is found for the 600 particle bed.

The 800 particle bed only displays an increase in surface velocity

between 20 and 40 RPM. This same trend was observed for the bed

angle shown in Figure 5. As discovered previously from Figure 10, the

floating bed exhibits a large degree of slip with respect to the drum

wall. Therefore, no additional kinetic energy is transferred to the parti-

cle bed, leading to little increase in particle velocity with increased

drum speed.

4 | CONCLUSIONS AND OUTLOOK

A study on the behavior of floating particle beds in a rotating drum

was conducted using MPT. Experiments using both dry and floating

cork particles were performed, spanning two filling degrees and two

rotational speeds. The modified Froude number of the two systems

are of the same order, indicating that gravitational effects relative to

the rotation of the drum operate in similar regimes. Alternatively by

assessment of the Stokes number it was shown that the dry granular

bed was operating in the free fall regime, while the floating bed was

operated in an inertial regime, which proves that for the liquid case

the interstitial fluid, physically, cannot be ignored.

Occupancy, particle velocity, and angular velocity plots were

obtained, showing the bed shape and circulation in each experiment.

For the dry bed, particle rotation was found to follow a solid body

rotation along the drum wall. In the floating case, a difference in parti-

cle angular velocity was found between particles close to the drum

wall and deeper into the passive layer. This relative motion of particles

was attributed to the decreased particle–particle friction stemming

from the presence of water.

The bed angle was shown to increase with rotation speed for the

dry bed, leveling off at the highest rotational speed. For the floating

case, no increase in bed angle was found at low filling degree, and

only an initial increase at the higher filling degree. This shows how

decreased friction renders the bed behavior largely insensitive to

increased drum speeds. Furthermore, it was shown that liquid pres-

ence gives rise to a more expanded state of the active layer. These

findings indicate that the presence of water significantly alters the

particle–wall and particle–particle interactions, and thereby influence

the macroscopic bed behavior. This influence is not well captured by

current models, such as the adjusted Froude number24 employed in

this study.

The velocity profiles along the bed depth obtained for the dry

and floating beds were of similar shape, showing largely linear profiles

in the active and passive layer. However, at high drum speeds parti-

cles close to the wall were found not to follow the drum rotation, slip-

ping with respect to the wall instead. This degree of slippage was

investigated and found to be more pronounced in the floating case. A

lower degree of slip was found at the higher filling degree due to the

increased buoyancy. Due to this slip behavior, little increase in particle

velocity was observed with increasing bed velocity.

The maximum particle velocity at the bed surface was compared

with existing models for the dry39 and inertial-limited22 floating cases.

Results for the dry bed were found to match reasonably well. The

floating bed, however, exhibited particle velocities significantly larger
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than the predicted terminal velocity at high drum speed. Clearly, the

model of single particles moving through a stationary liquid22 is not

applicable, and a macroscopic liquid flow occurs along the bed surface.

Furthermore, the particle velocity close to the bed surface was found

to deviate from the linear shape, indicating a strong liquid–particle

interaction is felt at the surface than deeper into the bed.

Analysis of the velocity profile along the bed surface shows

mostly parabolic profiles for both the dry and floating beds. The pro-

files skew toward the end of the surface at higher velocity, and do so

more in the case of the floating bed. Again, a diminishing increase of

particle velocity with higher drum velocity was observed for the float-

ing case, confirming observations made from the bed angle.

In conclusion, the effect of the interstitial medium on rotating drum

behavior, as its density surpasses that of the particles, is a complex phe-

nomenon which cannot be captured by considering an effective gravity.

The altered particle–particle and particle–wall interactions are of para-

mount importance for particle behavior, both in the passive and active

layers. Coincidentally, the viscous and inertial liquid–solid interactions play

a key role within the flowing layer, which remains largely ill-understood.

For the further study of floating bed rotating drums and liquid–solid

systems in general, the authors recommend exploration of different rela-

tive densities of the particles and liquid. By means of study of the balance

between particle and liquid inertia, as well as liquid viscosity, much can be

learned about the interaction of particles and their surrounding medium.

In this study, the slippage between the drum wall and particles has been

shown of great importance to the bed behavior. The particle shape and

surface roughness are expected to play a key role in this, and will prove

interesting subjects of study. This also includes the study of side wall

effects, which likely play a role at the current system size.

Finally, the detailed measurements provided by MPT in this study

are well suited for comparison with numerical simulations. The

dynamic particle behavior in the rotating drum environment is an

excellent validation case for multiphase flow models, such as the vari-

ous frameworks presented in recent literature.40–44
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