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Solids mixing and segregation in binary fluidized beds - Defining 
spatiotemporal patterns using a novel magnetic solids tracing technique ☆
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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Novel impedance coil system enables 
spatiotemporal mapping of solids 
concentration.

• Mixing metrics mapped for hot 
industrial-scale conditions.

• Higher fluidization velocity and bed 
height boost mixing index and rates.

• Trends align with cold condition studies, 
however critical loading values differ.

• Mixing of solids occurs at lower fre-
quency than bubble dynamics.

A R T I C L E I N F O
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A B S T R A C T

This study investigates the vertical mixing and segregation patterns of a lean solids phase in a bubbling fluidized 
bed. A novel measurement method is introduced that allows for online acquisition of the vertical distribution of 
the lean solids phase using magnetic solids tracing (MST) coils arranged along a pin-probe. This method enables 
spatiotemporal profiling of the lean solids phase, based on which the mixing indices and transitional velocities 
between the mixing and segregation states can be calculated, as well as the concentrations in the frequency 
domain. Experiments are conducted under fluid-dynamically downscaled conditions resembling a large-scale 
(1.33 m 2 in cross-section) unit fluidizing sand (Geldart B) and biomass particles (lean solids phase) at 700 ◦ C, 
typical of thermochemical conversion processes. The impacts of fluidization velocity, bed height, and lean phase 
loading are analyzed.

Increasing the fluidization velocity enhanced mixing, whereas lean phase loadings above ~10% vol led to 
surface layering, which dampened the bubble eruptions and reduced particle mobility. Taller beds promoted 
deeper penetration of the lean phase into the dense bed and reduced stratification, while shallow beds and high 
loadings favored segregation, highlighting the critical roles of these parameters in the mixing behavior. Tran-
sitions between the segregated and mixed states were modulated by the bed height and fluidization velocity, 
suggesting a relationship with the characteristics of the bubble phase. However, mixing of the lean phase
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occurred at a lower characteristic frequency compared to the dominant frequency of the bed dynamics, indi-
cating that although bubbles induce solids mixing, not all bubbles contribute effectively.

1. Introduction

Binary fluidized beds – which involve two solids phases that differ 
significantly in terms of density, size and/or shape – are present in many 
industrial sectors, i.e., thermochemical conversion, mineral processing, 
and the food and pharmaceutical industries. The solids phase that makes 
up the largest fraction of the bed, often referred to as the bulk solids, 
facilitates heat transfer, provides a catalytic surface and/or enhances the 
mixing of the secondary solids phase. The latter, present in lower con-
centrations and often referred to as the lean solids phase, is typically the 
phase that undergoes the main physical and/or chemical conversion in 
the process.

In the absence of bubbles, the differences in particle properties 
inherently drive the vertical segregation of gas-solids suspensions. The 
presence of a bubble flow affects this segregating tendency by contin-
uously altering the local voidage and creating gas and solids flows, and 
thus the drag forces that promote both vertical and lateral mixing of 
both solids phases [1]. This feature is key to the design and operation of 
binary beds, for which it is crucial to be able to predict how the oper-
ating conditions will impact the mixing of the solids phases and how the 
resulting solids distribution will influence mass and heat transfer. 
However, this is a challenging task, given the differences in physical 
properties between the two solids phases; the competing buoyancy and 
drag forces develop into strong dynamics and mixing and segregation 
behaviors that are difficult to measure or predict [1–4].

This work focuses on a situation that is commonly encountered in 
industrial applications: a binary bed in which the solids lean phase is 
coarser and lighter than the bulk solids phase. This occurs, for example, 
in the thermochemical conversion of solid fuels, where the lean solids 
phase consists of solid fuel particles and is much larger and lighter 
(typically 1–50 mm, 50–900 kg/m 3 ) than the sand-like bulk solids 
(typically <0.3 mm, 1500–3000 kg/m 3 ).

The current literature offers relevant information on the mixing and 
segregation behaviors of binary beds. Experimental studies on solids 
mixing and segregation in binary beds, particularly those involving 
coarser and/or lighter lean solids, are summarized in Table 1. The focus 
is on research published after Year 2000, as advances in measurement 
techniques since then have improved our ability to gain insights into the 
mixing phenomena.

Notably, the vast majority of the studies reported in literature have

relied on experiments conducted in small beds (<0.2 m in diameter) 
under ambient conditions, primarily due to the technical challenges that 
high temperatures pose for measurement techniques. Nevertheless, a 
few studies have provided insights into solids mixing and segregation in 
hot large-scale binary beds using camera imaging [30,31], despite the 
limitations related to accuracy and gross assumptions and a lack of 
penetration into the dense bed.

While experimental studies conducted under ambient conditions 
disregard the temperature effect, they can exploit a broader range of 
measurement techniques, facilitating more-accurate assessments and, 
thus, providing more-detailed insights into the solids mixing phenom-
enon. Simple visualization has often been employed to assess mixing and 
segregation quality [17,27]. The frozen bed method makes it possible to 
extract a concentration profile, although it fails to capture the real-time 
dynamics of mixing and segregation [6–9,12,14,15,24]. Optical imaging 
techniques can be used in cold pseudo-2D units, offering time resolution 
and insights into the dense bed, although they suffer from a not-yet-
quantified impact of the restricted geometry [13,20,26]. Particle 
tracking methods offer detailed information about the dynamics of 
solids mixing by following individual particles within the bed 
[11,15,16,28], with the main challenge being the design of tracer par-
ticles of adequate size and density. In many instances, the currently 
available techniques for particle tracking are limited to a single particle, 
thereby missing out on the influence of collisions among particles within 
the lean solids phase. This problem can be addressed through the use of 
dummy tracer particles [5], although the challenge remains in relation 
to finding tracer and dummy particles with matching properties. While 
particle tracking techniques can provide detailed 3D trajectory and 
mixing rates in binary beds, they primarily yield trajectory-resolved 
data. To obtain concentration fields with particle tracking, measure-
ments must be collected over long durations and averaged in time, 
which limits the ability to capture instantaneous concentration fluctu-
ations. Solids tracing techniques represent an alternative approach in 
which time-resolved concentration data from a solids batch can be used 
to derive mixing parameters [18]. Existing tracing methods (chemical or 
color tracing) [32–34] typically provide either spatial or temporal res-
olution, but rarely both. One such tracing technique, magnetic solids 
tracing (MST), exploits ferromagnetic tracer particles, which are 
generally safe to handle, less toxic than alternative radioactive tracers, 
and available with a relatively wide range of physical properties 
[35,36]. Since its development, MST has been exploited to quantify

Nomenclature

Symbols 
d p Diameter of particle [mm] 
FN Fluidization number [− ] 
f Frequency [Hz]
g Gravitational constant, 9.81 [m/s 2 ] 
H b,0 Static bed height [m]
H b Expanded bed height [m] 
L* Characteristic length [m]
M Mixing Index [− ]
m Mass [kg]
P Pressure [Pa]
ΔP Pressure drop [Pa]
T Temperature [ ◦ C]
τ mix * Characteristic time of mixing [s]

τ seg * Characteristic time of segregation [s]
u g Fluidization velocity [m/s]
u mf Minimum fluidization velocity [m/s]
ε g Bed voidage [− ]
ε s Volumetric concentration of solids [− ]
Φ Sphericity [− ]
ϰ Loading of solids phase % vol ]
ρ Density [kg/m 3 ]
σ Variance [− ]

Subscripts
bulk Bulk solids phase
g Gas phase
lean Lean solids phase
s Solids
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Table
 
1

Summary
 

of experimental studies and
 

their key
 

findings regarding
 

mixing
 

and
 

segregation
 

in
 

binary
 

fluidized
 

beds (references are listed
 

chronologically).

Reference Aim
 

of work Cross-section
geometry

Gas and
 

Solids Phases Operating
 

Conditions Methodology Summary

Wirsum
 

et al. 
[5]

Investigation
 

of the motion
 

and
 

time-dependent vertical 
distribution

 
of large, light lean

 
solids phase particles.

Rectangular, 
0.45

 
m
 

×
 

0.45
 

m

Bulk
 
Solids Quartz sand T

 bed 30
 
◦ –50

 
◦ C Electromagnetic particle detection

 
using

dummy
 

tracer particles to
 

ensure lean-
particle interactions. Particle trajectories
were tracked

 
to
 

calculate residence time, 
expanded

 
bed

 
height, and

 
mixing

 
indices.

Smaller and
 

heavier lean
 

solids
mixed

 
better.H/D 1.1

ρ s,bulk 2600
 

kg/m
 

3 H
 

b,0 0.5
 

m
d
 p
 

0.41
 

/ 0.91
 

mm u
 g 0.2

 
/ 1.1

 
m/s

Geldart
Type

B
 

/ D Lean
Fraction

1.89
 

/ 7.02%
 

vol Coarse lean
 

solids phase segregated
 

at bed
 

surface.
Lean

 
Solids Spheres made of wood

 
and

 
plastic Mixing

 
improved

 
by
 

finer bulk
solids and

 
higher fluidization

velocity.
ρ s,lean 440

 
/ 680

 
/ 730

 
/ 1130

 
/ 1420

 
kg/m

 

3

d
 p 20

 
/ 30

 
/ 40

 
mm

Fluidizing
Gas

Air

Olivieri et al. 
[6]

Study
 

of the extent and
 

dynamics of solids segregation
 

in
 

binary
 

mixtures.

Cylindrical, 
0.12

 
m
 

ID
Solid
Phases

Silica
 

sand
 
&
 

silica
 

gel / Silica
 

sand
 
&
 polypropylene / Glass beads & 

silica
 

sand

T
 bed 30

 
◦ –50

 
◦ C Pressure transducers and

 
frozen

 
bed

method
 

used
 

to
 

measure vertical
concentration

 
profiles, mixing

 
index, and

 
fluidization

 
regimes.

Minimum
 

fluidization
 

velocity
 

of an
 

individual component does not 
accurately

 
predict segregation

 
patterns.

H/D 1.1
 

/ 1.2
H
 

b,0
 

0.132
 

/ 0.144
 

m
 u

 g 1.73–3.5
 

u
 mf

ρ s 2600
 
&
 

600
 

/ 2600
 
&
 

900
 

/ 2540
 
&
 2600

 
kg/m

 

3
Solids
Fraction

10–80%
 

vol

d
 p 0.125

 
&
 

0.375
 

/ 0.5
 
&
 

0.5
 

/ 0.5
 
&
 0.125

 
mm

More research
 

is needed
 

to
 

predict 
the fluidization

 
velocity

 
needed

 
for

uniform
 

mixing. Φ
 

s ~1
Geldart
Type 

B
 
&
 

A-B
 

/ B
 
&
 

B
 

/ B
 
&
 

B

Fluidizing
 

Gas
Air

Zhang
 

et al. 
[7]

Investigation
 

of the mixing
 

and
 

segregation
 

behaviors of 
biomass particles in

 
biomass–sand

 
mixtures.

Rectangular, 
0.4
 

m
 

×
 

0.4
 

m
Bulk

 
Solids Quartz sand T

 bed Ambient Frozen
 

bed
 

technique used
 

to
 

obtain
vertical concentration

 
profiles and

 
mixing

index, complemented
 

by
 

digital camera
 

imaging
 

to
 

visualize flow
 

patterns.

Mixing
 

dominates up
 

to
 

a
 

critical 
fluidization

 
velocity, after which

 
segregation

 
starts to

 
dominate once 

again.

H/D 0.75
ρ s,bulk

 
2560

 
kg/m

 

3
 H

 
b,0
 

0.3
 

m
 d

 p 0.5
 

mm u
 g 1–10

 
u
 mf

Φ
 

s ~1 Lean
Fraction

1
 

/ 2
 

/ 3%
 

wt

Geldart 
Type

B

Lean
 
Solids Biomass (Cotton

 
stalk) 

ρ s,lean 385.3
 

kg/m
 

3

d
 p 50

 
×
 

5
 

mm
 Φ

 
lean Cylindrical

Fluidizing
Gas

N/A

Jang
 

et al. [8] Investigation
 

of the mixing
 

and
 

segregation
 

behaviors and
 

residence times of binary
 

fluidized
 

beds with
 

solids 
throughput.

Cylindrical, 
0.109

 
m
 

ID
Bulk

 
Solids Sand H/D 1 Frozen

 
bed

 
technique combined

 
with

 
use

of pressure transducers to
 

study
 

particle
behavior, concentration

 
distribution

 
and

 
residence time.

Bulk
 

phase fluidization
 

mobility
 

is 
higher with

 
lower loadings of lean

 
phase.

H
 

b,0 0.109
 

m
ρ s,bulk 2620

 
kg/m

 

3 u
 g 1.73–3.5

 
u
 mf

d
 p 0.715

 
mm Lean

Fraction
0.3–1.0%

 
vol

Lean
 
Solids Polymethylmethacrylate Lean

 
phase mobility

 
remains

constant for varying
 

fluidization
velocities.

ρ s,lean 1190
 

kg/m
 

3

d
 p 1.545

 
/ 0.715

 
/ 0.359

 
mm

Fluidizing
Gas

Air Larger particle size ratios result in
greater residence time deviations 
between

 
particle types.

Solid
 

movement quantified
 

by
 

residence time distribution
 

is a
 

better indicator of mixing
 

than
 

axial 
concentration

 
distribution

 
alone. 

Rao
 

et al. [9] Investigation
 

of the mixing
 

and
 

segregation
 

behaviors of binary
 

mixtures under steady
 

state 
conditions.

Cylindrical, 
0.09

 
m
 

ID
Bulk

 
Solids Sand T

 bed T
 Ambient Frozen

 
bed

 
technique combined

 
with

pressure transducers to
 

obtain
concentration

 
and

 
bed

 
expansion

Size of bulk
 

solids impacts the 
fluidization

 
and

 
mixing

 
behaviors of 

binary
 

beds, with
 

prominent effects
H/D 0.67

ρ s,bulk 2520
 

kg/m
 

3 H
 

b,0 0.06
 

m
 

(0.03
 

m
bulk

 
solids phase)dp 0.93

 
/ 0.66

 
/ 0.4

 
mm

(continued
 
on
 
next page)
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Table
 
1
 

(continued
 

)

Reference Aim
 

of work Cross-section
geometry

Gas and
 

Solids Phases Operating
 

Conditions Methodology Summary

observed
 

for mixtures with
 

a
 

fine 
lean

 
solids phase.

Lean
 
Solids Rice husk

 
/ Sawdust / Groundnut shell u

 g 0.48–0.65
 

m/s
ρ s,lean 589

 
/ 716

 
/ 680

 
kg/m

 

3 Lean
Fraction

1:13
 

/ 1:5
 

/ 1:12
(6.7

 
/ 15.44

 
/

7.19%wt)
d
 p 2.094

 
/ 0.578

 
/ 8.78

 
mm

Fluidizing
Gas

Air Higher gas velocity
 

enhances
mixing.

Upadhyay
 

et al. 
[10]

Investigation
 

of mixing
 

and
 

flow
 behavior of binary

 
mixture.

Cylindrical, 
0.115

 
m
 

ID
Solid
Phases

Glass beads / Sago
 

Beads T
 bed T

 Ambient Radioactive Particle Tracking
 

(RPT) to
obtain

 
velocity

 
fields and

 
Dual-Source

Densitometry
 

(DSD) to
 

measure solids 
volume fractions

Particle collisions drive movement
in
 

binary
 

beds.ug 0.9–1.3
 

m/s
ρ s 2600

 
/ 1350

 
kg/m

 

3 Solids
Fraction

0–100%
 

wt

d
 p 1.5

 
/ 1.5

 
mm

Fluidizing
Gas

Air Light particles fluidize heavy
 

ones
below

 
their normal fluidization

 
velocity.
Mixtures retain

 
concentration

 
gradients even

 
at high

 
gas 

velocities.
Halow

 
et al. 

[11]
A
 

detailed
 

spatiotemporal 
understanding

 
of the mixing

 
behaviors of fuel particles, to

 
support the development of 
statistical models.

Cylindrical, 
0.055

 
m
 

ID
Bulk

 
Solids Glass beads T

 bed T
 Ambient Magnetic particle tracking

 
in
 

a
 

bed
 

with
dummy

 
lean

 
particles, while a

 
Weibull

distribution
 

aids statistical modeling.

Particle behavior transitions from
 segregated

 
to
 

well-mixed
 

as density
 

approaches that of the bed
 

material.
H/D 1

ρ s,bulk
 

2500
 

kg/m
 

3
 H

 
b,0
 

0.055
 

m
 d

 p 0.177–0.25
 

mm u
 g 1–6

 
u
 mf

Φ
 

s ~1 Lean
Fraction

0–10%
 

wt

Lean
 
Solids Magnetically

 
tagged

 
wood

 
particles Temporal autocorrelations reveal

dominant bed
 

circulation
 

timescales
(one rise-sink

 
cycle driven

 
by
 

bubbles) that vary
 

with
 

fluidization
 

velocity.

ρ s,lean 550–1200
 

kg/m
 

3

d
 p 3–4

 
mm

Fluidizing
Gas

Air

Zhang
 

et al. 
[12]

Investigation
 

of the 
hydrodynamics of binary

 
fluidized

 
beds and

 
gas jets at 

high
 

loadings for the lean
 

solids 
phase.

Rectangular, 
0.3
 

m
 

×
 

0.025
 

m

Bulk
 
Solids Resin T

 bed T
 Ambient Frozen

 
bed

 
experiments combined

 
with

high-speed
 

digital imaging
 

are used
 

to
investigate the mixing

 
index

 
and

 
minimum

 fluidization
 

velocity.

Bulk
 

solids phase improves 
fluidization

 
quality

 
in
 

comparison
 

to
 

system
 

with
 

exclusively
 

lean
 

solids phase.

ρ s,bulk 1148
 

kg/m
 

3 u
 g 0.37–1.48

 
m/s

d
 p 0.75

 
mm u

 jet 50–90
 

u
 mf

Lean
 
Solids Tobacco

 
stem Lean

Fraction
0–20%

 
wt

ρ s,lean 850
 

kg/m
 

3

d
 p 17.5

 
mm Lean

 
fraction

 
<7%

 
wt is optimal for

maximal mixing.Fluidizing
Gas

Air
Jet gas aids mixing

 
and

 
is required

for effective mixing
 

of higher lean
 

fractions.
Olaofe et al. 

[13]
Investigation

 
of segregation

 
patterns in

 
binary

 
and

 
ternary

 
mixtures.

Pseudo
 

2D, 
0.3
 

m
 

×
 

0.015
 

m

Solid
Phases

Matted
 

glass particles (three-colored) T
 bed T

 Ambient Digital camera
 

imaging
 

used
 

to
 

quantify
 

a
segregation

 
index.

Binary
 

mixtures segregate near
minimum

 
fluidization

 
velocity.H/D 1

ρ s ~2550
 

kg/m
 

3
 H

 
b,0
 

0.3
 

m
 d

 p
 

1.5–3.5
 

mm u
 g 1.1–1.5

 
u
 mf Ternary

 
mixtures mix

 
well at gas

velocities that are even
 

lower than
the minimum

 
fluidization

 
velocity

 
of the larger particles.

Solids
Fraction

25–75%
 

wtFluidizing
Gas

Air

Cluet et al. 
[14]

Investigation
 

of the axial 
segregation

 
of the lean

 
solids 

phase in
 

a
 

larger bed
 

(minimized
 

wall effects).

Cylindrical, 
0.242

 
m
 

ID
Bulk

 
Solids Non-ferrous olivine T

 bed T
 Ambient Pressure transducers and

 
in-bed

 
sampling

are used
 

to
 

obtain
 

concentration
 

profiles
and

 
mixing

 
indices.

Coarser bulk
 

solids yield
 

variable
bed

 
voidage along

 
the bed

 
height.H/D 1.1

 
/ 1.6

ρ s,bulk 3250
 

kg/m
 

3 H
 

b,0 0.265
 

/ 0.391
 

m
d
 p 0.378

 
/ 0.237

 
mm u

 g 1.736
 

/ 2.78
 

m/s
Φ
 

s 0.82
 

/ 0.78 Lean
Fraction

30
 

/ 50
 

/ 70%
 

wt For fine bulk
 

solids, the voidage
decreased

 
in
 

the upper part of the 
bed.

Geldart
Type

B

Lean
 
Solids Wood

 
(Beech

 
/ Balsa)

ρ s,lean 685
 

/ 159
 

kg/m
 

3

Mixing
 

increases with
 

denser and
 

less-spherical lean
 

solids.
d
 p 80

 
×
 

250
 

/ 55
 
×
 

40
 
×
 

570
 

/ 55
 
×
 

40
 
×
 570

 
/ 20

 
×
 

40
 
×
 

295
 

mm
Φ
 

lean 0.77
 

/ 0.5
Fluidizing
Gas

Air 50%–80%
 

of lean
 

solids phase stays
in
 

bed, while remainder segregates 
at the bed

 
surface.

(continued
 
on
 
next page)
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Table
 
1
 

(continued
 

)

Reference Aim
 

of work Cross-section
geometry

Gas and
 

Solids Phases Operating
 

Conditions Methodology Summary

Fotovat et al. 
[15]

Investigation
 

of the segregation
 

behavior of the lean
 

solids 
phase.

Cylindrical, 
0.152

 
/ 0.192

 
m
 

ID

Bulk
 
Solids Silica

 
sand

 
/ Glass beads T

 bed T
 Ambient Radioactive particle tracking, fiber-optic

sensors, and
 

frozen
 

bed
 

techniques used
 

to
study

 
particle motion, bubbling

 
behavior, 

and
 

solids mixing, to
 

quantify
 

axial 
distribution, bubble size, mixing

 
index, 

bubble rise velocity, and
 

lean
 

solids 
circulation, and

 
to
 

couple experimental
results with

 
a
 

3-D
 

Eulerian–Eulerian
 

CFD
approach

 
for detailed

 
analysis.

The shape of the lean
 

solids phase 
affects fluidization

 
by
 

influencing
 

bubble formation
 

and, 
consequently, the circulation

 
of 

solids in
 

the bed.

H/D 1.5
ρ s,bulk

 
2650

 
/ 2500

 
kg/m

 

3
 H

 
b,0
 

0.228
 

/ 0.288
 

m
d
 p 0.38

 
/ 500

 
mm u

 g 2
 

/ 3.6
 
&
 

4
 

u
 mf

Φ
 

s ~1 Lean
Fraction

2
 

/ 8
 

/ 16%
 

wt

Lean
 
Solids Biomass

ρ s,lean 824
 

/ 644
 

kg/m
 

3

d
 p 12.70

 
×
 

6.35
 

mm
 

/ 9.53
 

mm The frozen
 

bed
 

method
 

becomes
unreliable at high

 
bed

 
expansion, 

attained
 

at, for example, high
 

gas 
velocity

 
or low

 
lean

 
fraction. 

Φ
 

lean 0.874
 

/ 1
Fluidizing
Gas

Air

K¨ ohler et al. 
[16]

Study
 

of the axial mixing
 

of the 
lean

 
solids phase at different 

stages of conversion
 

under 
experimental conditions 
representative of large-scale 
industrial applications.

Cold
 

flow
 model,

0.17
 

m
 

×
 

0.17
 

m
 

(upscaled
 

model,
0.74

 
m
 

×
 
0.74

 
m)

Bulk
 
Solids Bronze powder (Silica

 
sand) T

 bed 20
 

◦
 C
 

(800
 

◦
 C) Magnetic Particle Tracking

 
to
 

study
 

axial
segregation, mixing

 
index, and

 
circulation

of lean
 

solids.

Larger bubbles enhance the vertical 
mixing

 
of lean

 
solids.

Three regimes are identified
 

as the 
fluidization

 
velocity

 
increases: 

segregated; transition; and
 

full 
mixing. The regime shifts depend

 
on
 

the bed
 

height and
 

the density
 

of the 
lean

 
solids.

H/D 0.25
 

/ 0.41
ρ s,bulk

 
8900

 
(2600) kg/m

 

3
 H

 
b,0
 

0.18
 

/ 0.305
 

m
 d

 p 0.60
 

(0.25) mm u
 g 0.013–0.53

 
m/s

Lean
 
Solids Synthetic tracer (Biomass) ΔP

 distributor 131.23 u
 0

2 / 51.76
u0

2 kPaρ s,lean
 

1280–4500
 

(350–1230) kg/m
 

3
 

d
 p 10

 
(44) mm

Φ
 

lean 1
Fluidizing
Gas

Ambient air (Air)

The distributor plate with
 

greater 
pressure drop

 
promotes stronger 

flotsam
 

behavior of the lean
 

solids 
phase.

Brachi et al. 
[17]

Investigation
 

of the fluidization
 

and
 

segregation
 

of polydisperse 
binary

 
mixtures.

Cylindrical, 
0.1
 

m
 

ID
Bulk

 
Solids 

Phase
Quartz sand

 
/ Silica

 
sand

 
/ Commercial 

γ-alumina
 

powder / Commercial 
γ-alumina

 
spheres

T
 bed T

 Ambient Piezo-resistive pressure sensors and
visualization

 
used

 
to
 

study
 

fluidization
behavior and

 
segregation

 
at bed

 
surface.

Density
 

difference prevails over size
difference in

 
segregation.H/D 2.2

H
 

b,0 ~0.22
 
±
 

0.02
 

m
u
 g u

 mf - u
 slugging

Lean
Fraction

0–5
 

/ 0–20
 

/ 0–42
/ 0–38%

 
vol Small dense (Geldart A) bulk

 
particles allow

 
lean

 
solid

 
phase to

 
act as jetsam, whereas
large dense (Geldart B) bulk

 
particles yield

 
a
 

flotsam
 

lean
 

phase.

ρ s,bulk
 

2813.5
 
&
 

2650.6
 

/ 3986.9
 
&
 

3986.9
 

kg/m
 

3

d
 p 0.1–0.25

 
&
 

0.15–0.4
 

/ 0.05–0.25
 
&
 0.2–0.4

 
mm

Geldart 
Type

B
 

/ B
 

/ A
 

/ B

Lean
 
Solids 

Phase
Orange peels

ρ s,lean 667
 

kg/m
 

3

d
 p 5

 
×
 

5
 

mm
Geldart
Type

D

Fluidizing
Gas

Air

Huang
 

et al. 
[18]

Studying
 

the mixing
 

and
 

segregation
 

and
 

underlying
 

mechanisms in
 

binary
 

fluidized
 

beds under steady
 

and
 

transient 
states.

Pseudo
 

2D, 
0.2
 

m
 

×
 

0.015
 

m

Solids
Phases

Al 2 O 3
 
&
 

quartz sand
 

/ Polypropylene 
plastics and

 
quartz sand

T
 bed T

 Ambient Capacitance probe used
 

to
 

obtain
 

vertical
profiles and

 
quantify

 
mixing

 
via
 

an
 

index.
Fast mixing

 
for similar densities, 

whereas large density
 

differences 
cause inherent segregation.

H/D 2.2
H
 

b,0
 

0.44
 

m
ρ s,bulk /ρ s,

lean

1.32
 

/ 0.31 u
 g 0.22

 
&
 

0.42
 

/ 0.72
&
 

1.07
 

m/s
d
 p
 

0.15–0.2
 

/ 0.7–0.8
 

mm Solids
Fraction

50:50%
 

vol

Geldart
Type

B, D
 

/ B, D
Different regions of segregation

 
are 

found, which
 

can
 

be counteracted
 

by
 

increasing
 

the fluidization
velocity.

Fluidizing
Gas

Air

(continued
 
on
 
next page)
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Table
 
1
 

(continued
 

)

Reference Aim
 

of work Cross-section
geometry

Gas and
 

Solids Phases Operating
 

Conditions Methodology Summary

Mixing
 

in
 

fluidized
 

beds occurs in
 

two
 

stages: macro
 

mixing
 

(rapid, 
driven

 
by
 

rising
 

bubbles), followed
 

by
 

micro
 

mixing
 

(gradual 
homogenization).
Mixing

 
occurs more efficiently

 
at 

the bed
 

center than
 

near the walls. 
Singh

 
et al. 

[19]
Assessment of the segregation

 
dynamics of a

 
mixture of Geldart 

B
 

and
 

D
 

particles

Cylindrical, 
0.09

 
m
 

ID
Solid
Phases

Glass beads T
 bed T

 Ambient Electrical Capacitance Tomography
 

(ECT)
to
 

quantify
 

segregation
 

regions, rates and
times, bubble size distribution

 
and

 
frequency.

Small particles dominate 
fluidization

 
and

 
bubbling

 
behavior, 

even
 

at equal mass ratios.
H/D 4

ρ s 2550
 

kg/m
 

3
 H

 
b,0
 

0.36
 

m
 d

 p
 

0.096
 

/ 0.922
 

mm u
 g 0.02–0.175

 
m/s

Geldart
Type

B
 

/ D Solids
Fraction

30–70%
 

wt

Fluidizing
Gas

Air Higher gas velocity
 

delays 
segregation

 
by
 

lifting
 

larger 
particles upward.
Flow

 
regimes are chaotic for fine 

particles and
 

quasi-periodic for 
coarse particles.

Parvathaneni 
et al. [20]

Investigation
 

of the effect of 
local bubbling

 
behavior on

 
the 

segregation
 

and
 

mixing
 

dynamics of binary
 

mixtures.

Pseudo
 

2D, 
0.2
 

m
 

×
 

0.02
 

m

Bulk
 
Solids 

Phase
Glass beads T

 bed T
 Ambient Digital imaging

 
and

 
different modes of air

injection
 

used
 

to
 

quantify
 

a
 

mixing
 

index
and

 
bubble characteristics

Higher lean
 

fraction
 

increases 
segregation, despite larger and

 
more-frequent bubbles.

H/D 1
ρ s,bulk 2600

 
kg/m

 

3
 H

 
b,0
 

0.2
 

m
d
 p 2.26

 
mm u

 g 1.736
 

/ 2.78
 

m/s
Φ
 

s ~1 Lean
Fraction

 

30
 

/ 50
 

/ 70%
 

wt

Mixing
 

dominates at high
 

fluidization
 

velocity.
Lean

 
Solids 

Phase
SAGO

 
beads

ρ s,lean 1300
 

kg/m
 

3 Gas jet distributors reduce
segregation

 
by
 

enhancing
 

local
circulation

 
compared

 
to
 

uniform
 distributors.

d
 p 2.32

 
mm

Φ
 

lean ~1
Fluidizing

 
Gas

Air

Windows-Yule 
et al. [21]

Studying
 

the influence of shape 
of lean

 
solids on

 
spatial 

distribution

Cylindrical, 
0.07

 
m
 

ID
 0.1

 
m
 

ID

Bulk
 
Solids 

Phase
Sand T

 bed 16
 

◦ C Positron
 

Emission
 

Particle Tracking
 

(PEPT)
to
 

obtain
 

vertical distribution
 

profiles
summarized

 
by
 

an
 

index.

Density
 

dominates vertical 
distribution

 
while particle shape 

has little effect.
H/D 1

 
/ 2

H
 

b,0
 

0.07
 

/ 0.138
 

m
 ρ s,bulk 2800

 
kg/m

 

3 u
 g 1.4–2.8

 
u
 mf

d
 p 0.3

 
mm Lean

Fraction
 

1%
 

wt

Φ
 

s 0.9 Aspect ratio
of Lean

0.04
 

/ 0.76
 

/ 1.92
 

/
5.12Geldart

Type
B

Lean
 
Solids 

Phase
Aspherical plastics

ρ s,lean 1250
 

kg/m
 

3

d
 p 0.4

 
/ 2.8

 
/ 5.2

 
/ 10

 
mm

Geldart
Type 

D

Fluidizing
 

Gas
Air

Windows-Yule 
et al. [22]

Investigation
 

of the influence of 
different distributor designs on

 
fluidization

 
and

 
mixing

 
quality

Cylindrical, 
0.07

 
m
 

ID
Bulk

 
Solids 

Phase
Sand T

 bed 16
 

◦ C Positron
 

Emission
 

Particle Tracking
 

(PEPT)
to
 

measure dead
 

volume, mixing, and
 

flow
patterns.

More orifices improve fluidization
and

 
mixing.H/D 2

H
 

b,0 0.14
 

m
ρ s,bulk 2800

 
kg/m

 

3 u
 g 2.4

 
u
 mf

Orifices near walls reduce dead
 

zones but do
 

not improve mixing.
d
 p 0.28–0.34

 
mm Lean

Fraction
10%

 
wt

Φ
 

s 0.9

(continued
 
on
 
next page)
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Table
 
1
 

(continued
 

)

Reference Aim
 

of work Cross-section
geometry

Gas and
 

Solids Phases Operating
 

Conditions Methodology Summary

Geldart 
Type

B

Lean
 
Solids 

Phase
Glass beads Good

 
fluidization

 
does not always 

mean
 

good
 

mixing.
ρ s,lean 1250

 
kg/m

 

3

d
 p 1

 
mm

Geldart
Type

D

Fluidizing
Gas

Air

Huang
 

et al. 
[23]

Assessment of mixing
 

behavior 
of small binary

 
particles

Pseudo
 

2D, 
0.3
 

m
 

×
 

0.02
 

m

Solid
Phases

Corundum
 
&
 

silicon
 

carbide / Quartz 
sand

 
&
 

Walnut shell particles
T
 bed T

 Ambient Capacitance probes and
 

high-speed
 

camera
to
 

measure concentration
 

and
 

quantify
mixing

 
and

 
entropy.

Fine particles mix
 

slower but more
uniformly

 
than

 
coarse particles.Hb,0 0.4

 
m

u
 g 1.18–1.48

 
u
 mf

ρ s 3970
 
&
 

3660
 

/ 2730
 
&
 

1120
 

kg/m
 

3 Solids
Fraction

50:50%
 

vol

Higher gas velocity
 

speeds up
 

mixing.
d
 p 0.55

 
mm

Geldart
Type

D
Dense bed

 
and

 
wall regions remain

 
non-uniform, while uniform

 
mixing

 
occurs mainly

 
in
 

the middle and
 

upper layers.

Fluidizing
Gas

Air

Mixing
 

happens much
 

faster at the 
top
 

of the bed
 

than
 

at the bottom
 Emiola-Sadiq

 
et al. [24]

Investigation
 

of the mixing
 

and
 

segregation
 

of binary
 

mixtures.
Cylindrical, 
0.145

 
m
 

ID
Bulk

 
Solids 

Phase
Silica

 
sand T

 bed T
 Ambient Frozen

 
bed

 
and

 
digital imaging

 
used

 
to

quantify
 

mixing
 

index
 

and
 

vertical and
radial profiles of the lean

 
phase.

Mixing
 

behavior depends on
 

particle size/shape and
 

loadings. 
Coarse lean

 
solids fluidize more 

readily
 

than
 

fine lean
 

solids.

H/D 1.5
ρ s,bulk 2650

 
kg/m

 

3
 H

 
b,0
 

0.22
 

m
 d

 p 0.329
 

mm u
 g 1–4

 
u
 mf

Φ
 

s ~1 Lean
Fraction

0–30%
 

wt

Lean
 
Solids 

Phase
Biomass (Soyhull pellet / Oathull pellet
/ Sawdust) Higher fluidization

 
velocity

enhances mixing
 

for cylindrical lean
solids.

ρ s,lean 1543
 

/ 1342
 

/ 1511
 

kg/m
 

3

d
 p 10

 
×
 

5
 

mm
 

/ 7
 
×
 

5.5
 

mm
 

/ 1120
 

μm
 

Fine lean
 

solids phase mixes well at 
low
 

loading
 

levels (<20%
 

wt ) but 
mixing

 
declines beyond

 
that.

Φ
 

lean 0.347
 

/ 0.339
 

/ –
Fluidizing
Gas

Air

Large and
 

cylindrical lean
 

solids 
phase shows enhanced

 
mixing

 
with

 
lean

 
fraction.

Roy
 

et al. [25] Assessment of velocity
 

distribution
 

and
 

local flow
 patterns of solids

Cylindrical, 
0.1
 

m
 

ID
Solid

 
Phase Glass beads T

 bed T
 Ambient Radioactive Particle Tracking

 
(RPT) and

frozen
 

bed
 

technique to
 

obtain
 

axial and
radial velocities and

 
solids diffusivity

Particles circulate in
 

a
 

single large 
loop, rising

 
at the center and

 
descending

 
along

 
the walls.

H/D 1.5
ρ s 2500

 
kg/m

 

3
 H

 
b,0
 

0.36
 

m
 d

 p 0.5
 

/ 2
 

mm u
 g 1.1–2.1

 
u
 mf

Geldart 
Type

B Solids
Fraction

10
 

/ 30
 

/ 40%
 

wt of
coarse particles

Fine particles move faster than
 

coarse particles.
Fluidizing

 
Gas

Air
Higher loadings of coarse particles 
increase voidage and

 
impede solids 

motion.
Li et al. [26] Studying

 
the mechanism

 
of 

particle motion
 

of solids under 
pulsating

 
fluidization

 
conditions.

Cylindrical,

0.1
 

m
 

ID

Solid
Phases

Plastic beads / Glass beads T
 bed T

 Ambient Digital imaging
 

used
 

to
 

quantify
 

a
 

segregation
 

index.
Pulsating

 
reduces drag

 
and

 
enhances density-based
segregation. ρ s 1650

 
/ 2400

 
kg/m

 

3
 H/D

 
0.8
 

/ 1.2
 

/ 1.6
 

(3D)
1
 

(2D) d
 p
 

3
 

mm

(continued
 
on
 
next page)
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Table
 
1
 

(continued
 

)

Reference Aim
 

of work Cross-section
geometry

Gas and
 

Solids Phases Operating
 

Conditions Methodology Summary

Pseudo
 

2D, 
0.1
 

m
 

×
 

0.02
 

m

Φ
 

s ~1 As pulsation
 

frequency
 

and
 

gas
velocity

 
increase, segregation

initially
 

increases, only
 

to
 

decrease 
subsequently.

Geldart
Type

D H
 

b,0 0.080
 

/ 0.12
 

/ 0.16
m
 

(3D)
0.1
 

m
 

(2D)Fluidizing
Gas

Air
u
 g 1.1–1.7

 
u
 mf

Solids
Fraction

75:25%
 

vol (3D)
50:50%

 
vol (2D) 

of plastic beads 
Del Duca

 
et al. 

[27]
Development of a

 
predictive 

model for improving
 

the mixing
 

of binary
 

mixtures

Cylindrical, 
0.1
 

m
 

ID
Bulk

 
Solids 

Phase
Fine quartz sand

 
/ Coarse silica

 
sand

 
/ 

Fine commercial γ-alumina
 

powder / 
Ultra-fine commercial γ-alumina

 
powder / Coarse commercial γ-alumina

 
spheres

T
 bed T

 Ambient Piezo-resistive pressure sensors and
visualization

 
used

 
to
 

obtain
 

characteristic
velocities.

Density
 

difference prevails over size
difference in

 
segregation.H/D 2.2

H
 

b,0 ~0.22
 
±
 

0.02
 

m
Lean
Fraction

25
 

/ 50
 

/ 75%
 

wt At minimum
 

fluidization
 

velocity,
the lighter lean

 
phase remains 

segregated
 

and
 

has little impact on
 

the fluidization
 

of the bulk
 

phase.
ρ s,bulk 2813.5

 
/ 2650.6

 
/ 3986.9

 
/ 3986.9

 
/ 

3986.9
 

kg/m
 

3

d
 p 0.1–0.25

 
/ 0.15–0.4

 
/ 0.05–0.25

 
/ 

0.063–0.18
 

/ 0.2–0.4
 

mm At higher gas velocities, the lean
fraction

 
exerts influences on

fluidization
 

behavior, i.e., slugging, 
channeling

 
or segregation.

Lean
 
Solids 

Phase
Fine orange peels / Coarse orange peels
/ Fine tomato

 
peels

ρ s,lean
 

671.7
 

/ 671.7
 

/ 1049.9
 

kg/m
 

3
 

d
 p 1–2

 
/ 5
 
×
 

5
 

/ 1–2
 

mm
Fluidizing
Gas

Air
Fluidization

 
velocities of binary

 
beds increase with

 
fraction

 
of larger 

and
 

lighter lean
 

phase.
Werner et al. 

[28]
Assessment of the mixing

 
dynamics of a

 
mixture of Geldart 

B
 

and
 

D
 

particles.

Cylindrical, 
0.094

 
m
 

ID
Solid
Phases

Silica
 

sand
 

/ Microcrystalline cellulose T
 bed T

 Ambient Positron
 

Emission
 

Particle Tracking
 

(PEPT)
used

 
to
 

quantify
 

minimum
 

fluidization
velocities, micro–macro

 
mixing, flow

 patterns, and
 

bubble behaviors across 
different loadings.

Mixing
 

rate and
 

fluidization
 

quality
 

found
 

to
 

be less impacted
 

for up
 

to
≈20%

 
vol loading

 
of lean

 
phase.

H/D 2
H
 

b,0
 

0.188
 

m
ρ s 2800

 
/ 1460

 
kg/m

 

3 u
 g 3

 
u
 mf

d
 p 0.32

 
/ 1.2

 
mm Solids

Fraction
0–90%

 
vol of

microcrystalline
cellulose

Φ
 

s 0.917
 

/ 0.94
Geldart
Type

B
 

/ D
Higher fraction

 
of Geldart D

 
solids

lean
 

phase lowers the mixing
 

rate.Fluidizing
Gas

Air

Molignano
 

et al. [29]
Investigation

 
of mixing

 
and

 
segregation

 
patterns in

 
a
 

hot 
fluidized

 
bed

Cylindrical, 
0.078

 
m
 

ID
Bulk

 
Solids 

Phase
Silicon

 
Carbide T

 bed 500
 

◦ C needle-type capacitance probes to
 

obtain
space-resolved

 
concentrations summarized

by
 

axial dispersion
 

coefficient.

Increasing
 

gas velocity
 

causes layer 
inversion, dense/fine particles 
segregate to

 
bed

 
surface while light/ 

coarse particles sink
 

to
 

dense bed.

H/D 2
H
 

b,0
 

0.148
 

m
 ρ s,bulk 3253

 
kg/m

 

3 u
 g 0.34–0.87

 
m/s

d
 p 0.505

 
mm Lean

Fraction
1%
 

wt

Φ
 

s 0.63
Geldart
Type

B

Lean
 
Solids 

Phase
γ-alumina

ρ s,lean 1209
 

kg/m
 

3

d
 p 1

 
mm

Φ
 

lean 1
Geldart
Type

D

Fluidizing
Gas

Air
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global flow characteristics of the bulk solids, including residence times 
and circulation rates in unary fluidized beds, and more recently 
assessing velocity distribution [37–42]. However, to date, neither the 
use of MST for characterization of in-bed dynamics, nor for the study of 
light particles have been reported. The achievement of robust, high-
fidelity signals using only slightly magnetic particles, combined with 
spatially localized measurements at high temporal resolution, are novel 
aspects of the present work. Since mixing and segregation are inherently 
spatiotemporal processes, the concentration profiles resolved in both 
these dimensions are essential for developing a more-complete 
understanding.

In addition, regarding studies performed under ambient conditions, 
the concern remains as to whether the bed dynamics established are 
representative of those seen at high temperatures. The temperature al-
ters the density and viscosity of the gas and, thereby, the key fluid dy-
namic variables governing the gas-solids (and potentially also the solid-
solid) interactions. The Archimedes and Reynolds numbers under hot 
conditions (900 ◦ C, for example) are 1–2 orders of magnitude lower than 
under ambient conditions, yielding different fluidization behaviors 
[43–45]. The use of fluid dynamic scaling laws is, therefore, recom-
mended to replicate appropriately the behaviors of large-scale, high-
temperature operations under ambient conditions. These laws ensure 
the dynamic, kinematic and geometric similarities between a real unit 
and a cold model [46,47], guaranteeing that the extracted information 
has quantitative relevance for the industrial operation. Several studies 
have experimentally proven the validity of fluid-dynamic scaling laws 
for gas-solids flows, demonstrating their ability to provide accurate 
representation of fluidized bed dynamics [48,49], including validation 
of fuel mixing in sand beds [50]. However, the application of scaling 
laws implies careful selection of the gas-solids combination without 
compromising safety or the budget [51]. As a consequence, researchers 
have often chosen to conduct experiments using the same gas-solids 
combination as in the hot application, thereby overlooking the dis-
crepancies in the fluid-dynamic behaviors. The findings extracted from 

such experiments are not automatically extensible to high-temperature 
industrial operations, and the extent of the quantitative deviation in 
the data remains unknown.

Chaos analysis offers a complementary perspective to fluid dynamic 
scaling laws to study dynamics of fluidized beds, providing insights 
beyond conventional time-averaged or spectral analyses [52,53]. 
Applying chaos analysis requires selecting appropriate characteristic 
variables and adjusting operating parameters to maintain dynamic 
similarity [54]. In binary beds, chaotic motion alone does not guarantee 
effective mixing and the choice of property used to assess mixing is 
critical. Global indicators, such as pressure fluctuations or void fraction, 
primarily reflect bulk bed dynamics and bubble activity and may not 
capture the behavior of a segregating lean phase, which can evolve 
differently from the bulk solids. Local measurements of both solids 
phases are therefore necessary to account for mixing or segregation 
[55]. When combined with temporal autocorrelation of each solids 
phase, chaos analysis can reveal particle circulation and the persistence 
of segregated regions, providing a measure of effective mixing that can 
be complemented by mixing indices [55]. While chaos analysis with 
autocorrelation can provide useful insights, its application in density-
driven binary beds requires careful interpretation, as the coupled dy-
namics of buoyancy and drag influence phase-specific mixing. 

Computational fluid dynamics (CFD) tools have also been used to 
investigate mixing and segregation in binary fluidized beds [56–61]. 
However, challenges persist in relation to dealing with particles with 
significantly different sizes, as the models require validated correlations 
for momentum exchange between the two solid phases [62,63] and, 
within Eulerian frameworks, a multi-grid approach often needs to be 
adopted [64]. Moreover, the predictive capability of CFD tools is limited 
by the scarcity of experimental data suitable for rigorous validation; the 
available measurements are typically restricted to specific locations, 
such as the dense bed surface, or are derived from pseudo-2D systems.

Semi-empirical modeling is also used for examining mixing phenomena 
in binary beds [65,66], as this methodology offers reliable simulations 
commensurate with the level of detail that the experimental input pro-
vides, although it lacks the generic validity intended in CFD. Thus, 
developing more-accurate experimental techniques is critical to sup-
porting the predictive capabilities of CFD models for binary fluidized 
systems [67,68].

In summary, the reviewed literature reveals persistent gaps in the 
current understanding of solids mixing and segregation in binary flu-
idized beds. In particular, there exist knowledge gaps in relation to: (i) 
the lack of measurements made under high-temperature or industrial 
conditions, limiting the applicability of findings to real-life operational 
scenarios; (ii) the spatiotemporal resolution of solids concentration, 
preventing accurate descriptions of how lean solids phase distributions 
evolve; (iii) the mechanisms underlying mixing and segregation (while 
general trends are well identified, the underlying physical processes are 
not well characterized); and (iv) the timescales of mixing and segrega-
tion. These knowledge deficiencies hinder the development of predictive 
models, as well as the optimization of the design and operation of large-
scale binary fluidized beds.

The primary aim of this study is to address these knowledge gaps by 
characterizing the vertical distribution and the dynamics of solid phases 
in a binary fluidized bed under relevant operational conditions. Towards 
this goal, the present work develops a measurement technique that ap-
plies a novel configuration of magnetic solids tracing to acquire time-
and space-resolved concentration profiles of the lean solids phase, 
thereby enabling quantification of the: (i) mixing indices; (ii) charac-
teristic transition times between the mixed and segregated states; and 
(iii) dominant frequencies for mixing. This study restricts its scope to 
binary beds with a coarser and lighter lean phase, so as to be repre-
sentative of beds of sand and ash (Geldart B solids) that convert some 
typical solid feedstock (biomass, waste, plastic, peat, coal). The effects of 
operating conditions, i.e., the fluidization velocity, the bed height, and 
the loading of the lean solids phase, are investigated under ambient 
(cold flow) conditions, while preserving the hydrodynamic similarity 
with large-scale, hot units (using scaling laws).

2. Methodology

2.1. Experimental setup

A reference case is used in the present study, corresponding to the 
pyrolysis of biomass in a bed of hot sand fluidized by flue gas. The 
reference unit has a squared cross-section of 1.15 × 1.15 m 2 and is 
operated at 700 ◦ C. By using full Glicksman's scaling laws [46], such a 
system is simulated under ambient conditions using a bed with a cross-
section of 0.3 × 0.3 m 2 where ambient air fluidizes the bronze powder 
and a lean phase, which consists of coarser and lighter chip-like syn-
thetic particles (representing biomass). A summary of the relevant pa-
rameters used for fluid-dynamic scaling is provided in Table 2. By 
preserving all relevant dimensionless numbers, the simulated system 

reproduces the hot-reference hydrodynamics, while secondary param-
eters, such as particle size distribution, shape, or mechanical/chemical/ 
thermal properties of both solids phases, are not explicitly accounted for 
as they are not expected to affect the mixing behavior significantly. 

Fig. 1 illustrates the experimental setup. The bed is composed of 
acrylic glass and is equipped with a windbox and a perforated plate for 
gas distribution. The gas flowrate is regulated by a mass flow controller. 
Local concentrations of the lean solids phase are measured online at 
seven vertical positions using magnetic solids tracing (MST; for details 
on the measurement principle see [37]). For this purpose, seven 
impedance coils are mounted along a 1 cm outer diameter (o.d.) pin (see 
close-up of MST pin in Fig. 1). Each coil detects the concentration of 
magnetic lean solids within a radius of 2 cm from the vertical axis of pin. 
In the present study, possible inhomogeneities in the lateral direction 
are not examined, instead representativeness of the data is guaranteed
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by long and repeated measurements. Alternatively, multiple MST pins 
could be used (if placed far apart), this could however become coun-
teractive, provided the intrusive nature of the pin-probe.

The lean phase particles are fabricated from a synthetic expanded 
foam that is doped with a magnetic powder, so as to make them 

detectable by the MST coils. Given the wide variability of biomass 
regarding physical characteristics, a representative set of properties was 
selected (see Table 2). The design of these particles considers also 
compatibility with the magnetic solids tracing (MST) technique, 
ensuring robust and high-fidelity measurements.

The impedance signal, acquired at 100 Hz from each coil, is con-
verted to a concentration of lean phase solids using a calibration curve 
tailored to each coil (see Appendix A). Two probes immersed in the bed 
are used to acquire the pressure data used for determining the bed 
voidage and bubble dynamics. The sampling rate for this measurement 
is also 100 Hz, and the probes are fixed at vertical positions corre-
sponding to one-half and three-quarters of the static bed height, 
respectively. The pressure transducers were calibrated and connected to 
the probes using short, rigid tubing to minimize signal attenuation and 
phase lag, while the superficial gas velocity was precisely controlled 
with a mass flow controller. To reduce measurement uncertainty, all 
results were ensemble-averaged.

Three experimental conditions, namely bed height, loading of the 
lean solids phase, and fluidization velocity, were systematically varied, 
as summarized in Table 3. Each experimental case was repeated three 
times to ensure the representativeness of the acquired data. This ag-
gregation of the data helps to mitigate the impact of horizontal mal-
distribution of the lean solids phase, which is particularly strong in cases 
with low loadings of the lean solids phase. In addition, for the experi-
mental conditions in which the lean solids phase was spread over a 
height interval > 10 cm (the distance between the first and last coils in 
the pin probe), the experiment was repeated using multiple vertical 
positions of the MST pin probe. In those cases, three repetitions of the 
measurements for each position were performed. The resulting data 
were merged into a single vertical concentration profile.

2.2. Experimental procedure

The experiments were designed to capture the vertical distribution of 
the lean solids phase both under the steady state (for a given combina-
tion of experimental conditions) and during the transitions between the 
mixed and segregated states induced by sudden changes in the fluid-
ization velocity. Fig. 2a exemplifies the course of an experiment, fol-
lowed according to the measured local concentrations of the lean solids 
phase. For the experimental condition shown in Fig. 2, the pin probe was

placed at two different vertical positions, yielding a concentration pro-
file over a height > 10 cm and comprising 14 local measurements (2 × 7
= 14 coils). For each run, the unit was first loaded with the amounts of 
bulk and lean solids phases corresponding to the intended experimental 
case. The pin and pressure probes were set in place and secured. The 
binary bed was then fluidized at a fluidization number (FN) of u g /u mf = 

3 (based on the u mf of the bulk solids phase) for 60 s, so as to remove 
possible inhomogeneities in the gas distribution associated with the 
formation of dead zones and to ensure a good horizontal distribution of 
the lean solids phase. The fluidization velocity was then set to u g /u mf = 

1, and the MST and pressure sampling systems were started. After 60 s of 
sampling under minimum fluidization conditions (Initial Segregated 
Steady State in Fig. 2a), the fluidization velocity was increased to the 
desired test conditions. The bed then transited from the initial segre-
gated state to the mixed state (Transition to Mixing), reaching a steady 
state with mixing quality being dependent upon the fluidization condi-
tions. After 180 s, the fluidization velocity was reduced back to the 
minimum fluidization velocity (Final Segregated Steady State), and the 
bed transitioned from the mixed state to a new steady state (Transition 
to Segregation). Data acquisition continued for an additional 60 s, after 
which the experiment was concluded. These five identified distinct steps 
in the sequence are illustrated in Fig. 2a.

Fig. 2b presents the vertical profiles of the lean phase concentration 
obtained for the two segregated states (initial and final) and the mixed 
state. Each datapoint represents a time-averaged value calculated over 
the corresponding period with steady-state conditions and the bars 
signify the standard deviations of the corresponding time series.

To assess the consistency of the concentration measurements, a mass 
balance check was performed (Table 4). For each condition, the loaded 
mass of lean solids was compared to the mass calculated based on 
concentration measurements, assuming a perfect distribution of the lean 
solids over the cross-section of the unit at every height. For this calcu-
lation, the profile obtained from the mixed state was used. Overall, the 
lean phase inventory reconstructed from concentration measurements 
was in good agreement with the loaded mass, indicating the consistency 
of the measurements. Larger deviations were observed at the lowest 
fluidization velocities and lower loadings, where the lean solids visibly 
showed maldistribution over the bed cross-section and tended to accu-
mulate near the pin. Some discrepancies were also observed for the cases 
of highest loading and highest velocity, presumably due to larger fluc-
tuations of the signals. While mapping the entire cross-section is not 
feasible, the measurements were repeated over sufficiently long dura-
tions to ensure that the observed trends reliably reflect the distribution 
of lean solids.

Table 2
Properties of the solid phases and fluidization gas, operational conditions, and scaling parameters for the cold flow model and the resembled hot reactor.

Parameter Hot reactor simulated Cold flow model used

Operational conditions Temperature [ ◦ C] 700 20
Pressure [atm] 1 1
Minimum fluidization velocity [m/s] 0.16 0.082

Fluidization gas
Flue gas Air

Density [kg/m 3 ] 0.36 1.20
Viscosity [N/(m•s)] 4.07e-5 1.83e-5

Bed material bulk solids
Sand Bronze

Particle density [kg/m 3 ] 2600 8492
Mean particle size [mm] 0.789 0.189

Lean solid phase

Biomass Synthetic tracer 
Particle density [kg/m 3 ] 500 1,600
Mean particle size [mm] 20–30 6–8
Aspect Ratio (L/D) 1.5 1.5

Dimensionless Numbers
Density ratio 7,163 7,163
Archimedes number 2,742 2,049
Reynolds number at U mf 1.13 1.02

Scaling factors 
[
cold
hot

] Length 0.26
Time 0.509
Mass 0.06
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2.3. Data processing and analysis

The volumetric concentrations of each of the three phases present in 
the binary bed (gas, bulk solids and lean solids) are calculated by solving 
the following system of equations. In the first place, the sum of the 
volumetric concentrations must be unity, such that:

ε g + ε s,bulk + ε s,lean = 1 (1)

These three volumetric concentrations determine the resulting local 
bed density according to:

ρ bed = ρ s,bulk ε s,bulk + ρ s,lean ε s,lean + ρ g ε g (2)

Furthermore, the bed density relates to the vertical pressure drop as 
follows:

ΔP = ρ bed gΔh (3)

In this work, ε s,lean is obtained from measurements using the MST pin, 
while the bed density is calculated through Eq. (3) based on the 
measured pressure difference between two vertically spaced pressure

probes, thus determining the system of equations.
The overall mixing quality is assessed by comparing the mixed and 

segregated states (refer to Fig. 2b), and quantified using the mixing 
index (M), which is defined as:

M = 1 −
σ mixed

σ segregated
(4)

This index increases with the extent of vertical mixing, yielding M =

0 for complete segregation and M = 1 for perfect mixing, and serves as a 
global indicator and comparison parameter. In the present study, since 
the focus is on the penetration of the lean solids into the bed of fine 
solids, the calculation of the mixing index considers only the concen-
tration values acquired inside the dense bed, explicitly excluding data-
points acquired from the splash zone.

Furthermore, the concentration profiles in the mixed state provide 
the characteristic mixing length, L*, which is the vertical extent of 
penetration of the lean solids phase into the dense bed. It is calculated as 
the distance from the dense bed surface to the lowest position with 
regular presence of the lean solids phase.

Fig. 1. Schematic of the experimental cold-flow setup (0.3 × 0.3 m 2 in cross-section, resembling an up-scaled bed of 1.15 × 1.15 m 2 ), representing the magnetic 
solids tracing (MST) pin and the pressure measurement probes, and presenting details of the MST coils and the magnetic lean solids-phase particles.

Table 3
Test matrix used in the present work. Values in parenthesis indicate the corresponding hot-reference conditions, calculated using the scaling factors listed in Table 2.

Static 
bed height 
H b,0 [m]

Aspect ratio 
H/D [− ]

Loading of 
lean solids phase

ϰ lean [% vol ]

Mass of lean 
solids phase 
m lean [kg]

Fluidization number 
(

u g
u mf

)

FN [− ]

0.08 (0.3) 0.27 3 ~0.36 (6)

1.5–4

0.08 (0.3) 0.27 5 ~0.62 (10.4)
0.04 (0.15) 0.13

10
~0.62 (10.4)

0.08 (0.3) 0.27 ~1.22 (21)
0.12 (0.46) 0.4 ~1.92 (32)
0.08 (0.3) 0.27 20 ~2.92 (48.7)
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To assess the mixing behavior of the lean solids phase in relation to 
the bed dynamics, a power spectral density (PSD) analysis was used. The 
PSDs were computed using the Welch method. Signals sampled at 100 
Hz were filtered using a second-order low-pass filter with a cutoff fre-
quency of 45 Hz, just below the Nyquist frequency of 50 Hz, to suppress 
high-frequency noise and prevent aliasing. Zero-phase filtering in 
MATLAB preserved the temporal characteristics of the signal. Signals 
were divided into segments length of 1024 samples (≈0.1 Hz frequency 
resolution) with a Hann window applied to reduce spectral leakage. At

least 16 sub-spectra per repetition were averaged, resulting in a total of 
48 spectra for robust statistical convergence. This analysis determines 
the dominant frequency and frequency spread of both the pressure 
fluctuations (associated with the main dynamics of the bed, i.e., bubble 
flow and bulk solids phase) and fluctuations of the lean solids concen-
tration (associated with its mixing).

The transitions from segregated to mixed state (Mixing Transition) 
and vice versa (Segregating Transition) are characterized by means of 
transition times, τ* (see Fig. 2a). To facilitate identification of the

Fig. 2. Example of raw and processed data from one experimental sequence (conditions: ϰ lean = 10% vol , H/D = 0.27, u g /u mf = 4). a) Measured transient con-
centrations of the lean solids phase at different heights. The vertical dashed lines indicate the beginning and end of the transition periods (from initial segregated state 
to mixed state and then to final segregated state, respectively). b) Averaged vertical concentration profiles of the lean solids phases for the mixed (black) and 
segregated states (red and blue). The horizontal error bars represent the standard deviations of concentration fluctuations at every measured position. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 4
Mass balance check. Mass percentages of the lean solids phase calculated based on concentration measurements, as compared to the one calculated based on the loaded 
mass. Green values indicate a disagreement smaller than 10%, the orange values 10–20%, and the red values indicate a disagreement larger than 20%. The values in 
brackets indicate the corresponding hot reference conditions, calculated using the scaling factors listed in Table 2.
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beginning and end of each of these transition periods, the original time 
series of the impedance signals (sampled at 100 Hz) is filtered using a 
moving average routine with a window of 500 sample points (i.e., 5 s). 
The transitional mixing time (τ mix *) is counted from the moment when 
the fluidization velocity is increased until the time that the first con-
centration peak appears in the lowest coil with regular presence of the 
lean solids phase; this is the same coil as that indicating the character-
istic mixing length, L*. Analogously, the transitional segregation time 
(τ seg *) corresponds to the time that elapses from the instant when the 
fluidization velocity is reset to the minimum to when the signal at the 
topmost coil (positioned at the bed surface) stabilizes. The characteristic 
lengths and times introduced above are used to calculate the velocities 
(u = L*/τ*) of the mixing and segregation processes.

3. Results and discussion

Section 3.1 outlines the results for bed voidage, with the information 
being used for the subsequent analyses. Section 3.2 provides a detailed 
analysis of the impacts of the operational conditions on the vertical 
distribution of the lean solids phase, while separate subsections are 
dedicated to the impacts of fluidization velocity (Section 3.2.1), lean 
solids phase loading (Section 3.2.2), and bed height (Section 3.2.3). 
Section 3.3 summarizes the analysis of the mixing index, which is a 
global indicator of mixing that is used to compare the results across 
different operating conditions. Section 3.4 explores the dynamic 
behavior of the binary bed, covering a frequency analysis of both the 
lean phase mixing and the bed dynamics (Section 3.4.1), as well as the 
velocities for the mixing and segregating transitions (Section 3.4.2).

3.1. Bed Voidage

Fig. 3 shows the dependency of the time-averaged bed voidage 
(calculated as described in Section 2.3) on the fluidization velocity, 
together with the impacts of lean solids phase loading (Fig. 3a) and bed 
height (Fig. 3b). In Fig. 3b, data for the lowest bed height (H b,0 = 0.04 m, 
H/D = 0.13) are excluded because the vertical resolution of the MST pin 
was not sufficient for reliable determination of ε s,lean and, thus, of ε g (see 
Section 2.3). Additional data for unary beds (i.e., beds containing only 
bulk solids) are provided in Appendix B.

The trend of increasing bed voidage with fluidization velocity, pre-
viously reported for bulk solids beds [69–71] and represented by the 
black line in Fig. 3a, is also evident in the binary beds studied here, 
regardless of the loading of the lean solids phase and the bed height. As 
shown in Fig. 3a, bed voidage increases also with loading of the lean 
solids phase. This can be attributed to two mechanisms: (i) the lighter 
and larger lean solids disrupt the packing structure in the dense emul-
sion and, consequently, increase the gas holdup, an effect previously 
documented in the literature [72]; and/or (ii) the thick segregated layer 
of the lean solids phase (Geldart D) hinders bubble flow and eruption, 
increasing bubble residence time in the bed. Regarding the impact of bed 
height (Fig. 3b), the introduction of a lean solids phase results in the bed 
voidage increasing with bed height, in contrast to unary beds (for which 
no significant dependence on bed height is observed; see Appendix B). 
This increase is attributable to the distortion of the bulk solids packing 
structure; greater bed height enhances vertical mixing of the lean solids 
(as will be presented in Section 3.2.3), intensifying the aforementioned 
mechanisms.

3.2. Vertical distribution of the lean solids phase

3.2.1. Effect of fluidization velocity
Fig. 4 shows the vertical distributions of the lean solids phase for a 

bed of medium height (H/D = 0.27) with 10% vol loading. Horizontal 
bars indicate the standard deviations, as calculated based on multiple 
repetitions. Solid lines represent the positions below the dense bed 
surface, while dashed lines are used for the data collected in the splash

zone. All the cases have the same loading of lean solids phase, although 
the integral of the profiles sometimes diverges from unity (as reported in 
Table 4) due to inherent lateral maldistribution. In all cases, a distinct 
concentration peak aligns with the expansion of the dense bed, serving 
as a reliable indicator of the dense bed height.

At low fluidization velocities, the larger and lighter lean solids phase 
accumulates near the bed surface. As the fluidization velocity increases, 
the lean solids phase penetrates deeper into the dense bed and rises 
further into the splash zone, thereby broadening the vertical distribution 
and tending towards a more uniform profile. This is attributed to the 
development of more and larger bubbles that create stronger vertical 
flows of bulk solids in both of the vertical directions [66,73–75], which 
in turn drags more of the lean phase solids along the bed height, thereby 
promoting vertical mixing [76,77].

The fluctuations of the lean solids phase concentration provide 
further insights into the mixing behavior. For the concentration profiles 
shown in Fig. 5, the bars represent the mean amplitudes of the fluctu-
ations in concentration at each measurement height. As seen, for the two 
cases, the data are characterized by significant fluctuations, ranging 
from values close to 0 (attributable to either bubble passages or simply 
the absence of lean solids in the emulsion surrounding the coil) to values 
that are several times the average concentration. This reflects the dy-
namic character of the lean solids distribution, with particle clusters 
being constantly transported between different regions along the bed 
height. However, at low fluidization velocities, the lower bed locations 
exhibit minimal fluctuations of concentration, indicating low rates of 
local mixing of the lean solids phase, as previously shown in Fig. 4.

3.2.2. Effect of lean solids loading
To enable comparisons across different loadings, the vertical con-

centration profiles of the lean solids phase were converted into proba-
bility density functions (PDFs) (the corresponding absolute 
concentration profiles are provided in Appendix C). Fig. 6 compares the 
different loadings for two selected fluidization velocities. Note that, to 
facilitate the comparison, the horizontal coordinate uses the position of 
the dense bed surface as the origin, instead of the bottom plate. At the 
lower fluidization velocity (u g /u mf = 2; Fig. 6a), the vertical distribution 
remains essentially unaltered across all loadings, with the lean solids 
phase largely segregated at the bed surface and showing very limited 
penetration into the dense bed. As described above, a higher fluidization 
velocity (u g /u mf = 4; Fig. 6b) yields wider vertical distributions. How-
ever, an increase in the loading beyond 5% vol is seen to promote 
segregation even under these conditions.

The second (ii) mechanism indicated earlier in Section 3.1 becomes 
apparent at higher loadings. The thick surface layer of the lean solids 
appears at the bed surface and hinders bubble eruptions, such that they 
instead split and percolate through the thick layer of lean solids. 
Consequently, the movement of solids downwards is reduced, which 
together results in reduced vertical circulation [28]. This effect persists 
even with increasing fluidization velocity, as only a fraction of the lean 
solids penetrates the dense bed, whilst a large share remains at the 
surface.

3.2.3. Effect of bed height
To analyze the effect of bed height, two approaches were used: (i) 

varying the bed height while keeping the lean phase mass constant 
(Fig. 7); and (ii) varying the bed height while keeping the lean phase 
loading (volumetric fraction) constant (Fig. 8).

Fig. 7 shows the vertical distribution of the lean solids phase at two 
fluidization velocities (absolute concentration profiles are reported in 
Appendix C). At the lower velocity (u g /u mf = 2, Fig. 7a), the distribution 
of the lean phase is very similar for the two bed heights, with strong 
segregation to the bed surface. However, at the higher velocity (u g /u mf
= 4, Fig. 7b), there is a clear enhancement of the vertical mixing with an 
increase of the bed height. Comparing the two plots in the figure, it is 
seen that the shallow bed is unable to counteract the formation of a
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segregated layer regardless of the increase in velocity, suggesting that, 
within the velocity ranges investigated, the mixing might be restricted 
by the limited bubble growth and/or the rising of jets directly from the 
distributor plate to the bed surface. This interpretation is supported by 
the significantly higher voidage measured in the shallow unary bed, as 
compared with the medium and tall beds (see Appendix B).

Fig. 8 shows the vertical distributions of the lean solids for three bed 
heights at a loading of 10% vol and for two selected fluidization veloc-
ities. At the lower fluidization velocity (u g /u mf = 2, Fig. 8a), the dis-
tributions are similar, with narrow peaks indicating accumulation of the 
lean solids phase near the bed surface, which indicates limited mixing. 
In contrast, at the higher fluidization velocity (u g /u mf = 4, Fig. 8b), the 
vertical distribution of the lean solids phase is spread more broadly for

the medium and tall beds. In comparison to Fig. 7, taller beds in Fig. 8 
imply also a larger net amount of lean solids phase. Despite this, beds 
with H/D > 0.27 exhibit a wider vertical distribution of the lean phase, 
thus showing stronger bed dynamics and more pronounced bubble 
growth that overcomes the formation of a thick lean solids layer.

3.3. Mixing index

Fig. 9 presents the values of the mixing index [Eq. (4)] for the 
different experiments. Across all cases, the mixing index increases with 
fluidization velocity, confirming improved vertical mixing of the lean 
solids phase. This trend, previously reported in the literature [7,78–82], 
is associated with intensified bubble activity, as higher fluidization

Fig. 3. Time-averaged bed voidage (estimated based on pressure difference measurements) as a function of the fluidization number for: a) varying lean solids phase 
loading at constant bed height (H/D = 0.27); and b) varying bed height at constant lean solids loadings (ϰ lean = 10% vol ).

Fig. 4. Time-averaged vertical concentration profiles of the lean solids phase for different fluidization numbers. Conditions: H/D = 0.27, ϰ lean = 10% vol . The solid 
and dotted lines connect the data obtained for the dense bed and splash zone, respectively, as identified from the bed voidage profile (Fig. 3). The horizontal error 
bars indicate the standard deviations calculated based on repetitions.
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velocities increase the size and rising velocity of the bubbles [3].
Fig. 9a showcases the influence of the loading of the lean solids phase 

on the mixing. At a given fluidization velocity, the mixing index remains 
relatively unchanged for loadings up to 10% vol, but it drops noticeably 
with 20% vol loading. This decrease in mixing index correlates with the 
observed formation of a thick layer of lean solids phase that accumulates 
at the bed. The effect of the layer persists regardless of the increase in 
fluidization velocity (see Fig. 6b), resulting in consistently lower mixing 
indices. Werner et al. [28] reported a similar behavior for loadings 
>20% vol , although their experiments were conducted without fluid-
dynamic scaling, which likely contributed to the different value for 
the critical loading. Furthermore, for loadings up to 10% vol , i.e., below 

the critical loading, the mixing index seems to reach a saturation value 
(between 0.7 and 0.8) once the fluidization velocities exceed u g /u mf ~ 3. 
The above specific values apply to the specific pair of solids used in this

study, while qualitative trends should still hold for beds of Geldart B 
bulk solids with Geldart D lean solids. In contrast, beds composed of 
another type of bulk solids, e.g. Geldart A, may exhibit different quali-
tative behavior, whereby substantial loadings of lean solids may act as 
jetsam and stratify towards the dense bed instead, potentially leading to 
bed instabilities, including cracking, channeling, or even defluidization 
[17,56].

Fig. 9b illustrates the influence of bed height on the mixing index at 
constant mass loading of the lean solids phase. The shallow bed exhibits 
a low and only slightly increasing mixing index with the fluidization 
number, whereas the medium bed shows not only considerably higher 
indexes, but also a marked increase in the index with increased fluid-
ization velocity.

Fig. 9c presents the corresponding results for a constant volumetric 
loading of 10% vol . With increasing bed height, the amount of lean solids

Fig. 5. Time-averaged vertical concentration profiles of the lean solids phase, with horizontal bars indicating the amplitudes of the concentration fluctuations. The 
solid and dotted lines connect the data for the dense bed and splash zone, respectively, as identified from the bed voidage profile (Fig. 3). Conditions: H/D = 0.27, 
ϰ lean = 10% vol . a) u g /u mf = 2 and b) u g /u mf = 4.

Fig. 6. Probability density distributions of the lean solids phase concentration over the height at different loadings, obtained from time series under steady-state 
conditions. Conditions: H/D = 0.27. a) u g /u mf = 2; and b) u g /u mf = 4.
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phase becomes larger. However, the mixing index remains almost un-
changed between the medium and tall beds, indicating that within the 
investigated range, mixing is preserved for beds with H/D > 0.27.

3.4. Dynamics

3.4.1. Frequency analysis
Fig. 10 presents the frequency analysis of the cases studied, illus-

trated through the cumulative frequency spectra of the fluctuations of 
both the lean phase concentration and the pressure (reported here for 
hot reference conditions). Fig. 10a shows the data for different fluid-
ization velocities. The pressure fluctuation spectra reveal median fre-
quencies (f 50 ) below 3 Hz that slightly increase with fluidization 
velocity, which indicates more-frequent bubble formation and gas–sol-
ids interactions as the gas velocity increases. These observations are in 
accordance with the literature [83,84]. The spectra for lean solids con-
centration follow a similar trend but display consistently lower median 
frequencies (<1 Hz), suggesting that only about one-third of the bubble 
events effectively contribute to solids mixing.

Fig. 10b illustrates the frequency spectra for varying loadings of the

lean solids phase. Overall, the data indicates that, within the conditions 
studied, the loading does not significantly impact the lean phase mixing 
or the bed dynamics. The results for the lowest lean phase loading 
(3% vol ) are not considered here, due to the significant concentration 
inhomogeneities in the horizontal direction observed under these con-
ditions. Thus, although the time-averaged information is representative, 
the fluctuations of the concentration are affected by lateral variations. 

Fig. 10c displays the spectral distributions for cases with different 
bed heights. As expected, the pressure spectra indicate higher median 
bubble frequencies in the shallow bed. However, this increase does not 
manifest itself in the spectra of the lean solids phase concentration, 
which shows limited sensitivity to bed height within the range investi-
gated. This means that, despite faster bed dynamics and the presence of 
more-frequent bubbles, their ability to promote mixing of the lean solids 
phase is limited, likely due to geometric constraints, smaller bubble size, 
and high-velocity gas jets. Overall, these results suggest that higher 
bubble frequency alone is not sufficient to improve mixing quality. 

Although the MST pin-probe is invasive and may introduce minor 
local disturbances, the measured solids fluctuations reflect the inherent 
bed dynamics. For the operating conditions tested here, including

Fig. 7. Probability density functions of the lean concentration over the height for different bed heights at constant mass loading, obtained from steady-state time 
series. Conditions: m lean = 10.4 kg. a) u g /u mf = 2; and b) u g /u mf = 4.

Fig. 8. Probability density functions of the lean solids concentration over the height for different bed heights at constant volumetric loading, obtained from steady-
state time series. Conditions: ϰ lean = 10% Vol . a) u g /u mf = 2; and b) u g /u mf = 4.
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fluidization velocity, lean solids loadings, and bed height, the effective 
bubble fraction remains largely unaffected. However, outside these 
conditions, or for markedly different solid types or systems, the contri-
bution of bubbles to solids mixing may change. Particularly, as shown by 
previous studies, the distributor pressure drop affects the bubble dy-
namics [85] altering axial and lateral mixing of lean solids [16,50], 
which in turn may possibly influence the efficiency of bubble-induced 
mixing.

3.4.2. Transitions between mixing and segregation
The values of the penetration length, mixing time, and segregation 

time, estimated according to the methodology described in Section 2.3, 
are listed in Table 5. Consistent with previous results (Section 3.2), the 
penetration length of the lean solids phase into the dense bed increases 
with fluidization velocity and bed height, an effect that is associated 
with larger, faster and more-frequent bubbles and, consequently, well-

developed solids flow structures. However, for shallow beds, the pene-
tration length remains largely unaffected by changes in the fluidization 
velocity. Higher fluidization velocities and taller beds accelerate lean 
solids mixing and reduce segregation times. Notably, the characteristic 
segregation times (τ seg *) are consistently longer than the characteristic 
mixing times (τ mix *).

Figs. 11 and 12 present the transitional mixing and segregation ve-
locities, respectively, for all the cases studied. In general, higher fluid-
ization velocities (FN during the mixed stage) lead to higher transitional 
velocities for both mixing and segregation. Higher fluidization velocities 
are associated with faster bubble rise and larger wake regions, which in 
turn promote the movement of solids in the vertical direction. Similarly, 
when the fluidization velocity is reduced to the minimum from a 
strongly mixed state with high bed voidage, the system transitions more 
readily to segregation, as the residual bubbles and voids enhance par-
ticle mobility, allowing the lighter and larger lean solids phase to stratify

Fig. 9. Mixing index dependency on the fluidization velocity. (a) Varying lean solids phase loading at constant bed height (H/D = 0.27), (b) Varying bed heights at a 
constant mass (m lean = 10.4 kg), and (c) Varying bed height at constant volumetric loading (ϰ lean = 10% vol ).

Fig. 10. Cumulative power spectra of the pressure (dashed line) and lean solids phase concentration (solid line) for: (a) varying fluidization velocity at constant bed 
height (H/D = 0.27) and volumetric loading (ϰ lean = 10% vol ); (b) varying lean phase loadings at constant bed height (H/D = 0.27) and u g /u mf = 4; and (c) varying 
bed height at constant volumetric loading (ϰ lean = 10% vol ) and u g /u mf = 4.
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and accumulate near the bed surface.
Fig. 11a shows that the transitional mixing velocity remains largely 

unchanged with increasing lean phase loading, with only a slight 
decrease noted beyond a threshold (ϰ lean = 20% vol ) at lower fluidization 
velocities, at which point the thick surface layer of lean solids is able to 
withstand the bubble mixing impulsion and restricts almost completely 
the particle mobility. Fig. 11b shows that the transitional mixing ve-
locity increases with bed height. Taller beds provide enhanced mixing 
and enable the system to reach the mixed steady state more rapidly 
when the fluidization velocity is increased abruptly.

Fig. 12a shows that the transitional segregation velocity increases 
with loading and, in similarity to the mixing velocity, tends to drop for 
the highest loading (i.e., ϰ lean = 20% vol ) under lower fluidization

velocities. This trend is attributable to the slow formation of the layer of 
lean solids that prevents residual bubbles from reaching the surface and, 
thereby, limits the mobility of the lean particles despite their lower 
density and larger size. Fig. 12b indicates that transitional segregation 
velocities increase with bed height, as more and larger bubbles and 
stronger flow structures are in place, which facilitate faster particle 
redistribution during the transition to minimum fluidization. In 
contrast, in shallow beds, fewer and underdeveloped bubbles may 
escape the bed almost instantly upon reduction of the fluidization ve-
locity to the minimum, leading to rapid bed compaction and leaving 
segregation to be primarily governed by the size and density of the lean 
solids phase.

For transitional mixing and segregating velocities, the trends

Table 5
Characteristic scales for mixing and segregation (derived as indicated in section 2.3) for the setup and operating conditions tested in this study (reported values are 
upscaled for hot-reference conditions using the scaling factors listed in Table 2).

Bed 
height 
(H b,0 ) 
[m]

Aspect 
ratio 

(H/D) 
[− ]

Conc. of lean 
solids phase

(ϰ lean )
[% Vol ]

Mass of lean 
solids phase

(m lean )
[kg]

Characteristic Scales 
(Length and Time)

Fluidization Number 
( 

u g
u mf

)

[− ]

1.5 2 2.5 3 3.5 4

0.3 0.27 3 ~6
L* [m] 0.058 0.115 0.115 0.192 0.192 0.288
τmix * [s] 12.98 ± 1.6 11.91 ± 2.6 10.47 ± 1.18 13.71 ± 1.7 13.64 ± 0.69 16.67 ± 0.58
τ seg * [s] 16.19 ± 3.5 18.40 ± 1.07 18.41 ± 0.99 24.86 ± 3.91 24.70 ± 1.8 26.40 ± 4.3

0.3 0.27 5 ~10.4
L* [m] 0.058 0.115 0.115 0.192 0.192 0.288
τ mix * [s] 13.92 ± 2.53 11.88 ± 1.54 11.03 ± 0.67 18.07 ± 4.78 13.08 ± 0.46 16.53 ± 1.42
τ seg * [s] 13.48 ± 2.96 17.08 ± 1.52 14.36 ± 1.32 21.78 ± 0.44 16.97 ± 1.16 20.02 ± 0.88

0.15 0.13 10 ~10.4
L* [m] 0.038 0.077 0.077 0.077 0.077 0.077
τ mix * [s] 14.04 ± 1.92 18.50 ± 2.04 17.23 ± 1.83 16.7 ± 4.31 15.8 ± 1.83 14.85 ± 0.43
τ seg * [s] 26.38 ± 9.05 43.71 ± 23.65 26.79 ± 9.16 29.23 ± 2.63 23.63 ± 5.53 13.45 ± 0.81

0.3 0.27 10 ~21
L* [m] 0.058 0.115 0.192 0.192 0.192 0.288
τ mix * [s] 14.49 ± 2.59 10.84 ± 0.61 18.26 ± 3.77 13.92 ± 3.29 13.31 ± 2.03 18.13 ± 4.45
τ seg * [s] 14.43 ± 0.08 13.70 ± 0.66 16.84 ± 1.37 15.32 ± 1.58 14.49 ± 0.68 17.99 ± 0.65

0.46 0.4 10 ~32
L* [m] 0.115 0.115 0.192 0.25 0.31 0.385
τ mix * [s] 14 ± 0.44 11.11 ± 1.37 15.32 ± 2.76 13.71 ± 2.04 11.91 ± 1.93 13.89 ± 2.10
τ seg * [s] 18.95 ± 3.93 18.49 ± 2.17 19.98 ± 0.69 22.78 ± 0.72 25.91 ± 0.12 27.18 ± 3.42

0.3 0.27 ~48.7
L* [m] 0.058 0.058 0.115 0.115 0.192 0.192

20 τ mix * [s] 16.65 ± 5.62 11.47 ± 1.01 12.98 ± 0.28 13.17 ± 2.77 14.88 ± 1.97 13.95 ± 1.70
τ seg * [s] 18.14 ± 1.11 16.53 ± 1.08 19.94 ± 2.0 15.36 ± 0.28 18.83 ± 0.7 17.25 ± 0.55

Fig. 11. Transitional mixing velocities in relation to fluidization velocity, determined from characteristic length and times listed in Table 5. (a) Varying lean solids 
phase loading at constant bed height (H/D = 0.27). (b) Varying bed height at constant volumetric loading (ϰ lean = 10% vol ).
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associated with bed height are similar for both constant mass and con-
stant volumetric loadings, unlike steady-state mixing, where the thick-
ness of the lean solids layer plays a significant role.

4. Conclusion

In the present study, the mixing of a lighter and larger solids phase in 
a bubbling fluidized bed is investigated in a cold flow model under 
conditions that resemble large-scale hot operation. A novel pin probe 
implementation of the magnetic solids tracing technique is used to 
extract spatiotemporal measurements of the lean solids concentration, 
deriving descriptions that are more detailed than those available in the 
literature.

The effects of fluidization velocity, lean phase loading, and bed 
height on mixing follow trends that are qualitatively consistent with 
those reported previously in the literature. Discrepancies are attributed 
to the implementation of fluid-dynamic scaling in the present work. An 
increase in the fluidization velocity enhances mixing, whereas lean 
phase loadings beyond a critical threshold value of ~10% vol leads to the 
formation of a lean solids layer at the bed surface that dampens the 
bubble eruptions and reduces the mobility of the lean and bulk solids 
phases. Bed height and lean solids phase loadings are critical parameters 
that interact, with the former promoting bubble development and 
vigorous splashing, and the latter showing a tendency to form a layer of 
lean solids that hinders bubble eruption and solids vertical mobility. For 
a given lean solids loading, the fluidization velocity and bed height need 
to be adjusted to ensure adequate mixing and reduced surface layering 
of the lean solids phase, as the solids mixing index depends heavily on 
these parameters. This provides a practical framework for optimizing 
the performance of a fluidized bed, enabling either effective mixing or 
controlled segregation through coordinated adjustment of the bed 
height, lean phase loading and fluidization velocity.

Frequency analyses of pressure and concentration fluctuations reveal 
distinct time scales. Pressure spectra, dominated by the bubble dynamics 
(f 50 ~ 3 Hz), are significantly faster than those for the lean phase con-
centration (f 50 ~ 1 Hz), indicating that only a fraction of bubble events 
(roughly one-third) effectively contributes to solids mixing. While var-
iations in fluidization velocity have limited effects, the bed height in-
fluences bubble activity, where shallower beds exhibit bubbles that are 
more frequent but less effective in terms of contributing to the mixing,

probably due to their smaller size.
The transitions of the binary bed between the segregated and mixed 

states are analyzed in terms of both spatial (penetration depth) and 
temporal (mixing and segregation times) scales. The results show that 
the mixing and segregating times are only moderately impacted by the 
varied experimental conditions. Higher fluidization velocities and taller 
beds promote faster transition from segregated to mixed states and vice 
versa. This behavior likely arises from enhanced bubble dynamics and 
flow patterns promoting rapid particle redistribution, while residual 
bubbles and bed voidage facilitate segregation.
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Appendix A

Impedance measurements are converted into concentrations of the lean solids phase by means of individual calibration curves. Such (Fig. A.1) 
curves are created based on measurements performed on mixtures of known concentrations. Error bars represent the standard deviation across 
repeated measurements for each mixture. The calibration mixtures consisted of magnetic powder and bronze powder. Bronze, with a density of 8492 
kg/m 3 and mean particle size of 126 μm, served as a non-magnetic reference, while the magnetic powder has a density of 7988 kg/m 3 and mean 
particle size of 102 μm. Bronze was selected due to its similar properties, attempting to achieve homogeneous composition of mixture. The mixtures 
were first fluidizing in a small cylindrical fluidized bed (0.08 m I⋅D and H bed = 0.16 m) with the MST pin inserted. The diameter of the cylindrical bed is 
larger than the circumference reached by the magnetic field of the sensing coil. After fluidizing the mixture for 2 min, fluidization was abruptly cut off, 
and impedance measurements were recorded. This was repeated three times, fluidizing between measurements to ensure homogenous distribution of 
the magnetic particles. The resulting calibration curves correlate known volumetric concentration of the magnetic powder to the measured 
impedance.

The lean solids phase was prepared by doping polymer clay with known amounts of the same magnetic powder. The magnetic powder concen-
tration was converted to an equivalent lean solids concentration using a volumetric scaling factor of 12.4. This factor corresponds to the ratio 

Volume of Lean Solids
Volume of Magnetic Powder and was determined from the known composition of the lean solids phase.

Fig. A.1. Calibration curves for the seven magnetic solid tracing coils embedded in the probe pin.

Appendix B

Appendix B presents a comparison of the bed expansion behaviors and the corresponding expanded bed heights for different fluidization velocities 
and static bed heights for unary beds (i.e., without the lean solids phase).

Fig. B.1. a) Mean bed voidage as a function of fluidization number for varying bed heights. b) Expanded bed heights for different fluidization velocities.
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Appendix C

Appendix C presents the vertical distribution profiles corresponding to the cases discussed in Sections 3.2.2 and 3.2.3, under two fluidization 
conditions: low and high fluidization velocities. Mass conservation for each case is detailed in Table 3.

Fig. C.1. Vertical distribution profiles of the lean solids phase across varying loadings of the lean solids phase at a static bed height of H b,0 = 0.08 m (0.3 m). a) u g / 
u mf = 2; and b) u g /u mf = 4.

Fig. C.2. Vertical concentration profiles of the lean solids phase for varying static bed heights for a constant mass loading of m lean = 0.62 kg. a) u g /u mf = 2; and b) 
u g /u mf = 4.

Fig. C.3. Vertical distribution profiles of the lean solids phase for varying static bed heights at a constant loading of ϰ lean = 10% vol . a) u g /u mf = 2; and b) u g /u mf = 4.
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