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• The study explores mixing and segrega-
tion of Geldart Group A and B powders
in binary systems.

• Modified Cheung and Gibilaro-Rowe
models are used to analyze segregation
behaviours.

• Real-time mixing and segregation are
analyzed using novel non-invasive X-ray
imaging.

• Findings support the design and opti-
mization of thermochemical conversion
technologies.
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A B S T R A C T

Fluidized beds are increasingly used in renewable energy and chemical production due to their versatility in
handling different solids for multi-functional industrial applications. The diversity in size and density of solid
particles impacts fluidization, influencing mixing and segregation behaviours critical for optimizing chemical
processes and reactor design. This study investigates the expansion and segregation behaviours of mixed Geldart
group powders in binary systems, simulating polydispersed beds with different materials and catalysts. By
applying a modified Cheung equation and an adapted Gibilaro-Rowe model, the study analyzes segregation
behaviours of Geldart Group A and B materials at varying mixing rates and gas flow velocities. Results show a
good match between experimental data and model predictions. Using novel non-invasive X-ray imaging, the
study provides real-time analysis of mixing and segregation at different fluidization regimes and temperatures.
These findings aid in designing and optimizing advanced thermochemical conversion technologies, enhancing
process efficiency and resilience.

1. Introduction

Fluidized bed technology is increasingly recognized as a highly
efficient and versatile method with wide-ranging applications in the

arenas of sustainable energy and manufacturing [1,2]. This technology
has become particularly relevant in diverse industrial applications
where the concurrent handling of different solid materials is crucial [3].
These applications encompass enhanced sorption catalysis/synthesis
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[4,5], upgrading of synthetic crude oil [6,7], chemical looping [8,9],
and others [10,11].

The core concept behind fluidized beds is based on suspending solid
particles within a fluid medium, either liquid or gas, which enables
dynamic and effective interactions between the solid and gaseous phases
[12]. These systems are characterized by the presence of particles of
varying sizes and densities, which lead to segregation at certain gas
velocity ranges [13]. The distribution and homogeneity of these parti-
cles significantly influence the bed’s performance in aspects such as flow
patterns, heat transfer, and chemical reactions.

A common design in fluidized bed systems is the dual fluidized bed
configuration, which consists of a catalytic and a regeneration reactors
[14]. This arrangement utilizes two separate vessels, each designated for
a specific function within the process [14,15]. The catalytic reactor fa-
cilitates the desired chemical reactions or transformations, often
involving catalytic activities on different solid phases, whereas the
regeneration reactor focuses on renewing the reactivity and function-
ality of one type (or more) of solids involved in the reaction. For
example, sorption-enhanced methanation uses CaO-based sorbents or
spherical 3 A zeolite to capture H2O in situ, promoting CH4 production
on normal Nickel-based catalysts. The reacted sorbents are then trans-
ported to a calciner, where a higher temperature is applied for dehy-
dration, and the regenerated CaO/zeolite is subsequently recycled back
into the methanator [16,17]. In the context of dual fluidized bed sys-
tems, it is imperative to note that typically only one type of solid ma-
terial (e.g. the sorbent) is circulated between the two reactors, in order
to avoid thermal and redox stress to the metal catalyst [15,18]. This
circulatory mechanism is fundamental to the system’s efficient and
continuous operation, and significantly augments the sustainability and
economic viability of these operations by minimizing the necessity for
continual replenishment of solid materials and by maximizing their
utility [19,20].

In these industrial applications, multi-functional powders have
typically varied densities and size distributions [21]. The bed’s hydro-
dynamics are markedly affected by minor variations in these parame-
ters. For example, changes in the average size of the particle mixture due
to alterations in particle size distribution can significantly impact the
bed’s behaviour [22]. A mixture comprising the same type of particles
but with different average sizes will exhibit a minimum fluidization
velocity that falls between the minimum fluidization velocities of the
individual particle sizes [23]. The mixing states of binary systems in
fluidized beds can be categorized into complete mixing, complete
segregation, and partial mixing, each affecting the system’s efficiency
and effectiveness in distinct ways.

Segregation of particles refers to the process by which particles of
different types, sizes, or densities separate from a mixture, leading to a
non-uniform distribution [24]. This phenomenon can be observed in
various industries and natural processes. Segregation can occur due to a
variety of mechanisms. Understanding the mechanisms of particle
segregation is crucial for industries, and especially for multifunctional
systems whose design relies on the different behaviour of the solid
phases [25]. Gibilaro and Rowe’s two-phase GR model, developed in
1974, describes the dynamics within segregating fluidized beds by dis-
tinguishing between the wake phase, where solids ascend with bubbles,
and the bulk phase, which contains the remaining solids [26]. The model
incorporates three mixing mechanisms—circulation, exchange, and
axial mixing—and a segregation mechanism influenced by the physical
properties of the solids, such as density and size. This leads to different
segregation patterns depending on these properties.

The recent published work on the behaviour of fluidized beds pre-
dominantly focuses on gas-solid fluidized beds. While there are some
studies centred on CFD modelling of binary particle systems [27,28],
accurately determining the conditions that govern transitions between
mixing and segregation states remains a significant challenge [29], as
conventional methods often fail to capture the complex interactions
within the different solid phases. Additionally, predicting behaviour

across different mixtures using software is complex and requires sub-
stantial time and computational effort. To address this, our study uses
real-time X-ray imaging to capture more accurate particle dynamics,
helping to characterizing the transition conditions and improve pre-
dictive model.

This study aims to provide an alternative solution that simplifies the
prediction and understanding of mixing and segregation behaviour in
multi-functional fluidised beds and compares these predictions with
experimental results. In our study, we applied a modified Gibilaro and
Rowe (GR) model that de-emphasizes the impact of axial mixing [30].
Additionally, we introduced a modified Cheung equation (Fu et al.
equation) [31,32] to estimate the minimum fluidization velocity of bi-
nary systems. By combining these correlations, we aimed to obtain re-
sults that better support the model’s predictions. We analyzed the effects
of gas velocities and jetsam proportions on mixing and segregation be-
haviours, effectively characterizing solid concentration profiles across
varied conditions. Deploying the improved models simplifies the pre-
diction and modelling of these behaviours, enhancing efficiency and
performance in multi-functional reactor and process design.

2. Materials and experimental

The structural design of the reactor, as depicted in Fig. 1, consists of a
2 mm thick Perspex cylinder with a diameter of 28 mm and a height of
530 mm. A crucial element for achieving efficient fluidization is the
integration of a precision engineered Hastelloy X distributor plate. This
plate, characterized by its 40 μm porosity, is specifically designed to
create a significant pressure drop, thereby optimizing fluidization con-
ditions within the reactor.

Positioned directly below the distributor plate is a wind box, con-
structed from stainless steel and measuring 25 mm in height. This sec-
tion is densely packed with 5 mm diameter ceramic balls, arranged with
the aim of ensuring uniform gas distribution across the reactor. The
reactor’s upper section is closed with a stainless-steel mesh lid. Attached
to this lid is a hose pipe that performs the dual functions of providing
pressure relief and capturing elutriated particles. This hose extends to a
cylindrical beaker, which is 170 mm tall and 15 mm in diameter, filled
with ceramic beads to trap submicron particles, thus facilitating detailed
analysis of the fluidized medium.

The fluidization of air within the system is precisely controlled and
monitored using rotameters from CT Platon, enabling accurate mea-
surement of gas flow rates. The bed height at the onset of each experi-
ment is carefully set to approximately 20 mm above the distributor
plate’s flange, ensuring consistency in experimental conditions. The
critical task of determining the minimum fluidization velocity involves
detailed assessments of pressure drops, starting from a port above the
distributor plate. Experimental procedures within this setup include the
strategic manipulation of two distinct particle types classified under
Geldart’s grouping. These procedures entail varying the superficial gas
velocities to cover the full scale of the rotameters, alongside detailed
measurements of pressure drops and thorough X-ray analyses.

The employed X-ray system offers a non-invasive method for
obtaining both qualitative and quantitative insights into the reactor’s
internal dynamics and the instantaneous behaviour of the fluidized bed
in three dimensions [33]. Utilizing a pulsed, high-energy X-ray beam,
the system captures changes in attenuation resulting from the in-
teractions between solids and fluids within the reactor. The detection of
these X-rays is facilitated by a 30 cm Industrial X-ray Image Intensifier
paired with a high-speed camera, which captures images at 50 frames
per second [34]. This sophisticated setup allows for the meticulous
measurement of pressure drop profiles at varying gas velocities, with air
serving as the fluidizing medium and its flow rate regulated by a pre-
cisely calibrated rotameter.

The experimental protocol was carried out under controlled labo-
ratory conditions, maintaining standard ambient temperature and
pressure, with air serving as the principal fluidizing medium. The flow
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rate of air was meticulously adjusted using a calibrated rotameter to
ensure precise control over the fluidizing process. In assessing the
pressure drop across the bed, the procedure involved incrementally
increasing the velocity of the gas until the particles within the bed were
optimally fluidized. Following this, the flow rate was methodically
reduced until the particles settled back into a non-fluidized state. To
guarantee the reliability and reproducibility of the results, these mea-
surements were performed multiple times, typically ranging from three
to five iterations.

The experimental design incorporated the use of two distinct types of
mixed powder, namely FCC (Fluid Catalytic Cracking catalyst) and
Rutile (TiO2), to simulate different materials commonly used in indus-
trial processes. FCC, categorized as a Geldart group A particle, was
selected to mimic transferable materials such as adsorbents or zeolitic
substances, due to its comparable properties in terms of particle size and
density. Conversely, Rutile, identified as a Geldart group B particle, was
chosen to represent metal catalysts typically utilized in dual bed systems
(e.g., Cu/ZnO or Fe2O3), attributed to its larger particle size and higher
density, mirroring those of metal catalysts. Considering Glicksman’s
scaling rules, we also maintained a reasonable ratio of ρs/ρg (solid
density to gas density), Dc/dp (column diameter to particle diameter),
u0/umf, sphericity, particle size distribution for both types of particles,
ensuring resemblance to the exemplary case of syngas-to-olefins vie
methanol synthesis [17,35,36]. This careful adherence to scaling laws is
crucial for accurately simulating the behaviour of fluidized beds in in-
dustrial processes, thereby enhancing the reliability and efficiency of
scale-up operations. The experimental approach involved establishing
the minimum fluidization velocity for FCC, thereby providing a baseline
for comparison. Following this, the minimum fluidization velocity for

Rutile was also determined. This methodology facilitated a direct com-
parison between the fluidization behaviours of the two different mate-
rials, yielding critical insights into their respective dynamic responses
and operational efficacies within the dual bed system. The measured
density of FCC and rutile is 800 and 2800 kg/m3, respectively. Table 1
shows the physical properties of the experimental materials, along with
a comparison to related published works under real operating
conditions.

For each set of experiments focusing on the distinct particle groups, a
detailed investigation was undertaken to examine various volume ratios
of FCC and rutile particles, as carefully documented in Table 2. In other
published studies on binary particle systems, the volume ratio of catalyst
to absorbent varied, such as 0.23:0.3 (NiO to CaO) [37], 1:1 (Cu/ZnO/
Al2O3 to hydrotalcite) [5], 3:7 (Cu/ZnO/Al2O3 to zeolite) [38]. Based on
these studies, we selected a reasonable range of volume ratios for our
experiments. The experimental methodology necessitated a thorough
blending of the two particle types to achieve a homogeneous mixture.
This carefully curated mixture was then strategically layered within the
reactor to ensure an even distribution of both particle groups. The
intentional layering process was designed to establish an optimal and
homogeneous arrangement, aiming for a balanced distribution of the

Fig. 1. Scheme of the X-ray system unit.

Table 1
Physical properties of the experimental materials and comparison with published works for methanol synthesis and methanol-to-olefins.

Binary mixture
(A; B)

Gas and condition Avg. particle size (micron) ρs/ρg Dc/dp Sphericity h/Dc u0/umf

FCC; Rutile Air
(20 ◦C, 1 bar)

60; 200 650; 2300 470; 140 0.8 17.8 1–26

Zeolite; Cu-ZnO/Al2O3

[17,35,36]
Syngas
(220–280 ◦C, 5–30 bar)

90; 300 100–650; 400–2400 100–800;
80–320

0.8–1 10–27 2–10

Table 2
Experimental matrix for binary particle fluidization test.

Mixture 1 2 3 4 5

FCC (A) 95 vol% 85 vol% 75 vol% 65 vol% 55 vol%
Rutile (B) 5 vol% 15 vol% 25 vol% 35 vol% 45 vol%
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two distinct particle types across the reactor system from the outset. The
primary objective of these experiments was to conduct an in-depth
analysis of the mixing and segregation patterns that emerge within the
fluidized bed reactor. By exploring a range of volume ratios, the ex-
periments aimed to unravel the complex dynamics of particle interaction
and segregation within the reactor’s dynamic environment. This
methodical approach allowed for a deeper understanding of the unique
behaviours and interactions between the FCC and rutile particles within
the fluidized bed system.

Multiple definitions of an axial mixing index or segregation index for
binary mixtures have been proposed. The segregation index usually
varies between zero and one, with zero indicating no segregation or
uniform mixing and one indicating a completely segregated mixture. By
comparing the average grayscale and brightness distribution of X-ray
images at different positions, we can determine the mixing ratio of the
two particles at these positions.

It should be noted that the minimum fluidization velocity for each
component of a binary mixture can be accurately estimated using well-
known Ergun-type correlations for individual particles, such as the Wen
and Yu equation [39]. Numerous studies have examined various models
to determine the minimum fluidization velocity in binary mixtures of
solid particles. Among these models, Cheung equation is commonly used
to compute the overall minimum fluidization velocity for binary particle
mixtures [31]:

Umf = UF(UJ/UF)
x2

P (1)

Fu et al. proposed a correlation based on the Cheung equation by
introducing an adjustable parameter. This method has been reported to
be a superior approach for estimating the minimum fluidization velocity
of binary mixtures of solid particle [32]:

Umf = UF(UJ/UF)
x1.26×(dJ/dF )ˆ0.53

p (2)

In our research, we use adapted Gibilaro-Rowe (GR) model to
analyze the segregation patterns we observed experimentally [26]. The
original GR model outlines three mixing mechanisms—identified as the
rates of solid circulation (w), material exchange (q), and axial mixing
(r)—alongside a single segregation mechanism, denoted as the segre-
gation rate (k). There is an assumption that no mixing or segregation
occurs horizontally, and that the values of w, q, and k do not vary with
changes in bed height. Differential equations are applied to describe the
movement of jetsam in both the wake and bulk phases of the bed,
focusing on the balance within a thin slice of the bed with thickness dz.

dCB

dz
(w+ k − 2kCB)+ qH(Cw − CB) = 0 (3)

w
dCw

dz
− qH(CB − Cw) = 0 (4)

In the model, CB and CW represent the volumetric fractions of jetsam
in the bulk and wake phases of the bed, respectively. Here, z denotes the
normalized height, while H is the total height of the bed. The average
concentration of jetsam throughout the bed (Cave) can be determined
based on the fraction of solids present in the wake phase (Fw). This
calculation is essential for understanding the distribution of jetsam
within the fluidized bed and for analysing its segregation dynamics:

Cave = FwCW − (1 − Fw)CB (5)

A dimensionless number, λ, has been employed to correlate the cir-
culation rate (w) with the segregation rate (k), expressed as λ = w/k
[26]. This parameter serves as an indicator of the segregation propensity
within the solid mixture. Consequently, higher values of λ suggest a
reduced tendency for segregation, indicating greater solid circulation
rates and lower segregation rates, and the reverse is true for lower values
of λ. The parameters Fw, w, q, and k can be calculated from the corre-
lations [40]:

FW =
aʹ

BFWB

1 − aB
(6)

w = ubFWB

(
aʹ

B
1 − aB́

)

(7)

q = 1.5
FWBumf

dBϵmf

(
aʹ

B
1 − aB́

)

(8)

k =
3
4
Ysub

(
aʹ

B
1 − aB́

)

(9)

Bubble rise velocity [41]:

ub =
(
u0 − umf

)
+0.711

̅̅̅̅̅̅̅
gdb

√
(10)

volume fraction of the wake in the bubble [40]:

FWB =
1
2
−

9
16

cos
(

θW

2

)

+
1
16

cos
(

3θW

2

)

(11)

wake angle [24]:

θW = 160 − 160e(− 60db) (12)

volume fraction of wakes and bubbles in the bed [40]:

aʹ
B =

u0 − umf

ub(1 − FWB)
(13)

volume fraction of bubbles in the bed [40]:

aB = (1 − FWB)aʹ
B (14)

dimensionless segregation distance [42]:

Ys = 0.6
(

ρJ

ρF

)(
dJ

dF

)1/3

(15)

Ys = 0.8
(

ρJ

ρbulk

)(
dJ

dbulk

)1/3

− 0.8 (16)

Ys = 0.8

[
djρ1/3

J

(1 − Cave)ρFd
1/3
F + CaveρJd

1/3
J

− 1

]

(17)

3. Results and discussion

3.1. Minimum fluidization velocity of binary mixtures

The bed pressure drop versus superficial gas velocity curve was used
to determine the minimum fluidization velocity. Binary mixtures of FCC
and rutile particles with different particle compositions and densities
were tested, and the corresponding pressure-drop and air flow velocity
curves of the binary mixtures are shown in Fig. 2. The minimum fluid-
ization velocity is determined experimentally by plotting the pressure
drop against gas velocity. It is identified at the intersection of two lines:
one showing the increasing pressure drop as gas velocity rises, and the
other representing the constant pressure drop once the bed is fully flu-
idized. Compared with the single particle system, the binary system
exhibits additional features such as incipient and total fluidization ve-
locities. Among these fluidization velocities, the minimum fluidization
velocity is particularly important for characterizing a binary system,
especially for the modelling and design of fluidized bed operations.

Table 3 shows the comparison of minimum fluidization velocities of
binary mixtures from equation calculations and experiments. It is
evident that the modified equation of Fu et al. [32] demonstrated a
better match across different mixing ratios of binary particles. The solid
particles used in this experiment belong to Geldart Group A/B particles.
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The results indicate a relationship between the minimum fluidization
velocity and the volume fraction of binary particles in the mixtures.
When the system contains only 5 vol% rutile, the minimum fluidization
velocity of the mixtures remains nearly unchanged compared to the
original value for FCC. However, when the volume fraction of rutile
exceeds 5 vol%, the minimum fluidization velocity of the mixtures
varies significantly, approaching the minimum fluidization velocity of
rutile. This behaviour can be attributed to the partial fluidization and
bed voidage variation in binary systems at the minimum fluidization
state.

According to the modified equation by Fu et al. (Eq. 2), the particle
size ratio is a fundamental parameter for characterizing a binary mixture
and can be easily derived from the properties of the solid particles. As
shown in Fig. 3, the modified equation provides a better match for
predicting minimum fluidization velocities. Additionally, empirical
correlations offer the advantage of being simple and reasonably accurate
for specific experimental data sets. For design and operational purposes,
it is essential to calculate the minimum fluidization velocity of binary
mixtures of medium particles to avoid the need for extensive experi-
mental measurements. The modified equation by Fu et al. is recom-
mended as a reliable method for estimating the minimum fluidization
velocity of binary mixtures of solid particles. By incorporating the par-
ticle size ratio (dp/df), this approach improves predictive accuracy, of-
fering a more effective means of analysing binary systems. It could also
be further investigated to predict the segregation and mixing behaviours
of binary particle systems in fluidized beds.

3.2. Effect of binary mixture composition on fluidization behaviour

Based on the minimum fluidization velocities of binary mixtures and
pressure drop results, we employed the X-ray imaging system to inves-
tigate the fluidization behaviours of the binary particles and compare
the experimental results with the calculated segregation curve. The ef-
fect of air flow velocities on the segregation profiles with binary

particles at different mixing ratios (rutile: 15, 25, 35, and 45 vol%) is
represented in Fig. 4. Since 5 vol% of rutile in FCC did not produce clear
images or distinguishable mixing/segregation patterns, it is not included
in the figure. The X-ray images on the left illustrate the segregation and
mixing behaviours of binary particle mixtures at various air flow ve-
locities. These images provide a visual representation of how different
flow rates impact the distribution and interaction of particles within the
fluidized bed. On the right, Fig. 4 presents a comparative analysis be-
tween the experimental results and the modelling predictions of average
jetsam particle concentrations along the bed. The figures illustrate the
axial concentration profiles for various mixtures containing different
fractions of jetsam. This comparison is made at three representative air
flow velocities: 0.00542, 0.0163, 0.0303 m/s, which correspond to 2, 6,
and 12 times the minimum fluidization velocities of FCC particles. These
specific velocities were chosen to demonstrate the range of behaviours
observed under different conditions, highlighting how changes in air
flow influence the degree of segregation and mixing in the system.

A similar phenomenon was observed at different mixing ratios, with
the behaviour of the lighter FCC materials particularly notable. These
materials exhibited significant segregation capabilities at elevated flow
rates, leading to a marked expansion within the fluidized bed. Once the
gas velocity exceeded 0.054 m/s— about 20 times the minimum fluid-
ization velocity of FCC—elutriation of FCC particles occurred, which is
undesirable for reactor operation as it indicates excessive particle
carryover. The initiation of particle segregation was observed at
different velocities for varying compositions of group B particles. Spe-
cifically, segregation began at 0.0092 m/s for 15 vol% rutile, 0.0097 m/
s for 25 vol% rutile, 0.0102 m/s for 35 vol% rutile, and 0.0108 m/s for
45 vol% rutile. As the gas velocities increased beyond these initial
points, the segregation phenomenon became increasingly pronounced.
This was evident through the distinct separation of particle layers and
the enhanced movement of the lighter FCC particles to the upper regions
of the bed, while the denser rutile particles settled below. The critical
height (z*) that demarcates the zones enriched in jetsam and flotsam
slightly decreases, and the concentration of jetsam in the upper region of
the bed rises at higher gas velocities. At low flow rates, the particles
remain stationary until the gas reaches a critical velocity, causing the
mixture to become fluidized.

At even higher gas flow rates, the particle bed undergoes complete
segregation into horizontal layers, as illustrated in Fig. 4. A distinct
phase of complete segregation was observed within specific velocity
ranges: 0.0189 to 0.0338 m/s for 15 vol% rutile, 0.0195 to 0.0345 m/s
for 25 vol% rutile, 0.0230 to 0.0345 m/s for 35 vol% rutile, and 0.0244

Fig. 2. Pressure-drop and air flow velocity curve of the binary mixtures.

Table 3
Minimum fluidization velocities of binary mixtures from equation calculation
and experiments (unit: m/s).

Mixture 1 Mixture 2 Mixture 3 Mixture 4 Mixture 5

Experimental 0.00289 0.00314 0.00379 0.00484 0.00702
Cheung 0.00278 0.00333 0.00434 0.00588 0.00806
Fu et al. 0.00274 0.00308 0.00383 0.00505 0.00686

Fig. 3. Minimum fluidization velocity curve of binary mixtures from equation
calculation.
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to 0.0365 m/s for 45 vol% rutile. This progression of segregation pat-
terns over various gas flow rates demonstrates that within these ranges,
the growth rate of the bottom layer remains almost constant regardless
of the gas velocity. This constancy indicates that the segregation process
is independent of the convective movement in the mixed layer above the
coarse particle layer.

The predicted curve also showed a good match with the experi-
mental results. Within a certain range, increasing air flow velocity led to
improved segregation behaviour, with 0.0303 m/s exhibiting better
segregation than 0.0163 m/s, which in turn was better than 0.00542 m/
s. This indicates that higher air flow velocities within this range enhance
the segregation of particles, aligning well with the model’s predictions
and the observed experimental outcomes.

Small bubbles initially appear within the jetsam layer due to local-
ized fluidization of the heavier particles. These bubbles, formed by the
upward flow of gas, provide pathways for the gas to travel through the
dense jetsam layer. As these bubbles rise through the bed, they
encounter the less dense flotsam layer above. In this transition, the
bubbles merge and coalesce, resulting in larger bubbles within the
flotsam layer. The increase in bubble size is facilitated by the lower
resistance and higher mobility of the lighter flotsam particles, which
allow the gas bubbles to expand and merge more easily.

Following this phase of complete segregation, a re-mixing of the
particles was observed as the velocity increased further. This re-mixing
phase indicates the dynamic nature of the fluidized bed environment,
where, under specific conditions, the initially segregated particles can

reintegrate. This phenomenon demonstrates the intricate interplay of
forces and particle characteristics within the bed. Additionally, the
model provides a satisfactory prediction of jetsam concentration, espe-
cially for experiments with relatively lower rutile ratios (15 and 25 vol
%). Notably, other models often fail or do not accurately predict
segregation patterns in mixtures with high jetsam concentrations
[42,43]. However, the modified model, applied with the modified
Cheung equation, exhibited considerable potential for further applica-
tion. It allows for predicting the segregation and mixing behaviour of
binary particle systems in fluidized beds without requiring extensive
experimentation.

Fig. 5 illustrates the mechanism of segregation behaviour as gas
velocity increases. Initially, the two types of particles are fully mixed at
the beginning of the experiment. As the gas flow velocity gradually in-
creases, a critical point is reached where the flotsam particles in the
upper region of the bed begin to fluidize, forming an expanding layer.
Concurrently, the jetsam particles establish a stable layer beneath. Upon
further increase in flow rate, the bed remains distinctly segregated into
two layers, with both layers eventually exhibiting fluidization. Small
bubbles appear within the jetsam layer, which subsequently merge into
larger bubbles in the flotsam layer. It is only at very high velocities that
bubble-induced mixing becomes prominent, leading to the intermixing
of the two phases.

The fluidization mechanism governing the behaviour of a binary
mixture of solid particles is notably more complex than that of systems
with monodisperse particles. This complexity is evident across a wide

Fig. 4. Expansion curves and pressure drop profile for the full range of velocities tested. Coloured dots are the experimental results, the coloured lines are corre-
sponding simulation curve using modified GR model. A, C, E, G: X-ray images of Mixture 2, 3, 4, 5 at different air flow velocities, respectively. B, D, F, H: Exper-
imental results and model predictions for Mixture 2, 3, 4, 5 at different air flow velocities, respectively.
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range of gas velocities, involving processes of simultaneous segregation
and remixing of the particles. The schematic representation in Fig. 5
provides a visual understanding of these phenomena, highlighting the
intricate dynamics of segregation and mixing within the fluidized bed.

In the realm of fluid dynamics, especially within the context of flu-
idized beds containing free-flowing particles classified under Geldart
Groups A and B, a unique pattern of behaviour emerges as gas velocity is
methodically increased. Initially, within the static bed configuration,

particles are distributed in a relatively uniform manner. However, as gas
velocity approaches a critical threshold, a dynamic shift occurs,
signaling the onset of fluidization. This critical juncture is characterized
by the upward movement of Group A particles, which are typically
lighter and smaller, forming a thin, yet expansive fluidized layer at the
upper region of the bed. This initial fluidization phase is marked by the
formation of a pseudo-fluidic state, wherein these lighter particles
exhibit fluid-like behaviour.

Fig. 4. (continued).

Fig. 5. Schematic of bed behaviour at increasing gas velocity. A: initial fully mixed bed; B: partially segregated bed; C: ideally segregated bed; D: partially mixed bed.
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Beneath this active layer, a denser arrangement of Group B particles,
which are inherently larger and heavier, forms a distinct, static layer.
Initially, these heavier particles are interspersed among the lighter
particles, but as fluidization commences, they segregate due to the dif-
ferential in drag forces exerted by the upward-flowing gas.

As gas velocity continues to escalate within a designated range, the
bed maintains its segregated state, characterized by the coexistence of

two stratified layers. This period of segregation is critical for certain
industrial applications where differentiation between particle types is
desired. Examples include the extraction of zeolite particles for regen-
eration in oil refining units, and the extraction of one solid adsorbent
phase for regeneration in dual bed systems. Additionally, there is po-
tential for utilizing freely circulating fluidized beds (CFBs) to enhance
the efficiency of particle separation and regeneration processes. By un-
derstanding and optimizing these parameters, the design and operation
of fluidized bed systems can be significantly improved, leading to
enhanced performance and efficiency in various industrial applications
[44]. Subsequently, as fluidization intensifies, both the flotsam and
jetsam layers begin to display signs of fluidization. Notably, within the
jetsam layer, small bubbles emerge due to the localized fluidization of
Group B particles. These bubbles coalesce and ascend into the flotsam
layer, where they grow in size and contribute to the layer’s expansion.

Fig. 6 shows the phase diagrams for the mixtures of particles based
on experimental observations. The regimes identified are described as
incipient motion, where particles begin to move but have not yet
segregated; partial segregation, where rutile particles start to accumu-
late at the bottom of the bed; good segregation, characterized by clear
separation of rutile and FCC particles into distinct layers; and partial
mixing, where some degree of mixing occurs between the particles. The
diagrams illustrate that increasing the volume percent of rutile raises the
initial air flow velocity required to reach both the partial segregation
zone and the good segregation zone. This indicates that higher con-
centrations of group B particles necessitate higher gas velocities to
achieve similar segregation. Additionally, it is observed that mixtures
with 15 vol% and 25 vol% rutile exhibit comparable good segregation
zones in terms of the air flow velocities needed. From 0.0244 to 0.0311
m/s, all five different rutile volumes are in the good segregation zone,
suggesting that adjusting the ratio of binary particles can achieve similar

Fig. 6. Phase diagrams for the mixtures of particles based on experimental
observations. The different symbols correspond to the distinct structures
observed. Partial segregation: the major volume of the bed is segregated. Partial
mixed: the major volume of the bed is mixed.

Fig. 7. Effect of different jetsam (rutile) particle ratios and superficial gas velocities on average bubble diameter at different heights (A: Mixture 3, B: Mixture 4, C:
Mixture 5).
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segregation behaviour at comparable air flow rates. This observation is
consistent with the simulated results in Fig. 4, where the simulation
curve at an air flow rate of 0.0298 and 0.0303 m/s shows clear segre-
gation at different mixing ratios. This indicates that the model can
predict segregation and mixing patterns under certain conditions.
Furthermore, experiments conducted at various mixing ratios demon-
strated consistent structures and behaviours across different conditions.
These results, obtained from experiments performed in a cylindrical
container and using an X-ray imaging system, provided detailed obser-
vations of the bed’s interior. Compared to other studies using thin
pseudo-2D fluidized beds, our findings suggest that the observed
segregation behaviour is not dependent on planar geometry and is likely
inherent to the particle mixtures themselves.

Fig. 7 illustrates the effect of varying particle ratios of jetsam (25 %,
35 %, 45 % rutile) on the evolution of bubble size at different heights
within the bed, under two different air flow velocities (0.0244 m/s and
0.0298 m/s). As expected, increasing the gas velocity leads to the for-
mation of larger bubbles, which facilitates the transfer of excess air to
the bed surface. The behaviour of bubbles differs significantly between
the jetsam (Group B) and flotsam (Group A) layers. Bubbles at the bot-
tom of the jetsam layer are initially of similar size but grow larger as they
ascend. At the interface between the jetsam and flotsam layers, bubbles
broke up, and divided into multiple smaller bubbles above the interface.
Furthermore, as the flotsam layer increases in length the average bubble
diameter in this layer becomes larger, indicating the progressive coa-
lescence of bubbles rising through Group A materials, which are known
for slower bubble velocities and more uniform fluidization [45]. These
observations are consistent with the literature on the behaviour of
Geldart Group A and B particles in fluidized systems, where bubble size,
growth, and dynamics are strongly influenced by particle properties and
bed composition [45–47]. Notably, by breaking up bubbles at an in-
termediate height, the interphase between the two solid phases acts like
an internal baffle, thus improving gas-solid distribution, and reducing
gas by-pass associated to large bubbles [48].

4. Conclusions

The functioning parameters of a multi-functional system delineate a
specific velocity range that enables the bed to uphold a state of segre-
gation while simultaneously allowing for the fluidization of both jetsam
and flotsam elements. Intriguingly, despite this state of segregation,
observable distinctions in the fluidization behaviours of the two layers
emerge. By employing a combination of a modified Cheung equation to
determine the minimum fluidization velocity of a binary particle system
and a modified version of the model proposed by Gibilaro and Rowe, this
paper investigates the segregation behaviours of mixtures of Geldart
Group A and B materials at different mixing rates and air flow velocities.
The results showed a good match between the experimental data and the
predictions of the modified models. Additionally, it has been shown that
a bed consisting of a mixture of particles of different sizes can have a
variety of different structures depending on the gas flow rate through it,
segregation can persist when the gas flow rate is sufficiently large. Under
such conditions it can be shown that the segregation behaviour can be
successfully modelled, providing a comprehensive analysis of the in-
teractions between different particle types under varied conditions. The
potential impact of this work is significant for both experimental and
industrial applications. By simplifying the prediction and modelling of
mixing and segregation behaviour, it becomes easier to enhance effi-
ciency and performance in reactor and process design. Specifically, the
research can help addressing critical factors such as the optimal location
of the extraction point, the selection of appropriate superficial gas ve-
locities, and the determination of suitable particle sizes. These im-
provements can lead to enhanced processes in multifunctional catalytic
systems and sorption enhanced catalytic processes, accelerating
deployment in industrial context.

List of symbols

aB volume fraction of wakes and bubbles in the bed
Cave average volumetric fraction of jetsam
CB volumetric fraction of jetsam in the bulk phase
CW volumetric fraction of jetsam in the wake phase
d particle diameter (m)
db bubble diameter (m)
Fw volume fraction of solid in the wake
FWB volume fraction of the wake in the bubble
H total bed height (m)
k segregation coefficient (m/s)
q exchange rate coefficient (s− 1)
u velocity (m/s)
w solids circulation rate (m/s)
xJ mass fraction of the jetsam (− )
Ys dimensionless segregation distance
z normalized height

Greek letters

Δp bed pressure drop (MPa)
ϵ bed voidage
ρ density (kg/m3)

Subscript

0 fluidizing gas
b bubble
bulk bulk
F flotsam
J jetsam
mf minimum fluidization conditions of the mixture
p component with the highest minimum fluidization velocity
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