Engineering and Technology Journal 40 (09) (2022)1179- 1204

Engineering and Technology Journal
Journal homepage: https://etj.uotechnology.edu.iq

Recent Development in Hydrodynamic
and Heat
Characteristics in the Three-phase Fluidized-bed System

Transfer

Omar S. Mahdy , Amer A. Abdulrahman * , Jamal M. Ali
Chemical Engineering Dept., University of Technology-Iraq, Alsina’a street,10066 Baghdad, Iraq
*Corresponding author Email: Amer A. Abdulrahman @uotechnology.edu.iq

H IGH LIGH TS
 The effect of several characteristics on
hydrodynamic performance and heat transfer
phenomena has been studied extensively.
 A review of most of the previous correlations
for various parameters in gas-liquid-solid
fluidization systems was investigated.
 CFD could be used to understand the
complicated hydrodynamics of fluidization

ARTICLE INFO
Handling editor: Qusay F. Alsalhy
Keywords:
Three-phase fluidization
Hydrodynamic
Heat transfer
CFD simulation

ABSTRACT
Gas–liquid-solid fluidized beds are broadly utilized in the petrochemical,
pharmaceutical, refining, food, biotechnology, and environmental industries. Due
to complex phenomena, such as the particle-particle, liquid-particle, particlebubble interactions, complex hydrodynamics, and heat transfer of three-phase
(gas-liquid-solid) fluidized beds, they are incompletely understood. The ability to
accurately predict the essential characteristics of the fluidized-bed system, such
as hydrodynamics, individual phase mixing, and heat transfer parameters, is
necessary for its successful design and operation. This paper investigates the
pressure drop, minimum fluidization velocity, phase holdup, heat-transfer
coefficient of a fluidized bed reactor, heat transfer studies, CFD simulation, and
the effect of these parameters on the extent of fluidization. M any variables (fluid
flow rate, particle density and size, fluid inlet, and bed height) affect the
fluidizing quality and performance of the fluidization process. The
hydrodynamics parameters, mixing of phases, and the behavior of heat transfer
with various modes of fluidization were investigated to predict hydrodynamics
parameters. Several publications have demonstrated the utility of (CFD) in
explaining the hydrodynamics, heat, and mass transfer of fluidized beds.
Principles of measurement, details of the experimental configurations, and the
applied techniques by various researchers are also presented. Feng's model was
statistically validated using experimental data that was both time-averaged and
time-dependent. Furthermore, this model successfully predicted the
instantaneous flow structures, which should provide strategies for the best
design, scale-up, and operation in fluidized bed columns. The divergence
between the simulated and observed values can be reduced by better
understanding the fluidized bed's nature.

1. Introduction
Fluidized beds are widely used in various industries due to their excellent properties, including high heat and mass transfer
rates between phases, temperature homogeneity, ease of handling, and rapid particle mixing. gas-liquid-solid fluidization
systems ensure that the solid, liquid, and gaseous phases interact effectively and are substantially different from and more
complex than two-phase systems [1]. Due to its industrial importance, three-phase fluidization has been a focus of fundamental
study for the last six decades. Since then, significant progress has been made concerning a ppreciating the gas-liquid-solid
fluidization phenomenon. A fluidized bed system's efficient design and operation require accurately estimating the essential
system properties [2]. The three-phase fluidization is considered a process in which a bed of solid particles is suspended in gas
and liquid media due to the net drag force of the flow in opposition to the net gravitational force (or buoyancy force) on th e
particles. Such an operation creates a significant interaction between the gas -liquid media and the solid particles, providing
essential advantages in chemical, physical, and biochemical processing [3]. For a three -phase fluidization system, bubbles are
formed as a gas phase that provides an efficient interaction with both liquid and solid phases; due to the upward flow of
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Bubbles and liquid, the solid particles will suspend or fluidize and behave as a liquid phase. The most important
characteristics for the broad application of three-phase fluidization are the high heat transfer rates. It refers to the efficient
mixing of
Hydrodynamic generated by bubble-liquid movement and the interaction of this movement with solid particles. A better
understanding of the effects of hydrodynamic structures on heat transfer is an essential task to improve the design and
operation of three-phase reactors with the fluidized bed [4]. The minimum fluidization velocity, pressure drop, and phase
holdup are all essential characteristics in the process of a fluidized bed reactor. Several researchers have studied the minimum
fluidization conditions and phase holdup to find empirical correlations for the onset of particle fluidization. Computational
fluid dynamics (CFD) has been increasingly typical as a method for simulating multi-phase flow in recent years. It offers a
faster and easier way of accurately predicting hydrodynamic characteristics without the need for costly and time -consuming
experiments.
Furthermore, the CFD method is reliable for tests involving high pressures and temperatures in dangerous operating
conditions. CFD simulations can be divided into Eulerian –Eulerian and Eulerian-Lagrangian [5]. The state of gas -liquid-solid
fluidization depends significantly on the bed geometry, gas -liquid input methods, and the availability of retaining grids or
internals. A fluidized tapered bed, spouted bed, semi-fluidized bed, and spouted bed draft tube are examples of this design and
activity [6].

2. Criteria of the Phenomenon of Fluidization
The ability to accurately predict the system's fundamental properties is essential to the effective design and operation of a
gas-liquid-solid fluidized bed system. Specific aspects must be expected and quantified to b uild a three-phase fluidized bed
chemical reactor [7]. Table 1 lists some of the principal terms used to explain the fluidization process.
Table 1: Descriptions of specific terms related to three-phase fluidization
Te rm
Pressure drop throughout the bed
Minimum fluidization
velocity
Bed expansion ratio
Gas holdup
Liquid holdup

symbol
∆P
Umf

Solids holdup
Porosity
Bubble rise velocity
Bed Fluctuation Ratio

Ԑs
Ԑ
Ub
r

Phase velocity

U

βer
Ԑg
ԐL

Signification
Measures drag as well as buoyancy and phase holdups. [8].
T he bed fluidizes at a minimum superficial velocity. T he particles are
primarily fluidized by liquid [9].
Measure the extent of fluidization of the bed[10].
Measure the Gas occupied fractional volume[11].
Measures the fraction of the bed that is occupied by the liquid phase
[12].
Measure the volume of fractions occupied by the solids[13].
Measures the volume that both the liquid and gas occupy[14].
A bubble's actual velocity as it rises through the bed[2].
T he highest and lowest levels ratio is occupied by the top of the
bed[15].
Individual phase velocities in a fluidized bed [12].

3. Variables Influence the Fluidization Quality
Many variables affect the fluidizing quality and performance of the gas -liquid-solid fluidization process, as shown in
Figure 1. This text will discuss these factors, including particle-size variations that play a crucial role in enhancing fluidization.
Mainly, a wide variety of particle sizes is preferred rather than standardized measures for adequate mixing [16]. Fluidization of
larger particles requires a large amount of pressure force. As a result, minimum liquid fluidization increases as a particle size
increases [14]. The fluid flow rate will be high for the suspension of solids in fluid, but more growth in the channeling of fluid
flow rate occurs [17]. At a steady liquid flow rate, the pressure drop of the column decreases as the air flow rate increa ses. The
bed is initially fluidized by liquid and remains that way at this point [18].
Fluid distribution in the bed is necessary for the fluidized bed design. It is challenging to obtain successful fluidization
when the bed height is higher [19]. Increases in liquid and gas velocities increase the expansion ratio, decreasing as the particle
size and static bed height increase. Still, the initial static bed height does not affect the minimum fluidization velocity. The
closer the particle density to gas and liquid, the easier the fluidization can be maintained [20]. The extraction efficiency also
increases with temperature rise to a limited range [21], and the position of the heater should be sufficient to achieve desir ed
fluid flow at the desired temperature [22]. The minimum fluidization velocity was inversely proportional to the temperature
and directly proportional to the mean particle size. For all sizes of bed particles, the pressure drop was discovered to incr ease
with bed temperature [23].

4. Hydrodynamic on Gas-Liquid-Solid Fluidization
For more than 60 years, hydrodynamic characteristics on three-phase fluidized beds have been under academic and
commercial investigation; the literature today abounds with studies on this topic. This resulted in the publication of a wide
variety of experimental data and theoretical principles intended to understand better these reactors' behavior in operation [24].
In addition, many researchers have investigated the hydrodynamic of three-phase fluidized beds experimentally. The detailed
investigations based on experiments carried out in columns of the small scale are described in Table 2. This table also inclu des
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Figure 1: Factors affecting fluidized bed performance

brief details about the studied techniques and systems which used the glass beads as the solid phase in this experiment. The
hydrodynamics, mixing of individual phases and mass and heat transfer properties all play a role in designing and operating a
gas-liquid-solid fluidized bed system. The most critical hydrodynamic parameters are the minimum fluidization velocity,
pressure drop, phase hold up, and bed expansion. Depending on particles’ density and volume fraction, a three -phase reactor
can be divided into two types: A Fluidized-bed reactor and a slurry bubble-column one.
However, as indicated in Table 3, some experiments have used solid-phase types other than glass beds. Some of these
hydrodynamic investigations of the three-phase fluidized bed are listed in Table 3.
Solids have a substantially higher density than the fluid in fluidized bed reactors, where the volume fraction of solids is
between 0.2 and 0.6, and the particle size is more than 150 µm. In a slurry bubble column reactor, the density of the solids is
slightly higher than that of the fluid; the volume fraction of the particles is less than 0.15, and the particle size ranges from 5150 µm [13].
According to the literature, most of the experiments were conducted in a three -phase fluidized bed reactor using glass
beads as the solid phase. However, only a few experimental studies involving gas -liquid-solid fluidization used alternative
types of solid phases, such as (sand, wood, polystyrene, acetate, alumina, activated carbon, etc . Glass beads are used because
of their high strength, enhanced processing, chemical stability, low oil absorption, minimal thermal expansion, good
flowability, and colorless glass. Knesebeck et al. [35] investigated the particle size distribution along with the bed heigh t when
fluidized solid particles with a wide size distribution. The concentration profiles of particles of each size class were dete rmined
at various liquid and gas velocities by obtaining suspension samples at different axial and radial locations. The flo w of gas
bubbles and the effect of wake-up bubbles appear to be the determinants of gas velocity. As a result, increasing the gas velocity
improves particle carryover and mixing. These phenomena explain smaller particles that separate from the dense bed an d
concentrate in the top lean zone. Simultaneously, mixing in the dense bed improves, and axial concentration profiles of
particles of various size groups within the dense bed appear to be more uniform. Jena et al. [29] conducted the hydrodynamic
analysis of the three-phase fluidized bed. They showed that with an increase in particle size at constant gas velocity, the
minimum liquid fluidization velocity (ULmf) increases but decreases with an increase in gas velocity at constant liquid velocity.
The expansion ratio increases with increased liquid and gas flow rate but decreases with particle size and static bed height.
Sivalingam et al. [31] studied the significant role of hydrodynamics in the economic designing and operation of a three -phase
fluidized bed. Different characteristics such as pressure drop, porosity, gas, and liquid holdups were investigated about fluid
rates. As the flow rate rise, the gas holds up, and bed porosity increases. When comparing the effects of gas and liquid
velocities on hydrodynamic characteristics, it is evident that the influence of the gas velocity on the various parameters is
greater than the influence of the liquid velocity. Therefore, the gas flow rate is dominant in the fluidized bed design. Sulaymon
et al. [38] investigated the three-phase hydrodynamic characteristics of non-Newtonian liquid-gas-solid fluidized beds.
Depending on bubble column operating conditions and physical properties of liquids, the phenomenon of liquid circulation for
highly viscous Newtonian and non-Newtonian liquids can be observed. A gas holdup in three-phase fluidized beds increases
with increasing superficial gas velocity for all particle sizes studied. With the increase in particle size at constant gas v elocity,
the minimum velocity of liquid fluidization increases. Pare [7] studied the hydrodynamic characteristics of a low-density
particle in a three-phase (gas-liquid-solid) fluidized bed using the liquid phase as water while the gas phase as air. The bed
pressure drops, minimum fluidization velocity and bed expansion ratios, and the hydrodynamic characteristics evaluated, were
included. These parameters' dependence on particle diameter, initial static bed height, liquid velocity, and gas velocity has been
investigated. Results show that the bed pressure drops with gas velocity, and minimum fluidization velocity decrease but
increases with particle size. The bed expansion ratio increases with increasing liquid values but decreases with dp and initial
static bed height [8]. Sinha et al. [13] studied the hydrodynamic characteristics of three-phase for low-density particles (solid
wood). Results show that the minimum fluidization velocity and bed pressure drop increase with a particle size but decrease
with a gas velocity. The bed expansion ratio decreases with particle size and an initial static bed height but increases with
liquid values. Nan et al. [41] investigated the Inverse Gas -Liquid-Solid Circulating Fluidized Bed (IGLSCFB) as a
complement to the Inverse Liquid-Solid Circulating Fluidized Bed (ILSCFB). It is described the operation window for solids
downflow and gas up the flow. It was also discovered that the change in solids holdup as a function of operating conditions i s
highly similar to the ILSCFB.
Gas affects solids holdup, but it is not extreme. Alwared et al. [43] used a new type of rotating three-phase fluidized bed
reactor (spiral three-phase fluidized bed reactor (TPFB-S)) to remove engine oil (both virgin and waste form) from synthetic
wastewater was examined. The materials were characterized using SEM images and FTIR analyses, which revealed that RC
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leaves have high biosorption in terms of surface shape and active groups —changing the experimental variables such as particle
size, liquid and gas flow rate significantly impacted the bio sorption performance of RC leaves for oil emulsion in the TPFB-S
reactor. Using the natural and activated forms of Ricinus communis RC, at 150–300 m particle size, 3.5 L/min liquid flow
rate, and 1 L/min air flow rate, the maximum removal efficiency for v irgin and waste oil was 91 and 98 %, respectively. The
results showed that the spiral unit could generate upward water flow, reducing the load of the water treatment in conventional
TPFB and increasing the removal effectiveness of pure oil emulsion by arou nd 23 and 17 % for natural and activated RC
leaves, respectively.

4.1 Minimum Fluidization Velocity (U Lmf )
The most common hydrodynamic parameter of primary importance in the design of a fluidized three -phase bed is the
minimum liquid velocity of fluidization (ULmf). It is usually referred to as the minimum fluidization liquid velocity (U Lmf) at
the specified superficial gas velocity for the co-current up-flow gas-liquid-solid fluidized beds since the continuous liquid
phase is the primary fluidization medium [44]. When a fluid moves up through the interstices of a solid bed without the
slightest disturbance to the solids, the bed is considered a fixed bed. For a further increase in fluid velocity, t he whole bed of
solids becomes suspended and behaves as if its weight becomes counterbalanced by the buoyancy force. All particles are
entirely suspended in the fluid at this point [45]. Visual observation and hydrostatic pressure drop analysis of the multiphase flow are frequently used to estimate ULmf. Additionally, ULmfL.s is calculated by mathematical, fractal, disorder, wavelet,
and neural network analyses [32]. The Ergun equation (Ergun [46]) is the generally known model for determining a fluid's
minimum fluidization velocity to fluidize the particle[47].
(1 − εmf )(ρs − ρf ) g = 150

(1−ε mf)2μu mf
2

ε mf3∅s d p

+ 1.75

(1−ε mf)ρf u mf2
ε mf3 ∅s d p

(1)

The Ergun equation consists of viscous and kinetic energy (1st and 2nd part of Equation (1). The fluidization behavior
in the Ergun equation was primarily governed by the kinetic energy concept in the case of larger particles. It is also necessary
to reduce the Ergun equation to the following one.

Umf 2 =

∅s dp(ρs−ρ f)
1.75ρ f

gεmf 3

(2)

Begovich and Watson [3] reported the correlation given the following equation for a threephase fluidized bed containing large or dense particles . It can be used to predict the minimum fluidization velocity for
monocomponent systems.
ULmf

ULmfL.s

= 1 − Ug 0.436 μL 0.27 dp 0.598 (ρs − ρL )−0.305

(3)

Many articles have been reported on the minimum velocity of fluidized beds in three phases (Begovich and Watson, [3];
Fortin, [48]; Costa et al., [49]; Song et al., [50]; Nacef et al., [51]; Zhang et al., [52]; Ramesh et al., [53]; Ruiz et al., [54];
Sivasubramanian et al. [34]; Jena et al.,[2] and Li et al.,[32]). Many studies of the minimum fluidization velocity in three-phase
fluidized beds are limited to air-water glass bead systems whose particle density exceeds that of the liquid by a factor of 2 to 3
[25]. Sivasubramanian et al.[34] Investigated the Ulmf showed a growing pattern with an increase in the particle diameter. As
the liquid phase was studied, the effect of superficial gas velocity, U g on Ulmf (minimum fluidization liquid velocity) was
examined. In addition, the effect of superficial liquid velocity, Ul, on Ugmf (minimum fluidization gas velocity) for water,
glycerol, and carboxymethyl cellulose (CMC), was studied. Ulmf decreased with an increase in Ug, and an increase in U l also
reduced the Ugmf. Ulmf decreased with the increased viscosity (concentration) of glycerol and CMC. Correlations to Ulmf's
prediction of Newtonian and non-Newtonian models are suggested. Venkatachalam et al. [39] reported that the minimum
fluidization velocity decreases when the gas velocity, particle diameter, and liquid viscosity increase. The minimum
fluidization velocity is reduced as the fluid consistency index increases. With increasing surface tension, the minimum
fluidization velocity decreased, while for the liquid holdup, surface tension increased. Correlations were developed for
minimum fluidization velocity and riser liquid holdup based on the properties of liquid and solid phases and was observed to
agree with the experimental results. The design of commercial reactors could confidently use these correlations. Li et al. [32]
have been experimentally investigated that ULmf cannot be calculated in 3-5 mm MFBs. Both data analyses of the pressure drop
and Hurst exponent can be used to verify ULmf for 8-10 mm MFBs with low surface gas velocity. However, ULmf could not be
obtained at high superficial gas velocity since the turning point where the flow regime transformed from packed to fluidize
disappeared, leaving the bed in a half-fluidized state. For the effective working of gas-liquid-solid fluidized beds, accurate
prediction of a minimum condition of liquid fluidization is essential, especially when a particle or liquid properties are
involved. Previous minimum fluidization velocity correlations in gas -liquid-solid systems are listed in Table 4.
Begovich's correlation with a total of 125 data points showed a correlation coefficient of 0.93 and an F-value of 179. This
correlation's dimensional is statistically less satisfying, but it behaves correctly when gas velocity approaches zero. Costa's
correlation has a high degree of accuracy, with deviations never exceeding 10%. In the range of variables tested, this equat ion
demonstrated a better prediction. Ramesh's data, which consisted of 209 experimental measurement s, was utilized (184 data
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points from three-phase systems and 25 data points from two-phase systems). RMS errors were 9.0 %, with a maximum
variation of 20% for both two-phase and three-phase systems, showing a better representation of the minimum fluidization
velocity data for both two-phase and three-phase systems using RSM (response surface methodology). Using 115 literature
data from six different papers on minimum fluidization velocity, a new correlation for the computation of minimum
fluidization velocity in two-phase (Vg=0) and three-phase systems is also established, with errors proven to be within 14%. For
Newtonian systems, Sivasubramanian's correlations were found with (R 2 =0.95). With an average RMS error of 16 %,
Sivasubramanian's proposed equations accurately predicted the experimental data for Newtonian systems. A total of 252
practical points from Li's data were used. The Li's correlation average deviation value is 6.36%. The empirical correlation
value agrees well with the results of the experiments.
Table 2: Hydrodynamic gas-liquid-solid fluidization studies with glass beads as solid phase
Fluidizing medium
Liquid
Glycerol

Solid
Gas
Air

ρs

dp

Dc

Hc

UL

Ug

kg/m3

mm

m

m

m/s

m/s

3.2

0.127

3

Glass beads

Remarks of study

0.0-

0.0-

As

6.0

0.002

0.00604

decreases.

Silicone oil,

3.3

79

Water.

5.5

solution,

2230

Ug

Ref.

increases,
With

Ulmf

Lee et al. [25]

increasing

superficial gas velocity, the
voidage

at

fluidization,

Ԑmf,

minimum
tends

to

reduce initially to a minimum
and gradually increase.
Aqueous

Air

Glass beads

2471

Na2HPO4 sol.

3

0.1

2

2.1

0.000

0.010 -

The bed was always in the

Briens et

7–

0.052

coalesced bubble flow regime

al.[26]

0.056

during the whole range of
operating conditions.

Water - alcohol

Air

Glass beads

2500

sol.

1.2,

0.152

2.75

5

0.0 -

0.011 -

Surface-active agents increased

Dargar et

0.07

0.170

gas

al.[27]

holdups

in

a

bubble

column by an average of 41% .
Water

Air

Glass beads,

2460

CMCS sol.

1.25

0.15

4.35

1.45

0.03 -

0.01 -

The value of local gas holdup

Cao et al.

0.09

0.05

has been highest in the center

[28]

and lowest along the wall. The
local

gas

holdups

in non-

Newtonian fluids are slightly
smaller than in water.
Water

Air

Glass beads

2216

2.18

0.1

2

0.0-

0.0- 0.12

2253

2.58

2253

3.05

liquid

2270

4.05

constant as the liquid velocity

0.16

At a constant gas velocity, gas

Jena et al.

hold-up reduces at the low

[29]

rate

and

remains

increases. With the increase in
particle size, the gas hold-up
increases.
Water

Air

Glass beads

2490

0.62- 0.98

0.102

0.962

0.0-

0.0- 0.007

0.018

The upward flow of bubbles in

Zhou et al.

a

[30]

gas-liquid-solid

conical

fluidized bed creates more
agitation on packed particles in
the

upper

section

of

the

column, loosening particles and
reducing

particle-particle

interaction.
Water

Air

Glass beads

2500

4.38
1.854

0.054

1.6

0.00.3

0.0- 2.5

The gas flow rate is significant

Sivalingam et

in the fluidized bed design. The

al. [31]

system is primarily dependent
on solid-liquid interaction.
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Table : 2 Continued
Fluidizing medium
Liquid

Solid
Gas

Water

Air

Glass beads

ρs

dp

Dc

Hc

UL

Ug

kg/m3

mm

m

m

m/s

m/s

2216

2.18,

0.1

1.88

0-

0 - 0.12

2253

305,

0.148

conditions, a gas holdup in the

2270

4.05

6

semi-fluidized bed was 40%

Remarks of study

At

the

Ref.

same

operating

Jena et al. [2]

greater than in the fluidized
bed for some instances.
003- 0.

050.

0.0-

glycerol- sol. ,

0.005

0.1

0.025

Water with

0.008- 0.01

Water,

Air

Glass beads

2500

0.104- 0.946

0.0- 0.012

The

fluidization

of

solid

Li et al. [32]

particles is supported by the
complex

surfactant

behavior

bubble-growing
caused

by

the

interaction of characteristics of
the gas-liquid mixture and bed
walls,

which

leads

to

a

reduction in ULmf.
Electrolyte Sol.

Nitrog

Glass balls

2500

4.248- 5.613

0.0673

1.5

0-

en

0- 0.1

0.35

Increases in gas velocity, pitch,

Kumar et

sphere diameter, and particle

al.[33]

diameter were observed to
increase

gas

holdup.

The

effects of gas velocity, pitch,
and rod diameter on liquid
holdup were insignificant.

Table 3: Hydrodynamic gas-liquid-solid fluidization studies with other than glass bed as the solid phase
Remarks of study

Fluidizi

ρs

dp

Dc

Hc

UL

Ug

kg/m3

mm

m

m

m/s

m/s

Solid

ng

Remarks of study
Ref.

medium
Liquid
Gly cerol solution,

Gas
1881

3.2

Silicone oil,

Air

Alumina
silicone oil)

(in

1280

3.3

Water.

Poly mer blend

102

5.5

0.127

3

0.0-

0.0-

Because local agitation by the gas

Lee et al.

0.00279

0.00604

bubbles leads to s to bed compaction

[25]

around the minimum liquid fluidization
velocity , Ԑmf is smaller for three-phase

Poly sty rene

sy stems than for corresponding twophase (liquid-solid) fluidized beds.
Water,

Air

CMC sol,

Poly propy lene

830

4,6,8

poly ethy lene

940

4,6,8

0.1

1.8

0.0-0.02

0.0-

With

viscosity

Sivasubra

0.00188

(concentration), both Ulmf and Ugmf

maniaa et

decreased in Newtonian (glycerol) and

al. [34]

gly cerol sol.

an

increase

in

non-Newtonian (CMC) sy stems. For
the sy stems tested, Ugmf decreased as
Ul increased.
Water

Air

Alumina

1810

0.131

0.06

2.98

0.155

0.0-

0.0-0.004

Smaller particles detach from the dense

Knesebec

0.00088

bed and condense in the top lean zone.

k et al.

7

At the same time, mixing in the dense

[35]

bed improves, resulting

in more

uniform axial concentration profiles of
particles of various sizes inside the
thick bed.
Water

Air

TiO2

4260

10 nm

0.2

1.2

0.4

0.01-0.03

nanoparticles

With

gas

Feng et

velocity , the local averaged axial liquid

increasing

superficial

al. [36]

velocity and local averaged gas holdup
increased, decreasing with increasing
TiO2 nanoparticles loading and the
axial distance from the bottom of the
bubble column.
Aqueous Na2HPO4

Air

Poly propy lene

1290

sol.

3

0.1

2

2.1

0.0007–

0.010 -

Low-density poly propy lene particles

Briens et

0.056

0.052

were used in the three-phase bed. With

al.[26]

a superficial gas velocity of 0.023 m/s,
Ucd was essentially independent of it.
Water

Air

Ceramic raschig
ring

1670

5.6
3.3

0.1

2

0.0-0.18

0.0-

The Ulmf increased as particle size

Adity a et

0.06369

increased, decreased as gas velocity

al. [37]

increased, and is unaffected by bed
mass.
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Table 3 :Continued
Remarks of

Fluidizing

study

medium

Water

ρs

dp

Dc

Hc

UL

Ug

kg/m3

mm

m

m

m/s

m/s

Solid

Air

styrene resin

1264

1.45

0.15

4.35

CMC sol.

Remarks of study
Ref.

0.03 -

0.01 -

When ρs/ρl ≈ 1, the solid local holdup

Cao

0.09

0.05

incre ased so little and stayed nearly

et al.

constant at rp/R= 0- 0.6 for the polymer

[28]

particle.
Water

Air

Activated

1317

0.64

0.10

carbon

0.962

2

0.0-

0.0-

The conical bed's minimum fluidization

Zhou

0.018

0.007

velocity is also higher than the

et al.

cylindrical bed's. A dec rease in particle

[30]

drag forces accompanies the drop in
fluidizing velocity with bed height in a
conical bed.
CMC sol.

Air

Activated

O2

carbon,

CO2

770

0.75, 0.25

2500

0.10

1.8

2

6

0.0-

0.0- 1.6

0.1

More complex hydrodynamic behavior

Abba

emerges when the superficial gas

s et

Ni-

velocity exceeds 0.12 m/s, resulting in

al.

Mo/Al2O3

the transition from bubbly to churn-

[38]

turbulent flow regime.
Water, gly cerol,

Air

and n- Butanol sol.
CMC sol.

Sphere-

2478,

Porcelain,

2480,

Bear saddles

1-10

0.15,
6.5- 11.5

1.7

0.03

0.0-

0.00014

When the fluid constancy index of non-

Venk

0.08

2-

Newtonian liquids increases, the liquid

atach

0.0674

holdup decreases. When the viscosity of

alam

2213-

Rasching rings

2456
3.51,13.6

Newtonian fluids was increased, a

et

similar tendency was found. The

al.[39

minimum fluidization velocity decreased

]

as surface tension increased, yet the
liquid holdup velocity increased as
surface tension increased.
Water, kerosene

-

sol.

Spherical

1044

8,

plastic,

1115

15,

PVC particles

0.106

1025

2

0.0-

The holdup of the continuous phase

0.042

increases as the velocity of the

mer

continuous phase and particle diameter

et al.

increases, while it decreases as the

[40]

3.34

Tha

velocity of the dispersed phase increases.

Water

Air

Wood

1142,

3.7,

1111,

6.2,

1111

0.1

1.24

0.0-

0.0-0.008

0.06

8.7

The minimum fluidization velocity

Sinh

(ULmf) is a function of particle size

a et

rather than initial static bed height, and

al.[13

it decreases with gas velocity while

]

increasing with particle size.
Water, glycerol-

Air

sol., Water with

Amberlite
IR120 Na

surfactant

1350
3800

0.615
0.276

Al2O3

0.00

0.05

3-

0.1

0.0-

0.0-

Larger gas bubbles enhance ULmf

0.025

0.012

decrease. Both an increase in liquid

al.

viscosity and a reduction of liquid

[32]

0.00
5

surface tension reduce the size of gas

0.00

bubbles, which works against the

8-

decrease in ULmf. It differs from the

0.01
Water

Air

expanded

0.8- 1.2

polystyrene

Li et

macroscale system in several ways.

0.07

5.4

6

0.0052

0.0-

Gas holdup incr eases with superficial

Nan

- 0.417

0.00175

gas but is unaffected by the solid’s

et al.

circulation rate. Solids holdup increases

[41]

(EPS)
28

as the solids circulating rate and

- 1020

superficial gas velocity increase but
decreases as the superficial liquid
velocity increases.

Wastewater

Air

granular zeolite

80

19-25, 13-

0.2

1

19, 6-13, 3-6

0.07-

0-0.95

0.14

, 1.6-3

Organic matter removal in BOD and COD

Calvach

was greater than 90%, although it was done

i et al.

mostly through filtration units due to particle

[42]

matter retention.

Fresh and waste
oil

Air

Ricinus particles

796

0.15–0.3 and
0.3–0.6

0.125

13.5

0.0004-

0.0-

The removal efficiency of pure oil emulsion

Alware

0.0012

0.00136

from aqueous solution by natural and

d et al.

activated forms of adsorbent was increased

[43]

by around 23 % and 17 %, respectively , in a
spiral three-phase fluidized bed reactor
compared to a traditional fluidized bed.
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Table 4: Correlations on minimum fluidization velocity.
Correlation

Ref.

ULmf
0.598
= 1 − Ug 0.436 μL0 .227 dp
(ρs − ρL) −0.305
ULmf L.s

Begovich et al. [3]

ULmf = 0.427Ug−0 .198 dp

1.539

(ρs − ρL ) 0.775

ULmf = 0.0006969Ug−0.328 μL −0.355 dc

0.042

Fortin [48]

(∅s𝑑𝑝) 1.086 (ρs − ρL ) 0.865

ULmf
0.213
= 1 − 376Ug0 .327 μL 0.227 dp
(ρs − ρL) −0.423
ULmf L.s
ULmf
= exp[−13.8 Fr g0.35 ( ρs − ρL ) −0.38 ]
ULmf L.s
ReLmf = [33.72 + 0.0406 Ar (1− εgmf )

0.5

− 33.7]
0 .04

Costa et al. [49]
Song et al. [50]
Nacef et al. [51]
Zhang et al. [52]

ReLmf = 0.6(1+ Fr g) −1.85 Ar 0.3 Mo−0.09 ∅s

Ramesh et al. [53]

ULmf
−0.93
= 1 − 0.5 Ug0.075 − (εmf βgmf )∅s
ULmf L.s

Ruiz et al. [54]

ReLmf = [7.033 × 10−2 × Ar m0.3 Ar m0.113 Reg0 .781

Sivasubramanian et al.
[34]

𝑈𝐿𝑚𝑓
−0.08
( ρs − ρL ) −0.218
= 0.465 Ug −0.268 μL −0 .216 dp
𝑈𝐿𝑚𝑓𝐿 .𝑠
𝐷ℎ
𝐻𝑆
Ơ𝑙
ReLmf = 0.103 𝐴𝑟2.7933 𝐹𝑟𝑔 −0.1984 ( ) −0.38 ( ) 0.8938 ( ) −0.3988
𝑑𝑝
𝐷ℎ
Ơ𝑤

Jena et al.[2]
Li et al.[32]

4.2 Pressure Drop (∆p).
Another important parameter that must be considered in explaining the hydrodynamic behavior of a three-phase
fluidization bed is the pressure drop through the bed. It contr
ols the formation of the channel and slug, thus mixing the bed material with the fluid [45]. A different behavior was
observed in the three-phase fluidized bed when the liquid velocity was increased at a constant gas velocity. Initially, the fixed
bed was in a very densely packed state. As the velocity of the liquid rose, the bed was momentarily fluidized, a narrowly
achieved packed state where the decreased drop in frictional pressure was not strong enough to hold the bed fluidized.
Therefore, higher liquid velocities were needed for permanent fluidization of the bed [55]. Furthermore, studies have
established that if a bed is densely packed, the pressure drop overshoots the fluidization pressure until the particles separate
and fluidize, as shown in Figure 2 (state A). Upon fluidization of the particles, the fluidization curve fits the same path f or
fluidization and de-fluidization, as shown in Figure 2 in (state B)[56].
The overall axial pressure gradient (static pressure gradient) at any cross -section of the column in a stable state reflects the
total bed weight of the three phases per unit volume, as computed by
dp ⁄dz = g(ρg εg + ρL εL + ρs εs)

(4)

Equation 4 can be realized from Wallis's one-dimensional multi-phase flow model, suggesting that the frictional drag
on the column wall with the gas and liquid flow acceleration can be ignored.
The right-hand side term Ԑ g ρg in equation 4 is generally negligibly due to its small value compared to the other words.

4.3 Phase Holdups (Ԑ)
In a multi-phase system, the phase holdup is described as the volume fraction occupied by the system phase considered.
The solids hold up is almost distributed evenly around the column height in a fluidized bed column [58]. Thus, the relationship
between phase holdups is summarized in the following equation:

εs + εL + εg = 1

(5)

The average holdup of solids can be measured using:

εs = Ms ⁄ρs Ac He

(6)

Where Ac is the column’s cross -sectional area; He is the dispersion height; M s is the solid mass of the column. Equations
(4) to (6) could be used to calculate individual holdups.
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Figure 2: Dynamic pressure variations function of superficial fluid velocity [56].

4.3.1 Gas holdup (Ԑg)
One of the most important properties to consider is the gas holdup when evaluating the efficiency of a fluidized three phase bed. Estimating the gas holdup in chemical processes is necessary when the rate -limiting step is gas-liquid mass transfer,
directly related to the mass transfer [59]. Gas holdup Ԑg can also be defined as the ratio of gas volume to a total volume of gas
and liquid/solid mixture in a finite column length. It is necessary to distinguish the relationship between gas -liquid slip velocity
and gas holdup to predict the gas holdup values [60]. These parameters are more or less affected by the hydrodynamic
properties, such as the gas distributor design [61], Column diameter, height, and properties of liquid [62]. The design,
optimization, and scale-up of the bubble column reactor are a focus issue to optimize specific operational parameters to
improve the gas holdup and phase interface field in the column. A more direct strategy of measuring Ԑg is to separate an agent
portion of the test section simultaneously by shutting two fast closing valves and measuring the division of the separated
volume involved by the gas (Epstein, 1981). Other promising methods for calculating the local gas holdup are the system of
electro-conductivity stated by Bhatia et al.[63], Ostergaard[64] , Begovich et al.[3], and Yu et al.[65] radioactive tracer
techniques[66]. Table 5 lists some of the more well-known gas holdup correlations with bed expansion and the authors who
presented the research.
Based on a total of 913 points, Begovich's correlation had a coefficient of 0.93 and an F-value of 1793. Over % of the data
fits within 30% of the calculated values, according to Gorowara's empirical correlation, this is based on over 300 experimental
data points. A standard deviation of 0.037 is obtained. For Ramesh's correlation, the RMS errors were 13% (772 data for Re L
≤100) and an overall error of 11.5 %, with a maximum variance of ±22 % for the complete data set. The proposed correlation
for calculating gas-phase holdup shows significant improvement and simplification over the current correlations. Jena's data
were modeled using a power-law equation that passed through the origin (zero gas holdups at zero gas flow). For the (362.3 ≤
ReL ≤ 905.7477) and (217.3795≤ Re g ≤1086.897) ranges (with a standard deviation of 0.00785 and a correlation factor of
0.9821). Jena's correlation has been developed for estimating the gas holdup. The results of the developed correlation were
compared to those of the experiments and those of Safoniuk's correlation. The developed correlation was valid over various
operational conditions, indicating its validity. The average deviation of Kumar's correlation from regression analysis was
0.0829, with a standard deviation of 0.136 in a laboratory-scale gas-liquid-TiO2 nanoparticles three-phase fluidized bed
column. Feng et al. [33] used a laser Doppler anemometer (LDA) and conductivity probes to examine local hydrodynamic
performance such as gas holdup and liquid velocity. The influence of variou s operating parameters on local gas holdup and
liquid velocity has been thoroughly investigated. The local average axial liquid velocity and local average gas holdup increa sed
with superficial gas velocity. Still, they dropped with increasing TiO 2 nanoparticle loading and axial distance from the bottom
of the bubble column. Dargar et al. [27] studied the effects of surface-active chemicals and operating conditions on the
hydrodynamic characteristics of multi-phase reactors. The addition of surface-active substances increased gas holdups by 41%
on average in a bubble column. Surface-active agents increased gas holdups by an average of 37 % in a three -phase fluidized
bed, while liquid and solids holdups were reduced by an average of 6.2 and 4.5 %, respectively. Jena et al.[29] Investigated for
varying particle sizes and static bed heights, the influence of liquid velocity on phase hold -up, minimum liquid fluidization
velocity, pressure drop, and expansion ratio. The expansion ratio of a fluidized bed was investigated in an experiment al study
using statistical design, and a correlation for the gas hold -up was produced. The correlation shows that gas hold-up is strongly
influenced by modified gas Reynolds number but unaffected by liquid Reynolds number.
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Table 5: Gas holdup correlations in ﬂuidized gas-liquid-solid beds
Correlation
εg = 0.048Ug0 .720 dp

Ref.
0 .168

Dc 0 .125

Begovich and Watson [3]

εg = 0.066[UL ⁄(UL + Us )]−0.424

Catros et al. [67]

εg = 0.048Fr g.dh 0 .315 Fr L.dh −0.098 Mo0 .02 (1 + 34.09 dp ⁄dh)

−0.346

Fan et al. [68]



for dispersed large bubble regime:

εg = 1.81Fr g0.222 ReL 0.432 Mo 0.02



for transition regime:

εg = 0.654Fr g0.358 ReL0.051 Mo 0.02



for dispersed small bubble regime :

εg = 2.61Fr g0.21 ReL− 0.372 Mo0.02



Middle and high gas holdup regions:

εg = 0.814Fr g0.3987 ReL− 0.0977



transition regime:

εg = 0.132Fr g0.285 ReL −0.0895



Homogeneous bubble flow regime:



T ransition regime:



T urbulent bubble flow regime:

εg = 12Ar −0.23 Bo0.81 Fr g0.51 (UL ⁄Ug)

εg = 19.2Ar −0.35 Bo0 .74 Fr g0.24 (UL ⁄Ug)

−0 .13

−0.19

( 1− εs ) 1.47( 1 + 0.91x) 1.59

Song et al. [50]

Gorowara et al. [69]
Chen et al. [70]

( 1 − εs ) 1.8( 1 + 0.91x) 1.6

εg = 22.9Ar −0.37 Bo0.69 Fr g0.14 (UL ⁄Ug)

−0.11

( 1− εs) 1.87 (1 + 0.91x) 1.63

εg = 0.0139Reg0.426

Safoniuk et al. [71]

εg = 0.11Fr g0.35 ReL 0.2Mo 0.075 Ar l0.11

Ramesh et al. [53]

εg = 0.4008Fr g0.38547 ReL −0.6712

Vinod et al. [72]

εg = 0.23Ug 0.3 (g ug) −0.1

Bakopoulos [73]

Ug − Ugl
]
Ug − Ul

Nacef et al. [74]

εg = ε[

εg = 0.15UL −0.047 Ug0 .303 εs − 0.05

Son et al. [75]

εg = 0.0034 Reg 0.7582 ReL− 0.14497

Jena et al. [66]

εg = 0.0023Reg0.73

Jena et al. [29]

εg = 0.015 Ug 0.98

Abdel-Aziz et al. [76]

εg = 0.256 Fr g0.081 ReL 0.067 ( 𝑃⁄Dc ) 0.79 (𝑑𝑝 ⁄𝐷𝑐 )

0.85

Kumar et al. [33]

Sulaymon et al.[38] Investigated the effect of bubble column operating conditions on liquid physical parameters, finding
that the liquid circulation phenomena are visible for very viscous Newtonian and non -Newtonian liquids. Gas-holdup increases
with increasing superficial gas velocity in three-phase fluidized beds for all particle sizes studied. When the superficial gas
velocity exceeds 0.12 m/s, more complex hydrodynamic behavior develops, with the transition from bubbly to churn -turbulent
flow regime. Furthermore, due to the coalescence process, large bubbles with a high bubble rise velocity were generated.[38].
Kumar et al. [33] studied the impact of several significant dynamic and geometric variables on individual phase holdups in a
three-phase fluidized bed with a string of spheres promoter in the presence of a string of spheres promoter. Data on pressure
drop was used to compute gas holdup. The gas holdup was observed to increase when gas velocity, pitch, and particle diameter
increased. The gas holdup was unaffected by liquid velocity and rod diameter.

5. Heat Transfer in Three-Phase Fluidized Beds
The most crucial benefit of (gas -liquid-solid fluidized-bed systems) over a phase flow is the greatly enhanced heat transfer
rates. The solid particles stir up the thermal boundary layer, increasing the heat transfer coefficient to eight times higher than
single-phase forced convection. [77].
The heat transfer coefficient in a fluidized bed can be classified into five modes. Name ly :(i) particle-particle, (ii) fluidparticle, (iii) bed to wall, (iv) heater to solid particle (v) heater to fluid. It is challenging to reach one general link f or each heat
transfer in a fluidized layer because each of the three modes is controlled by s pecial interactive parameters.
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The reaction temperature has been efficiently regulated by cooling or heating the column wall in a fluidized bed. Increased
reaction conversion can be attained in three-phase fluidized beds due to higher mass and heat transfer rates due to aggressive
solids mixing. The one with solid particles fluidized by co -current gas and liquid flow appears to be the basic mode of
operation among the several types of three-phase contracting processes. Table 6 describes experimental con ditions in previous
heat transfer studies in three-phase fluidized beds. The heat transfer studies are classified into two groups in three -phase
fluidized beds. One deals with heat transfer from wall to bed (Kato et al.,[78], Muroyama et al., [79], Nore et al.,[80], Zorana
et al. [81]), and the other deals with heat transfer from immersed heat to bed (Baker et al. [82], Khan et al., [83], Magiliotou et
al. [84], Luo et al.,[85], Muroyama et al.,[86], Grace et al.,[87]). While most of these experiments contributed to the correlation
of equations for the experimental results, some studied the processes mathematically and suggested a heat transfer mechanism.
In addition, flat plate heaters (Khan et al., [83]and Luo et al.,[85]) and cylindrical heat transfer studies (Baker et al. [82],
Magiliotou et al.,[84], and Muroyama et al.,[86]) were used[88].
Many studies have looked into the effects of gas velocity on heat transfer rate in two and three-phase systems (Baker et al.
[82]; Chiu et al., [77]; Kang et al. [89]). These results indicated that the rate of increase in heat transfer coefficients with gas
velocity was rapid at low gas velocity, and then decreased as gas velocity increased. Several studies have looked into the
effects of liquid velocities on heat transfer coefficients in two and three-phase fluidized beds, including (Kato et al., [78]; Kim
et al. [90]; Kumar et al., [91]).
The results of previous studies show that the heat transfer coefficient increases initially. As a function of increasing liqu id
velocity, it reaches the maximum value and then drops. Lin et al. [4] used a particle image analyzer (PIA) and a heat transfer
probe to quantitatively study the macroscopic hydrodynamics and heat transfer of a two -dimensional (2D) three-phase
fluidized bed. Different solid holdups are added to the flow to investigate t he influence of solid holdups on heat transfer. It has
been discovered that solid particles can increase the collision frequency between solid particles and the heating object,
resulting in increased heat transfer. Kang et al. [75] observed that the average boundary layer thickness around the heater might
drop in a three-phase circulating fluidized bed heat transfer system as gas velocity increases. Higher U g may induce more
bubble holdup and turbulence, allowing the fluid element in the riser to attack the boundary layer around the heater surface. At
varied operating conditions, Abdul-Wahab et al. [88] measured the heat transfer rate and overall temperature differential across
the heater. The temperature profiles were calculated axially and radially for different positions in the bed. The differential
equation describing heat transfer in a gas -liquid-solid fluidized system with boundary conditions has been solved using
theoretical analysis. Table 6: Previous heat transfer condition experimental three-phase investigation fluidized beds.
Practical thermal conductivity values were calculated using the solved equation’s temperature profiles. Lim et al.[100]
obtained that the heat transfer coefficient (h) between the immersed vertical heater and the riser suitable for the three-phase
circulating fluidized bed increased as the gas and liquid velocities increased but did not affect much when the liquid veloci ty
increased in the upper range. The heat transfer coefficient increased gradually as the size of fluidized solid particles increased
without reaching a local minimum, indicating that bed contraction in three -phase circulating fluidized beds was not caused by
increasing liquid velocity. The heat transfer systems may more easily achieve a s table condition with larger particle size.
Arsenijević et al. [99] Investigated and correlated the heat transfer coefficient between the hot air and the cooling water. The
works were carried out with various fluid flow rates and inlet air temperatures while keeping the air flow rate constant. A new
correlation for heat transfer in a three-phase fluidized system was developed based on the experimental results. In most heat
transfer studies, the h has been determined by measuring the temperature differences b etween the heating surface and the bulk
flow region of the fluidized bed.

5.1 Heat Transfer Coefficient in Three-Phase Fluidized Beds (H)
It is essential to understand the heat transfer coefficient while designing heat transfer in a fluidized -bed system. The fact
that it depends on a wide variety of system characteristics and operations makes calculating the acceptable value for the
transfer heat coefficient difficult. The parameters are gas and liquid velocity, liquid viscosity, particle size and density, slurry
concentration, bed porosity, column diameter, heat transfer section/axial probes, and radial position. Chiu and Ziegler
suggested a fluidized bed’s heat resistance model. This means that there are two heat transfer resistances near the heating
surface and the other within the bed. The heat transfer coefficient (h) was determined using the following equation:

h=

𝒒
𝑨(𝑻𝒔−𝑻𝒃)

(7)

Where Tb and Ts are the bed's temperatures and the heater surface's temperature, respectively. The DC power supply
provided the heat supply (q).
Several empirical correlations to heat transfer coefficients have been proposed based on the heat transfer coefficient
measurement between the immersed heating surfaces and the bed.
Table 7 summarizes previous heat transfer studies' proposed correlations for predicting h in three-phase fluidized beds.
Cao et al. [105] simulated a gas-liquid-solid circulating fluidized bed using two-dimensional Eulerian–EulerianLagrangian (E/E/L) approaches. They combined the E/E/L model with the Two -Fluid Model (TFM) and the Distinct Element
Method (DEM). The generalized gas -liquid two fluids k-model forms the modified gas -liquid TFM. As shown in Figures 9-11,
they investigated the radial distribution of local phase hold -ups and local liquid velocity.
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Table 7: The literature's main correlations for heat transfer coefficients

Correlation

Ref.

ℎ = 1977 𝑈𝑔 0.059 𝑈𝐿 0.07 𝑑𝑝
ℎ = 0.075 𝑘𝐿

0.5

ℎ = 1304 𝑈𝑔

0.22

𝜌𝐿

0.75

𝑈𝐿

0.01

𝑐𝑝𝐿
μL

0.106
0.5

Baker et al. [82]

𝜇𝐿

−0 .27

g

0.25

(𝑈𝑔 − 𝑈𝐿)

0.25

Deckwer et.al. [101]

−0 .31

Kang et al. [89]
0.5 0.5

ℎ = C(𝑘𝐿 𝜌𝐿 𝑐𝑝𝐿 {[(UL+Ug) (ρgεLg + ρL εL + ρsεs)− 𝜌𝐿UL ]g/ (εLμL )} )
Nu = 0.042𝑅𝑒𝐿
ℎ = [ℎ‘ εg 0.45
ℎ = 2776 𝑈𝑔

0 .72

𝑃𝑟𝐿

0.86

𝐹𝑟𝐺

0.067

Zaidi et al. [102]

0.396 0.6768
)
+ ( 0.45 −
𝑈𝑝𝑡,0
Ug
0.0779

𝑈𝐿

0.0317

𝐺𝑠

Luo et al. [85]

0 .0654

Cho et al. [97]

ℎ = 0.042 (𝑘𝐿 𝜌𝐿 𝑐𝑝𝐿 {[(UL+Ug) (ρgεLg + ρL εL + ρs εs)− 𝜌𝐿UL ]g/ (εLμL)}0.5) 0.5
ℎ = 2552 𝑈𝑔

0.21

𝑈𝐿

0.03

Nu p = 0.042𝑅𝑒𝑃 𝑃𝑟𝐿
ℎ = 0.19 𝑈𝑔

0.76

𝜇𝐿

𝐺𝑠

0.0654

0.333

𝑑𝑝

0 .05

Kim et al. [90]

Ơ𝐿

− 0.08

𝑗𝐻𝑃

0.155

Patnaik. [98]
Lim et al. [100]
Arsenijević et al. [99]
Abdel-Aziz et al. [76]

6. Computational Fluid Dynamics (CFD)
As computing power increases, numerical simulation has become a more powerful technique for predicting fluid dynamics
and heat transfer mechanisms in multi-phase flow. To simulate the liquid/gas fluidized bed, a numerical hydrodynamic and
heat transport model was constructed. CFD is based on the fundamental governing equations of fluid dynamics in some form
or another (continuity, momentum, and energy equations). These are physics equations. They are mathematical expressions of
three essential physical principles that underpin all fluid dynamics: mass conservation, Newton's second law, and energy
conservation. The availability of high-performance computing hardware and the invention of user-friendly interfaces have
facilitated the development of CFD software for both commercial and scientific purposes. Some general-purpose CFD
packages used are PHONICS, CFX, FLUENT, FLOW3D, and STAR-CD. These packages use finite volume techniques to
analyze fluid flow, heat transfer, and mass transfer problems [12]. The two primary approaches are the Euler -Euler
formulation, which will depend on the interfacial multifluid model, and the Euler-Lagrangian formulation, which is based on
solving Newton's equation of motion for the dispersed phase.

6.1 Studies on Three-Phase Fluidized Beds Using Computational Fluid Dynamic
There have been many computational studies throughout the years, but more work in CFD is re quired for the extensive
range of experimental data available. The validity of CFD predictions may be validated by comparing them to experimental
data and results. Due to the time-consuming nature of practical work, CFD aids in predicting fluid flow, fluid ized bed
behavior, and various hydrodynamic properties. CFD helps in modeling a real-world process prototype, and it is possible to use
those parameters to get the desired results using CFD simulations. CFD could be used to understand the complicated
hydrodynamics of fluidization [103]. Table 8 contains an extensive overview of the literature on modeling these reactors.
These CFD investigations use a steady-state, two-dimensional, Eulerian multifluid technique. However, three-phase flows in
fluidized bed reactors are extremely unstable, as they are thought up of many flow processes that occur at various time and
length scales.
Feng et al.[36] Developed a three-dimensional computational fluid dynamic (CFD) model to p redict the structure of the
three-phase flow of gas, liquid, and TiO2 nanoparticles in the bubble column. The time-averaged and time-dependent
predictions were compared to experimental data for model validation. Immediate local gas holdup, gas velocity, an d liquid
velocity were also accurately predicted. All of this will be shown in detail in figures 3–8.
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Figure 3: Effects of superficial gas velocity (Ug,s) on
local time-averaged axial liquid velocity, ∝s = 3.3 %,
Z/D=2.0[36].

Figure 5: Effects of superficial gas velocity (Ug,s)
on the local time-averaged gas holdup, ∝s = 3.3%,
Z/D= 2.0[36]

Figure 7: Effects of dimensionless axial position (Z/D) on
the local time-averaged axial liquid velocity, Ug,s = 0.02m/s
, ∝s= 3.3%[36]
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Figure 4: Effects of Nanoparticles (∝s) on the
local time-averaged axial liquid velocity, U g,s =
0.02 m/s, Z/ D= 2.0[36].

Figure 6: Effects of Nanoparticles loading (∝s) on
the local time-averaged gas holdup, Ug,s = 0.02m/s,
Z/ D= 2.0[36].

Figure 8: Effects of dimensionless axial position
(Z/D) on the local time-averaged gas holdup, Ug,s =
0.02m/s, ∝s = 3.3%[36]
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Table 8: Summarizes research on three-phase reactor CFD modeling.
Parameter investigated
T he local time-averaged
liquid velocity and gas
holdup
profiles
were
compared with the radial
position.
T he radial distribution of
local phase hold-ups and the
local liquid velocity was
examined.
T he overall performance of a
fluidized
gas–liquid–solid
bed and averaged solid
velocity profile's predicted
flow pattern.
Identify the turbulence
models' effect. Furthermore,
the impact of numerical
schemes, such as twodimensional versus threedimensional models.
T he bed expansion and gas
holdup of a fluidized bed
with and without a distributor
plate were compared.
Examine the three-phase
phase
bubble columns'
hydrodynamics.

Fluidizing medium
Gas
Liquid

Air

Water

Air

Carboxymethyl
cellulose
sodium

Air

Water

Air

Water

Air

Water

Air

Water

T he behavior of gas and
liquid hold-up has been
extensively investigated.
Air

Water

hydrodynamics and flow
structures in a batch liquid
mode inverse three-phase
fluidized bed
Air

Water

solid

T iO2
nanoparticles

Multi-phase approach
3-D, Multi-fluid, EulerianEulerian technique is used
For a three-phase bubble
column.

Remarks of study
Developed to predict the flow
pattern of three-phase gas-liquid–
nanoparticles flow bubble column
reactors.

2-D, Eulerian-Lagrangian T he significance of accurately
model for gas-liquid-solid modeling the direct interactions
styrene resin
circulating fluidized bed between dispersed gas and solid
phases in a three-phase system
was proved.
3-D, Multiphase Flow, T he averaged solid velocity
Eulerian- the Eulerian profile's predicted flow pattern
Glass
beads,
approach is applied to a indicates a higher upward
polyvinyl
three-phase fluidized bed velocity in the column's central
chloride
reactor.
region and a lower low rate in the
column's wall region.
3-D, unsteady multiple- A laminar model formulation
Euler framework of gas- accounting for the two fluids'
Glass
beads,
liquid-solid fluidized.
solid phase and molecular
polyvinyl
viscosities produced the best flow
chloride
characteristics prediction.
A fluidized bed with a distributor
has higher bed expansion and gas
holdup values than a fluidized
bed without a distributor plate.
T he hydrodynamic parameters
were highly influenced by dp and
Vs. T he axial solid concentration
Glass powder
gradient was higher when the
values of Vs., dp , and ρp were
larger.
2-D, Eulerian-Eulerian
In the fluidized region of the
technique with the CFD
column, the volume fraction of
software package ST ARwater is lower than in the rest. At
CCM+ CFD is applied.
constant water velocity, gas
Glass beads
For the three-phase
holdup increases as air velocity
fluidization system,
increases. At constant air
velocity, gas holdup decreases as
inlet water velocity increases.
2-D, Multi-fluid, Eulerian- Based on the axial profile of the
Eulerian (E-E) approach is solid phase, the flow development
used For an inverse three- in the inverse three-phase
phase
fluidized
bed fluidization system can be
column.
classified into three stages: initial
Polypropylene,
fluidization, developing stage,
polyethylene
and fully developed stage. A
more significant solids volume
fraction occurs at all three stages
when particles flow upward, and
a smaller volume fraction occurs
when particles flow downward.
Plastic beads

2-D,3-D, multifluid
Eulerian approach for
three-phase fluidized
bed column
T hree-fluid T he KT GP
utilizes
an
EulerianEulerian approach.

Ref.
Feng et
al.[36]

Cao
et
al.[104]

Panneerselv
am et al.
[105]

Hamidipour
et al. [106]

Mishra [12]

Li et
[107]

al.

Saha
et
al.[108]

Liu
et
al.[109]

Cao et al. [104] simulated a gas-liquid-solid circulating fluidized bed using two-dimensional Eulerian–EulerianLagrangian (E/E/L) approaches. They combined the E/E/L model with the Two -Fluid Model (TFM) and the Distinct Element
Method (DEM). The generalized gas -liquid two fluids k-model forms the modified gas -liquid TFM. As shown in Figures 9-11,
they investigated the radial distribution of local phase hold -ups and local liquid velocity.
Mishra[12] utilized a multi-phase model by using ANSYS Fluent 13.0, a commercial CFD package , to simulate the
system. The inter-phase drag force was calculated using the Gidaspow and Schiller-Neumann drag models. The turbulent
quantities were described using a two-equation standard k-model. No literature on three-phase fluidized bed systems with a
distributor plate is simulated using CFD. The current research investigated a fluidized bed with a distributor with a diamete r of
0.002 m orifice. Compared to a fluidized bed without a distributor plate, the simulation results reveal that a fluidized bed with
a distributor has more significant bed expansion and gas holdup values. Figures 12 to 15 show some of the results obtained
from the hydrodynamics of the three-phase phase bubble columns . Li et al. [107] developed CFD simulation employing the
three-fluid Eulerian-Eulerian technique with the KTGP. The liquid phase was modeled using the distributed RNG mo del. Even
with variable surface gas velocities, a mean bubble size was used. The interphase force, which includes the drag force, was
investigated for its sensitivity. The best drag model for liquid and solid phases was the Schiller-Naumann drag [109], and the
drag force between the gas and solid phases was not properly con sidered. The effect of superficial gas velocity, particle
density, solids loading, and particle size on the hydrodynamics of a three -phase bubble column is investigated based on CFD
results. Khongprom et al. [110] used CFD simulation to study the effect of particle characteristics on the flow behavior in the
gas-liquid-solid bubble column. The kinetic theory of granular flow and a multifluid model was used. Particle sizes of 3 mm, 4
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mm, and 5 mm were investigated, as well as particle densities of 2,250 kg/m 3, 2,450 kg/m 3, and 2,750 kg/m 3. The findings
revealed that particle size significantly impacted hydrodynamic and radial uniformity. The flow behavior of micro particles is
very unstable, with less regularity in the radial direction. It was possible to achieve a robust turbulent regime. For large
particles, the flow behavior becomes more uniform. Many papers have been published on the theoretical and experimental
studies of three-phase FBRs. Still, little attention has been given to the CFD approach to three-phase fluidization systems. The
Zhang-Vanderheyden model was the best drag model for liquid and gas phases [111].

Figure 9: A comparison of CFD predicted and
experimental local liquid velocity radial profiles for
various superficial gas velocities, 0.6m above the gas
distributor, 4 kg/(m2 s) solid circulation rate, superficial
liquid velocity 4.0 cm/s, air–SCMC–styrene resin
system[104]

Figure 10: Experimental and predicted local liquid
velocity radial profiles for various solid circulation
rates, 0.6m above gas distributor, superficial gas
velocity 4 cm/s, superficial liquid velocity 5.0 cm/s,
air–0.05 % SCMC–styrene resin system[104]

Figure 11: A comparsion of CFD predicted and experimental local solid hold -up radial profiles for various
superficial gas velocities, 0.6m above gas distributor, 6 kg/ (m2 s) solid circulation rate, 2.0 cm/s superficial
liquid velocity, air–0.05 % SCMC–styrene resin system[104]
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Figure 12: Illustrates the comparison in bed
height between a 2D and a 3D fluidized bed
without a distributor[12]

Figure 13: Without a distributor, compare the
gas holdup of 2D and 3D fluidized beds [12]

Figure 14: CFD simulation of bed expansion
behavior of 2.18 mm glass beads in a 3D
fluidized bed with a static bed height of 0.213 m
and constant gas velocity[12]

Figure 15: Bed height derived from a CFD
simulation of a 2D fluidized bed with a
distributor at various static bed heights [12]

7. Conclusions
There has been a brief discussion of current hydrodynamic behavior and heat transfer studies in a fluidized bed. The
different techniques for analyzing hydrodynamic parameters , heat transfer in fluidized beds , and the performance
characteristics that influence hydrodynamic and heat transfer in the bed and fluidized bed performance have been discussed.
The survey arrives at the following conclusions:








Developing optimal design and operating techniques for three-phase fluidized-bed operations is critically needed. To that
aim, new design configurations of the three-phase fluidized bed and associated fundamental analysis are required. When
using a three-phase fluidized bed as a chemical or biochemical reactor, the main aim of novel design configurations is to
obtain maximal mass and heat transfer effects with minimal power input while maintaining optimal fluid mixing for
specified reaction kinetics.
This uniform correlation of hydrodynamic and heat transfer parameters applies to a wide range of operational modes. This
unifying correlation applies to incipient fluidization in a three-phase fluidized bed reactor with Newtonian and non Newtonian fluids.
Controlling parameters such as the superficial liquid velocity, superficial gas velocity, particle size, bed geometry, bed
peak temperature, suspension density, and heat transfer coefficient affect hydrodynamic performance and heat transfer
phenomena. Because their impact on bed performance changes from bed to bed and phase to phase, it cannot be
established that their effects on heat transfer and hydrodynamic performance output are constant. As a result, different bed
geometry and designs may have varying heat transfers and hydrodynamic behavior.
According to the literature, only a few studies have concentrated on developing CFD models for the three -phase
fluidization process based on a three-fluid Eulerian-Eulerian technique. Most CFD models are for upward TPFBs. The
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hydrodynamics and flow patterns in a three-phase fluidized bed were studied using a CFD model. A correlation was
proposed to estimate the volume fraction, average liquid holdup, average gas holdup, particle velocity, and fluid velocity.
There are still other areas that can be researched further using CFD to better understand the hydrodynamics of TPFB.
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Nomenclature
Symbol
CFD
∆P
Umf
β er
Ucd
Ub
U
R
rp
r
CMCS sol.
CMC sol,
Ugmf
EPS
BOD
COD
dp
IGLSCFB
ILSCFB
TPFB-S
SEM
FTIR
RC
TPFB
Dc
UL
Ug
Hc
g
ULmf
ULmf L.s
Ms
Ac
He

Description
SI unit
Computational fluid dynamics
Kpa
Pressure drop throughout the bed
m/s
Minimum fluidization velocity
Bed expansion ratio
transition liquid velocity from the coalesced to dispersed bubble regime m/s
m/s
Bubble rise velocity
m/s
Phase velocity
m
radius of the bed m
m
radial position
Bed fluctuation ratio
carboxymethyl cellulose sodium solution
carboxymethyl cellulose solution
m/s
Minimum gas fluidization velocity
Expanded polystyrene
Biochemical oxygen demand
Chemical oxygen demand
m
Particle diameter
Inverse gas-liquid-solid circulating fluidized bed
Inverse liquid-solid circulating fluidized bed
Spiral three-phase fluidized bed reactor
Scanning electron microscope
Fourier transform infrared spectroscopy
Ricinus communis particle
three-phase fluidized bed reactor TPFB
m
Column diameter
m/s
Velocity of the liquid
m/s
Velocity of the gas
m
Height of the column
m/s 2
Gravitational acceleration
m/s
Minimum liquid fluidization velocity
m/s
Minimum liquid fluidization velocity for L-S fluidized bed
kg
Solid mass of the column
m2
Cross-sectional area of the column
m
Expanded bed height
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Dh
HS
Ơl
RSM
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LDA
PIA
2D
3D

Inner diameter of the miniaturized fluidized bed
static bed height
Liquid surface tension
Response surface methodology
ratio of solid holdup in wake region to that in the liquid -solid fluidized
bed region
Laser Doppler anemometer
Particle image analyzer
Two-dimensional
Three-dimensional

h

Total average heat transfer coefficient

q
Tb
Ts

Amount of heat supply
Temperatures of the bed
Temperature of the heater surface

Cp

Specific heat at constant pressure

K

Thermal conductivity of liquid phase

C

proportionality constant
Dimensionless solids circulations rate
heat-transfer coefficient of a liquid-solid fluidized bed with the same
solid’s holdup
heat transfer factor
particle terminal velocity in the fluidizing liquid at the ambient
pressure
superficial gas velocity,
Z-direction (axial) position
dimensionless axial position

x

Gs

h˜
jHP
Upt,0
Ug,s
Z
Z/D
Greek Letters

W/m2
.K
W
K
K
J/kg.
K
J/m.s.
K
W/m2
.K
m/s
m/s
m
Kg/m

β er
Ԑg
ԐL
Ԑs
Ԑ

Bed expansion ratio
Gas holdup
liquid holdup
Solid holdup
Porosity

ρ

Density

Ԑ mf
Øs

void fraction at the point of minimum fluidization
sphericity of the solid particle

μ

viscosity

Ơ

Surface tension

3

volume fraction in the liquid-nanoparticles
suspension, dimensionless

∝

m
m
N/m
-

N.s/
m2
N/m
-

Dimensionless Groups
Ar

Archimedes number =

 d p 3 l (  s  l ) g 


l 2
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  l Cpl 

 kl 

Pr

Prandtl number = 

Rep

Particle Reynolds number = 

 lUld p 

 l 

 u mf2 
Froude number  

 d p g 
 l 4g 
Morton number = 

  l  

Fr

M0

 hd p 

 k 

Nusslet number = 

Nu

Subscript
g
L
mf
Lmf
gmf
m
s
p
S
P

gas
Liquid
at minimum fluidization conditions for gas -solid/liquid-solid system
At minimum fluidization conditions for the liquid
At minimum fluidization conditions for the gas
Modified
solid
particle
surface
pitch
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