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In Part 1 of this lecture, I discussed the general 
educational issues concerning particle technology, 
with specific emphasis onfluidization andfluid­
particle systems. In this part I will discuss some 
pertinent materials pertaining to fluidization andfluid­
particle systems that could readily be integrated into 
existing required chemical engineering course 
materials. These materials, each introduced to students 
for a specific purpose, cover both gas-solid and gas­
liquid-solid fluidization systems. In addition, I will 
discuss relevant commercial codes that are available 
for students to learn about the computation of fluid­
particle systems. Some representative results marking 
the state-of-the-art efforts in computational fluid 
dynamics of fluidization will also be given. 

L.-S. Fan is Distinguished University Professor and Chairman of the 
Department of Chemical Engineering at The Ohio State University. His 
expertise is in fluidization and multiphase flow, powder technology, 
and particulates reaction engineering. Professor Fan is the U.S. editor of 
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the International Journal of Multiphase Flow. He has authored or co­
authored three books, including Principles of Gas-Solid Flows (with 
Chao Zhu; Cambridge University Press, 1998). 

Professor Fan is the principal inventor (with R. Agnihotri) of a 
patented process, "OSCAR," for flue gas cleaning in coal combustion 
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funded at $8.5 million as Ohio Clean Coal Technology, currently taking 
place at Ohio McCracken power plant on The Ohio State University 
campus. 

He has served as thesis advisor for two BS, twenty-nine MS, and 
forty-two PhD students at Ohio State, and is a Fellow of the American 
Association for the Advancement of Science and the AIChE. 
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SAMPLE SUBJECTS 
OF PERTINENCE TO CHEMICAL ENGINEERS 

It is ideal to encompass both the two-phase and three­
phase systems in the teaching of tluidization as these two 
systems behave significantly differently. Salient subjects con­
cerning gas-solid fluidization and gas-liquid-solid fluidiza­
tion are given below. 

Flow surrounding a bubble. two-phase theory. 
and flow segregation • introduced so students will be 

familiar with the use of proper assumptions for 
developing theories that capture the dominant 

behavior features. 

Gas-solid fluidization phenomena are strongly dependent 
on the physical properties of the solid particles employed. 
Therefore, it would be appropriate to introduce the classifi­
cation of fluidized particles to the student. Particles are 
classified into four groups (i.e., Groups A, B, C, and D) 
based on their fluidization behavior. This classification, 
known as Geldart's classification,111 is shown in Figure 1, 
where particles are classified in terms of the density differ­
ence between the particles and the gas, ( Pp - p ), and the 
average particle diameter, dP. Figure 1 was obtained empiri­
cally and has been widely adopted in the fundamental re­
search and design of gas-solid fluidized beds. Group C 
comprises small cohesive particles (dP < 20 µm) . Group 
A particles, with a typical size range of 30 to 100 µm, are 
readily fluidized. For Group B particle fluidization, there 
exists no maximum stable bubble size. Group D com­
prises coarse particles (dP > 1 mm), which are commonly 
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processed by spouting. 

We would then demonstrate to the student the rise 
of a bubble or slug in a dense gas-solid suspension 
using a simple known experiment that involves plac­
ing fine particles (FCC, Group A particles) in a sealed 
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Figure 1. Gel dart's classification of fluidized 
particles.'11 

tube. The tube is 58 cm long and 87% full of particles. As shown in 
Figure 2, when the tube is flipped upside down a slug rises in the 
tube (Figure 2a). When the slug exits to the top of the tube, it leaves 
behind a dense particle bed (Figure 2b) that has a height higher than 
the packed condition of the particles (Figure 2c). The physical 
implication from comparing Figures 2b and 2c is that a bed of fine 
particles can be expanded by gas to an extended height without the 
formation of bubbles. This would lead to a discussion of the onset 
of bubbling. 

Bubbles are formed as a result of the inherent instability of gas­
solid systems. The instability of a gas-solid fluidized bed is charac­
terized by fast growth in local voidage in response to a system 
perturbation. Because of the instability in the bed, the local voidage 
usually grows rapidly into a shape resembling a bubble. Although it 
is not always true, the initiation of the instability is usually per­
ceived as the onset of bubbling, which marks the transition from 
particulate fluidi zation to bubbling fluidization . The theoretical ex­
planation of the physical origin and prediction of the onset of the 
instability of gas-solid fluidized beds has been attempted.l21 Efforts 

have foc used on the primary forces be­
hind the stabi lity among interparticle con­
tact forces , particle-fluid interaction forces , 
and particle-particle interaction via par­
ticle velocity fluctuation . 

Fluidization of fine particles (Group A 
particles) without the formation of bubbles 
is known to be in the particulate fluidiza­
tion regime. For large and/or heavy par­
ticles (i. e., Group B or D particles), par­
ticulate fluidization does not exist. That is, 
the onset of bubbling coincides with that of 
minimum fluidization of the packed bed. 

Figure 2. Simple flu idization experiments: (a) slugging regime, (b) particulate 
fluidization regime, and (c) packed-bed regime. 

Most bubbles in gas-solid fluidized beds 
are of spherical cap or ellipsoidal cap shape. 
Configurations of two basic types cf 
bubbles, fast bubble (clouded bubble) and 
slow bubble (cloudless bubble)l31 are sche­
matically depicted in Figure 3. The cloud 
is the region established by the gas that 
circulates in a closed loop between the 
bubble and its surroundings. The cloud 
phase can be visualized with the aid of a 
color tracer gas bubble. For example, when 
a dark brown NO2 bubble is injected into 
the bed (see Figure 4), the light brown 
color surrounding the bubble represents the 
cloud region. 141 When the bubble-rise ve­
locity is higher than the interstitial-gas ve­
locity, a "clouded" bubble forms in which 
the circulatory flow of gas takes place be­
tween the bubble and the cloud, as shown 
in Figure 3a. The cloud size decreases as 
the bubble-rise velocity increases. As the 
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Figure 3. Bubble configurations and gas-flow patterns around a bubble in 
gas-solid fluidized beds. ( a) Fast bubble ( clouded bubble) U b > U mf / amf; (b) 
Slow bubble (cloudless bubble) Ub < Umf I amf. 
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bubble-rise velocity becomes significantly higher than the 
interstitial-gas velocity (i.e., U mf / <Xmr ), the cloud size be­
comes so thin that most of the gas circulates inside the 
bubble. When the interstitial-gas velocity is greater than the 
bubble-rise velocity, it yields a "cloudless" bubble in which 
the emulsion phase gas flow s through the bubble phase, 
as shown in Figure 3b. This gas through-flow in the 
bubble is also known as invisible bubble flow , which is 
distinguishable from visible bubble flow. Bubbles in 
Group D particle fluidized beds are typically character­
ized by cloudless bubbles. 

To describe the complex particle and gas flows around the 
bubble in the fluidized beds described above, we introduce 
the model of Davidson and Harrison[5l because of its funda­
mental importance and relative simplicity. The model em­
ploys the following key assumptions: 

1. The bubble is solids-free and spherical, and has a 
constant internal pressure. 

2. The emulsion phase is a pseudocontinuum, an 
incompressible and inviscid single fluid with an 
apparent density of Pp(l-<Xmr )+ P<Xmf· 

With these assumptions, the velocity and pressure distribu­
tions of the "fluid" in a uniform potential flow field around a 
bubble, as portrayed in Figure 5, can be given asl5J 

(1) 

and 

I 
( aPpr J ( R~ 1 

Ppf = Ppf ,=0 + l Tz Jr-7 rose (2) 

where the subscripts "pf' and "=" represent the pseudofluid 
and the undisturbed conditions, respectively, Ub~ is the rise 
velocity of an isolated bubble, and Rb is the bubble radius. 
The pressure far away from the rising bubble in a fluidized 
bed can be approximated at minimum fluidization. Thus, Eq. 
(2) becomes 

Figure 6 shows a good comparison between the measured 
dynamic pressure and the calculated results based on Eq. (3). 
The profile indicates that there is a local high-pressure re­
gion near the bubble nose and a local low-pressure region 
around the bubble base. i.e., the wake region. The low pres­
sure in the wake region promotes pressure-induced bubble 
coalescence in the bed. 
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Figure 4. An NO2 bubble rising in a two-dimensional 
ballotini bed showing the cloud region of the bubble (from 

Rowe,141 reproduced with permission). 

Figure 5. Potential flow around a spherical bubble in a 
two-dimensional projection (from Davidson and 

Harrisonl51) . 
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The macroscopic behavior of a fluidized bed can be de­
scribed using the two-phase theory of fluidization J91 This 
theory considers the bed to be divided into two phases, i.e., 
the bubble phase and the emulsion phase, as shown in Figure 
7, with a corresponding division of superficial gas flow in 
the bed to each of the two phases, i.e., Uem to the emulsion 

phase and abubb to the bubble phase, where ab is the 

volume fraction of bubbles in the bed, and Ubb is the average 
bubble-rise velocity in the bed. Many analyses of transport 
phenomena of a bubbling fluidized bed are made based on 
this simple two-phase theory. The two-phase theory concept 
is also extended to describe the macroscopic flow behavior 
of high-velocity fluidization in which the core-annular flow 
structure prevails in the column. In fluidization , particle 
collisions and particle-turbulence interaction yield a dense, 
wavy, clustering solids layer in the wall region and dilute 
solids in the core region. The core region and wall region can 
be treated as two interpenetrating phases in the analysis of 
this flow behavior. 
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Figure 6. Pressure distribution in the vicinity of a rising 
three-dimensional bubble with a comparison of the 
experimental data by Reuter6

•
71 and the Davidson­

Harrison model prediction (from Stewartl81). 
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Phenomena of bubble wake dynamics in 
liquid-solid suspensions • introduced so students 

will understand the importance of identification of the 
governing factors underlying complex phenomena 

A large number of liquid-solid fluidized beds are operated 
in the presence of gas bubbles. In both reactive and non­
reactive systems, gas bubbles play an essential role in deter­
mining the behavior or performance of the bed. For ex­
ample, gas bubbles are usually a source of reactant gas 
species whose transport phenomena often depend on the 
fluid flow around the bubble; gas bubbles induce intimate 
liquid/solids mixing; and in a three-phase fluidized bed, gas 
bubbles are responsible for solids entrainment to the free­
board and bed contraction. It has been specifically recog­
nized that the bubble wake located immediately underneath 
the bubble base is the dominating factor contributing to bed 
performance. It is , thus, of primary importance for students 
to understand the fluid dynamic behavior of the bubble wake 
and its interaction with the bubbles so that they will be 
vested with sound, fundamental knowledge in their efforts 
toward modeling, simulation, and design of such particulate 
reactor systems. 

In the following, the bubble wake structure in a liquid­
solid suspension1101 is introduced, followed by experimental 
evidence highlighting the important role of the bubble wake 
in process systems. 

IJ Bubble Wake Structure • Figure 8a shows a photograph 
of a relatively large two-dimensional nitrogen bubble rising 
through a water-774 µm glass bead fluidized bed at Reb 
(=bUJv , based on bubble breadth, b) of 8150. The sche­
matic diagram shown in Figure 8b indicates two regions: the 
primary wake region includes two vortices-on the right­
hand side is well-established circulatory motion, and on the 
left-hand side the vortex is just forming. Outside the primary 
wake region , there exists a slightly deformed, large vortex 
that is isolated by streams of external flow across the wake 
from right to left. As seen in the figure, the solids concentra-
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Figure 7. Gas flow distribution in the bed 
based on the two-phase theory. 
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tion varies within the wake; lower solids con- a 
centration regions were observed immediately 
beneath the bubble base and around the vor-
tex center, while higher concentration regions 
occurred around the vortices and especially 
in the regions where the two vortices interact. 

I] Bed Contraction • When gas is intro­
duced to a liquid-solid fluidized bed of small 
particles (see Figure 9a), contraction instead 
of expansion of the bed occurs (Figure 9b). 
An increasing gas flow rate causes further 
contraction up to a critical gas-flow rate be-
yond which the bed expands (Figure 9c).11 21 

b ------------..... 

+ Vortex center 
- Solidsflow 

Stable 
liquid 
layer 

Considerable research has been conducted to 
study the unique bed-expansion characteris­
tics in three-phase fluidization and showed 
that bed contraction can be attributed to the 
behavior of the bubble wake. Phenomeno­
logically, bed-contraction phenomena could 
be explained by the presence of a solids-

Figure 8. Bubble wake phenomena in a liquid-solid fluidized bed (from 
Tsuchiya and Fan/ 111 reproduced with permission). 
a) Photograph of a circular-cap bubble and its wake in a water-774 µm 
glass bead flu idized bed. 
b) Schematic interpretation of the wake flow. 

containing wake, which allows some liquid flow to bypass 
the liquid-solid fluidized region at a higher velocity. This 
bypass of liquid reduces the liquid velocity in the liquid­
solid fluidized region, thus contributing to the bed con­
traction . Further increase in the gas velocity increases 
the gas holdup (or gas volume fraction) in the bed, lead­
ing to the bed expansion . 

IJ Bubble Coalescence • An important clue to the mecha­
nism of bubble coalescence can be obtained through obser­
vation of rise patterns of successive bubbles. Figure 10 pre­
sents photographs representing the bubble-rise paths ob­
served in two-dimensional water-fluidized bed of 460-µm 
glass beads (Figure 10a) and 1.5-mm acetate particles (Fig-

ure I Ob) at a given bubble formation frequency fb. As shown 
in the figure, the alternate shedding of the bubble wake 
yields a series of vortices that estab li sh a staggered, snake­
like liquid flow pattern downstream relative to the bubble; 
the central regions of the shed vortices appear as bright 
spots. The staggered liquid stream emanating from the lead­
ing bubble enhances the zigzag motion of the trailing bubble 
regardless of particle properties. 

The figure demonstrates a bubble-pairing process for two 
different conditions. In Figure 10a, three bubbles initially 
rise with equal bubble spacing. As time elapses, the first and 
second bubbles are paired, with the second bubble being 
profoundly elongated. These two bubbles eventually colljde. 

a---------------~b1-------------------<Ct------------. 
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Figure 9. Bed contraction phenomena in gas-liquid-solid fluidization . 
a) Liquid-solid fluidized bed at U10 • 

b) Gas-liquid-solid fluidized bed at U10 and small U80 . 
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c) Variation of height of bed expansion with gas velocity in a gas-liquid-solid fluidized bed. 
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A typical "catching up" process is shown in Figure lOb and 
demonstrates the acceleration of the trailing bubble toward a 
leading bubble due to the presence of the wake of the leading 
bubble, which results in bubble pairing and the eventual 
collision of the pair. 

IJ Particle Entrainment • The primary wake of a rising 
bubble and the resulting drift of particles above the upper 
free surface of a two-dimensional liquid-solid fluidized bed 
of calcium alginate particles are observed as shown in Fig­
ure 11 (next page) (inverse funnel shape). In the photograph, 
the extent (effective height) of particle carryover through the 
drift appears to be as significant as that via the bubble wake. 
The particles catTied above the surface are discharged from 
the wake via wake shedding and are then settled down along 
with the drift particles as a result of gravitational force. As 
the freeboard region of a three-phase fluidized bed is based 
primarily on the particle disengagement behavior from the 
bubble wake, understanding the wake-shedding behavior 
allows an accurate design of the freeboard region of a three­
phase fluidized bed. 

IJ Precipitation of Calcium Carbonate • Figure 12 (next 
page) shows a CO2 bubble and its wake after injection of 100 

Figure 10. Bubble pairing followed by bubble collision for 
successive bubbles in two-dimensional water-solid fluid­
ized beds (from Tsuchiya, et al ./131 reproduced with per­
mission). 

a) GB460: b=2.8 cm; fb=3.1 s·1
; Reb=9180 

b) AT1500: b=2.0 cm; fb=3.0 s·1
; R eb=4040 
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bubbles. It is observed that at the early stage of carbonation, 
the bubble wake is clearly visible as a smoky region, reveal­
ing the formation of fine CaCO3 particles. The smoky region 
is observed in the primary wake, which rises at the same 
speed as the rising bubble. More fine particles are produced 
in the wake region than in the bulk region . After injecting 
100 bubbles, large "fluffy" aggregates are formed in the bulk 
region, and the wake region can be distinguished from the 
particle or aggregate size behind the bubble, as can be seen 
in the figure . The fluffy aggregates are of loosely packed 
particles that are easily broken down into smaller fragments 
by the vortical motion in the bubble wake. Significant changes 
in the morphology of the fine crystals and in the size distri­
bution of the agglomerates that occur in the wake were 
observed only during the early stages of the reaction. 

IJ Gas-Liquid Mass Transfer • The mass transfer of gas 
bubbles is strongly influenced by the bubble- and wake-flow 
behavior. The solute is carried by the flow on the roof of the 
bubble along the boundary of the wake and is separated into 
two regions-within the primary wake region by the wake 
vortex and outside the wake region by the shedding vortex. 
The solute that flows into the wake is catTied back to the 
bubble base. The shed vortex catTying the solute generates 
an external concentration vortex and eventually diffuses into 
the bulk flow. In addition to the convective diffusion by the 
liquid-solid flow, there is slow molecular diffusion of solute 
from the vortex sheet into the vortex center in the wake and 
from the wake surface into the bulk flow, but these contribu­
tions are negligible compared to convective diffusion. 

The variations of the mass transfer patterns around bubbles 
with respect to time are given in Figure 13 (next page). It 
shows the circular-cap ozone-oxygen bubble and its wake 
rising in a starch-iodine-water, 0.46-mm glass-bead fluid­
ized bed. As the bubble begins to rise, the reacted ozone 
molecules are carried from the edge of the bubble by the 
vortex sheet, and the wake underneath the circular-cap bubble 
is gradually saturated with ozone molecules. It can be seen 
that the shape of the bubble plus the wake is approximately 
circular. The zigzag trail behind the bubble is formed in the 
bulk of the liquid phase as a result of the vortex shedding. It 
is interesting to note that there is no trace of ozone molecules 
on the surface of the bubble roof since the reacted molecules 
are swept by the liquid flow. As a consequence, the convec­
tive diffusion induced by potential flow plays an important 
role in the mass-transfer mechanism on the bubble roof. As 
the bubble rises further, the wake (filled completely with gas 
molecules) starts to shed vortices. As shown in the figure, 
alternate sheddings are observed in low bed expansion con­
ditions of the liquid-solid fluidized media. The shed vorti­
ces elongate their shape and the gas molecules begin to 
diffuse out from the center of the vortices into the bulk 
liquid by molecular diffusion , especially in the case of 
high bed expansion. 
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[] Liquid-Solid Mass Transfer • Mass transfer from the 
liquid to the surface of the solid, and hence the reaction rate, 
are governed, apart from the activity of the solid, by the local 
flow patterns of the liquid relative to the solid. Due to the 
unique flow structures associated with the liquid in the wake 
and the presence of solid particles in this region, it is of 
interest to examine the interaction between a solid particle 
and a bubble wake and its effect on liquid-solid mass trans­
fer. The instantaneous value of the mass transfer coefficient, 
k, for a single particle in a two-dimensional liquid-solid 
fluidized bed, subjected to the disturbance of a single rising 
gas bubble. can be measured by an electrochemical method 
using tethered particles. The method measures the limiting 
current and thereby allows evaluation of k. Visualization 
techniques can be employed to track the particle in relation 
to the bubble and bubble wake. Synchronization of the mass­
transfer data acquisition with the video record allows a hi s­
tory of the local mass transfer to be analyzed. 11 61 

Figure 14 shows the liquid-solid mass-transfer behavior 
interactions of a particle with the bubble and the primary 
wake. The axes in the figures are linked such that informa­
tion regarding the mass transfer coefficient, event time, and 
particle position with respect to dimensionless bubble coor­
dinates can be cross-referenced. The mass transfer coeffi­
cient is expressed in terms of k/k0, where ko is the liquid­
solid mass transfer coefficient under liquid-solid fluidization 
conditions at the same liquid velocity. The most salient 
feature is that the interaction of the particle with the wake 
region produces substantial increases in the mass transfer 
coefficient. It can be seen in the figure that a twofold in­
crease in mass transfer results when a particle traveling 
directly underneath and along with the bubble is ejected 
from the primary wake through the cross flow. The free 
shear layer formed at the bubble edge is also found to pro­
duce significant increases in mass transfer. Lesser increases 
are seen when the particle is exposed to a shear layer not 
strong enough to pull the particle into the flow. 

COMPUTATIONAL FLUID DYNAMICS OF 
PARTICULATE SYSTEMS 

Computation is an area of great importance. Students should 
be kept abreast of the current approach in computation for 
particulate systems. In the following, a general background 
on the basic methods of particulate flow computation is 
introduced and is folJowed by an example of a state-of-the-art 
computational problem that my research group is tackling. 

General Background • The computational fluid dynam­
ics approach has provided considerable insight into the dy­
namic behavior of multiphase systems. The Euler-Euler/171 

Euler-Lagrange,1181 and direct1191 numerical simulations are 
three widely used approaches for particulate-system compu­
tation. In the Euler-Euler method, the individual phases are 
treated as pseudo-continuous fluids, each being governed by 
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the conservation laws expressed in terms of volume/time or 
ensemble-averaged properties. The conservation equations 
are closed by constitutive relations that could be obtained 
from empirical relationships, or theories. The dynamic mo­
tion of solid particles, especially for collision-dominated 
shear flows of solid particles, is often simulated using ki­
netic theory1201 in which theoretical analogies between the 
gas molecule and solid particles are applied. In the Lagrangian 
approach, the discrete particles are treated as a group of 
point masses with their position, velocity, and other quanti­
ties being tracked based on the motion equation of indi­
vidual particles. The dispersed phase can exchange momen­
tum, mass, and energy with the fluid phase. In the dispersed 
phase, particle-particle collision dynamics characterize the 
particle-particle interactions. In direct numerical simulation, 
the fluid flow could be solved by using finite difference/ 
volume/element discretization of the Navier-Stokes equa­
tions, or the lattice-Boltzmann, or Lagrangian multiplier 
method. Direct numerical simulations require no empirical 
constitutive equations and could provide detailed informa­
tion about flow surrounding individual particles. 

The Euler-Euler and Euler-Lagrange approaches have been 
incorporated in many commercial software packages. Fluent 
(by Fluent, Inc.), CFX (by AEA Technology), Flow3D (by 
Flow Science, Inc.), and CFDLIB (by Los Alamos National 
Lab) are some of the common packages used in academia 
and industry for chemical process applications. The results 
for a simulation of the bubble formation process in a gas­
solid fluidized bed using Fluent 4.47 are shown in Figure 15. 
In thi s example, the Euler-Euler two-fluid approach is used 
to solve the gas and solid flow in a fluidized bed. The 
rectangular domain is 0.4 m wide by 0.6 m high and is filled 
halfway with a fluidized bed. The particle diameter used is 
0.5 mm with a density of 2610 kg/m3

. Air is used as the gas 
phase, which has a density of 2.3 kg/m3 and a viscosity of 1.7 
x 10-5 kg/m-s. Initially, the bed has a uniform vertical air 
flow of 0.284 mis introduced from the lower boundary. 
When a simulation is started, a vertical air jet is injected 
from the lower center of the fludized bed. The orifice width 
of the air jet is 0.03 m. The bubble size is seen to increase 
significantly with time. Similar results were presented ear­
lier by Sinclair12 11 using Fluent 4.32. 

Examples of State-Of-The-Art Computation • My re­
search group has been engaged in computation code devel­
opment for simulation of the gas-liquid-solid fluidization 
systems.'221 The di screte-phase approach is employed with 
the volume-averaged method, the discrete-particle method 
(DPM), and the volume-of-fluid method (VOF) used to ac­
count for the flow of liquid, solid , and gas phases, respec­
tively. A bubble-induced force model (BIF), a continuum 
surface force model (CSF), and Newton's third law are 
applied to account for the couplings of particle-bubble (gas), 
gas-liquid, and particle-liquid interactions, respectively. A 
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close-di stance interaction model (CDI) is in­
cluded in the particle-particle collision analy­
sis, which considers the liquid interstitial ef­
fects between colliding particles. The follow­
ing presents representative results for a single 
bubble rising and particle entrainment by a 
single bubble in a liquid-solid fluidized bed 
under ambient conditions and multi-bubbles 
rising in a liquid-solid fluidized bed under 
high-pressure conditions. 

The behavior of a single bubble ri sing in a 
liquid-solid fluidized bed suspension under 
ambient conditions is simulated in Figure 16. 
One thousand particles with a density of 2,500 
kg/m3 and a diameter of 1.0 mm are used as 
the solid phase. An aqueous glycerin solution 
(80 wt%) is used as the liquid phase. The 
superficial liquid velocity is 5 mm/s, yielding 
a solids holdup of 0.44. It can be seen that the 
bubble is of spherical-cap shape rising recti­
linearly. Also shown in the figure are photo­
graphs of a single bubble rising in a liquid-solid 
fluidized bed obtained experimentally under the 
same operating conditions as those of the simu­
lation. As shown in the figure, the simulated 
and experimental results of the bubble-rise ve­
locity and the bubble shape generally agree. 

Figure 17 shows the simulated results of 
particle entrainment by a bubble from the bed 
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•, 

Figure 16. 

Simulation and 
experimental 
results of a 

single bubble 
rising in a 

liquid-solid 
fluidized bed. 

Figure 17. 

Simulation 
results of a 

bubble 
emerging from 
the surface of a 

liquid-solid 
fluidized bed. 
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Figure 18. Simulation results of multi-bubble rising in a 
liquid-solid fluidized bed at a pressure of 17.3 MPa 
(£ 5=0.17; dp=0.5 mm; Pp=1,500 kg/m 3

; db=4. 0mm). 
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surface. As seen in the figure, particles are drawn from the 
upper surface of the suspension into the freeboard of the bed 
through the wake behind the bubble; and particle-containing 
vortices are shed from the wake in the freeboard, consistent 
with the experimental observation shown in Figure 11. Fig­
ure 18 shows the rising of four bubbles in a liquid-solid 
fluidized bed with a solids holdup E5 of 0.17 and a pressure 
of 17 .3 MPa. The corresponding velocity vector fields of 
fluids are shown in Figure 19. As can be seen from the 
figure, the four bubbles are not rising at the same velocity 
even though their initial conditions are the same. Clearly, 
complex interactions among gas bubbles, liquid, and solid 
particles result in nonuniforrnity of the flow field shown in 
Figure 19, yielding uneven rise characteristics of the bubbles. 

CONCLUDING REMARKS 

I would like to conclude my lecture with the following 
thoughts: 

• Multiphase fluidization is a subject of importance to 
chemical engineering education as it encompasses the 
fundamental physics that govern multiphase fluid and 
particle mechanics and their interactions. Furthermore, 
interest in the subject is heightened because of its 
significant industrial applications. 

• For gas-solidfluidization, topics of most relevance 
include, for low-velocity fluidization, particle and 
bubble dynamics, bed stability, bubble-phase and 
emulsion-phase interaction, and two-phase theory. For 
high-velocity gas-solidfluidization, the core topics are 
particle segregation and clustering. For gas-liquid-solid 
fluidization, the bubble-wake dynamics is key to the 
fundamental characterization of transport phenomena. 
In gas-solid or gas-liquid-solid fluidization, the particle 
property, which is an important operating variable, 
affects the fluidization regimes and their transitions. 

• The computational fluid dynamics approach has 
provided a viable means for flow system and chemical 
reactor characterization. Although available commer­
cial codes may not always yield accurate predictions, 
the familiarity of students with these computational tools 
would fortify their capability of understanding complex 
multiphase fluidization systems. 
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