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Abstract 
     The local solid flow structure of gas-solid bubbling fluidized bed was investigated to identify and 
characterize the particle clusters. Extensive mathematical calculations were carried out using the energy-
minimization multi-scale (EMMS) approach for evaluating cluster properties including the velocity, the 
size and the void fraction of clusters in the dense phase of the bed. The results showed that by increasing 
the gas velocity, the void fraction of clusters increases and also the larger portion of solids move in the 
bed in the form of cluster.  Modeled results were in good agreement with the experimental data reported 
in literature in terms of the velocity, the size the void fraction of clusters. The results of this study help to 
comprehend the hydrodynamics of clusters in gas-solid bubbling fluidized beds. 
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Introduction 
     Formation, breakup and reassembly of 
particle aggregates are common 
hydrodynamic features in fluidized beds [1].  
Many researchers experimentally 
investigated these phenomena in beds. Li et 
al. [2], Horio and Kuroki [3] and Lin et al. 
[4] used optical probes to detect clusters in 
the riser.  Soong et al. [1] detected clusters 
with capacitance probes. Zhou et al. [5] 
used a video camera to identify clusters in 
the riser by micrographs. In order to better 
understand the nature of clusters, some 
criteria have been proposed to identify 
clusters in terms of quantitative 
characteristics such as time fraction, 
frequency, duration time, average solids 
concentration and vertical size of clusters in 
the riser [1, 6-7]. However, less attention 
has been paid to clusters in the dense phase 
of fluidized beds in bubbling and turbulent 
regimes compared to those in fast 
fluidization regime due to the complex flow 
structure of the solids in the dense phase. 
     Cui et al. [8] provided evidences for 
existence of clusters in the dense phase of 
bubbling and turbulent fluidized beds and 
estimated the cluster diameter from the 
effective solids velocity in the bed.  
Mostoufi and Chaouki [9] investigated 
cluster diameter and cluster velocity at 

different superficial gas velocities by 
radioactive particle tracking technique.  
Afsahi et al. [10] investigated local solid 
flow structure of bubbling fluidized bed 
filled with sand particles to characterize 
clusters using an optical fiber probe. They 
measured the velocity and the diameter of 
clusters.  Recently, Cocco et al. [11] used 
high-speed video imaging inside the 
fluidized bed and found that the dominant 
mechanism for clusters in the freeboard 
appears to be cluster formation in the bed.  
However, limited modeling efforts were 
made in literature on cluster properties in 
the dense region of fluidized beds. 
     Solids in a fuidized bed do not 
independently move but as aggregates such 
as bubble wakes, bubble clouds and 
clusters. Majority of the solid particles do 
not move individually but form clusters. 
Each single particle is attached to a solid 
aggregate in the dense bed and moves with 
it until the solid aggregate breaks-up. 
Therefore, knowing the hydrodynamic 
properties of these clusters (i.e., size, 
voidage and velocity) is important for 
providing an accurate estimation of 
performance of fluidized bed reactors. 
     Both particle and the fluid phases have 
their respective movement tendencies.  That 
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is, particles tend to rearrange themselves 
with minimal potential energy, while the 
fluid tends to choose an upward path with 
minimal resistance when interacting with 
particles, as postulated by Li and Kwauk 
[12]. Depending on the relative dominance 
of either of these two tendencies, three 
broad regimes of operation are possible: 
- Particle-dominated (PD): When the fluid 

cannot induce the movement of particles, 
as is in the fixed bed, the particles are 
said to dominate the particle-fluid 
system. 

- Fluid-dominated (FD): When fluid flow 
acquires sufficient force to move the 
particles to follow its movement 
tendency, the fluid is said to dominate 
the particle-fluid system. 

- Particle-fluid-compromising (PFC): 
When neither the fluid nor the particles 
can dominate the other in displaying 
either's tendency exclusively, as is in 
fluidization they have to compromise 
each other in such a way that both yield 
themselves to the other to some extent, 
leading to the PFC regime [13]. 

The variational criterion for particle-fluid 
systems is regime-specific due to its critical 
dependence on the relative dominance 
between the fluid and particles.  Without 

considering this regime-dependent nature of 
the variational criterion, the system stability 
of gas-solid flow cannot be correctly 
represented. The energy minimization 
multi-scale (EMMS) model was originally 
developed for describing the gas–solid 
heterogeneous flow system12 and recently 
has been validated by discrete pseudo-
particle method [14].  The EMMS model, as 
shown in Figure 1, can explain the 
fluidization phenomena.  In this model, 
which is used for analyzing gas–solid 
fluidized beds, the energy of the system, by 
considering hydrodynamic constraints, is 
minimized.  The multi-scale capability of 
EMMS and its well-known abilities in 
energy minimization make it a promising 
tool to investigate the properties of clusters.  
Therefore, the main objective of this study 
is to characterize the hydrodynamic 
properties of clusters in dense bubbling 
fluidized beds using the EMMS model by 
considering the fact that the gas-solid 
system always operates in a condition which 
the energy of the system is minimum.  The 
Doubly Stochastic Poisson Process (DSPP) 
[15], widely used in both social and natural 
sciences [16], was also adapted to analyze 
the fluctuations of solid volume fraction in 
the dense bed. 

 

 
Figure 1: The EMMS approach schematic 



 
   Determination of Cluster Hydrodynamics in …..                                                                                                              119 

 
 

Table 1:  Comparing parameters of revised EMMS with previous studies 
Input  
(Bubbling) 

Output  
(Bubbling) 

Input [12] 
(Fast fluidization) 

Output [12] 
(Fast fluidization) 

Ug εc Ug εc 
Uc εf Us εf 
F Us εg Uc 
dp Uf dp Uf 
ρp Upc ρp Upc 
εmf Upf εmf Upf 
Umf ac Umf ac 
ρg af ρg af 
µg dcl µg dcl 
µp εg µp ƒ 

 
1.  Modeling 
     In the present study, it was preferred to 
find the status of the system at minimal 
energy conditions.  The total energy 
consumption per unit mass of the particles 
(Nt) comprises of two parts. The first part is 
the suspending-transporting energy (Nst) 
used for suspending and transporting of the 
particles and the second part, which is the 
dissipation energy (Ndis), reflects the energy 
dissipated in collisions, circulations and 
acceleration of particles and viscous 
dissipation as well as suspending particles.  
The EMSS approach tends to minimize the 
total energy consumed by the system. 
     In previous studies reported in literature 
for the riser of fast fluidized-beds, the 
following EMMS parameters were used [3, 
12, 18-20]. 
 

X=(εf, εc, Uf, Uc, Upf, Upc, f, af, ac, dcl)      (1)
     
     However, in the present work, which 
investigates the hydrodynamics of clusters 
in bubbling fluidized bed, the following 
EMMS parameters were considered: 
 

X=(εf, εc, Us , Uf, Upf, Upc, af, ac, dcl)       (2)   

     A comparison among these parameters at 
different fluidization regimes is done in 
Table 1.  As can be seen in this table, the 
main difference between the two methods is 
the way of calculating the void fraction of 
clusters and velocity of solids. In the present 
work, the void fraction of cluster and the 
velocity of solids are calculated by the 
EMMS method while in the previous works, 

the velocity of solids is known and cluster 
velocity and solids fraction is obtained from 
the EMMS model.  
 
1.1. Assumptions 
     The following assumptions were 
considered for estimating the cluster 
properties by the EMMS approach: 
 The flow is uniform and steady within 

each phase. 
 The clusters can have various void 

fractions as dispersed in a gas–solid 
mixture. 

 Clusters are individual spherical species 
moving inside the emulsion phase. 

 Clusters and particles co-exist 
simultaneously. 

 
1.2. The EMMS model Formulation 
     The model was formulated in a nonlinear 
form with ten variables with the following 
stability condition [21]: 
 

    fUFmUFmUFmN fiicccfff
sg

st 


 1
1

1


    (3)
 

     For which Nst approaches the minimum.  
This condition expresses the compromise 
between the tendency of the fluid to pass 
through the particle layer with minimum 
resistance and the tendency of the particle to 
maintain smallest amount of gravitational 
potential [13].  The hydrodynamic equations 
and the corresponding expressions needed 
for solving the model and for evaluating the 
diameter of clusters are summarized in 
Tables 2-4. 
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Table 2:  Summary of hydrodynamic equations for the EMMS model [8] 

 
Table 3: Summary of expressions for the EMMS model [14] 

Inter phase Dilute phase Dense phase Parameter 
  5 -4.6

d0idi 1C=C f  5 -4.6
d0fdf C=C   5 -4.6

d0cdc C=C   Effective drag 
coefficient 

313.0d0i Re
6.3

Re
24C

ii

  313.0d0f Re
6.3

Re
24C

ff

  313.0d0c Re
6.3

Re
24C

cc

  Standard drag 
coefficient 

g

siclg
i

Ud



Re  

g

sfpg
f

Ud



Re  

g

scpg
c

Ud



Re  

Characteristic 
Reynolds 
number 

 f
U

UU
f

pff
fsf 












 1

1 
  

f

pff
fsf

U
UU






1

 
c

pcc
csc

U
UU






1

 
Superficial slip 
velocity 

2
2

24 si
gcl

dii UdCF


  2
2

24 sf
gp

dff U
d

CF


  2
2

24 sc
gp

dcc U
d

CF


  
Drag force 
acting on single 
particle or 
cluster 

6

2
cl

i d
fm


    

6

11
2
p

c
f d

fm

 

   

6

1
2
p

c
c d

fm



  Number of 
particle or 
cluster in unit 
volume 

Formula Description 
     caggscfsiUg

cld

f
diCscUg

pd
cf

dcC 





















12
4

321

4

3  Force balance for the clusters in unit 
volume of suspension 

 
    faggsffsfUg

pd

ff
dfC 













11
21

4

3
 

Force balance for the dilute phase in 
unit volume of suspension 

    2121

1

21
scUg

pd

cf
dcCsiUgdiC

cldf

f
sfUg

pd

f
dfC 




 





  
Pressure drop balance between the 
clusters and the dilute phase 

  fcUffUgU  1  Mass conservation for the fluid 

  fpcUfpfUsU  1  Mass conservation for the particle 

  fcffg   1  Definition of mean voidage 

 
    fgfsfcfamC

ggsss
faca










1
 

Acceleration relation 

 ngc   Solid concentration inside cluster 

 
43

4
2

441

4
12

ssss

s
sss









  

Variance of solid concentration 
fluctuation 

gs   1  Average solid concentration 














f

f
amC

1

21

2

1  
Added mass coefficient for the clusters 
[33]. 

)0,( sSs    Standard deviation of solid 
concentration fluctuation 

 
43

4
2

441

4
1

)0,(
ssss

s
sS









  

Static structure factor 
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Table 4: Expression used for evaluating cluster properties 
Formula Property 
 

gcscc   1  Density of cluster 

cl
U

c

cU
Vsl 


 Cluster gas relative velocity 

 
09.1

,Re163001

413.0657.0
,Re173.01

,Re
24

0, 


tcl
tcl

tcl
Cd  Standard drag coef icient [22] 

0,d
m

fd CC    
4.0

33.0
,

22.0 Re02.3 









 

p

cl
tcl d

dArm  
Effective drag coef icient [9]  

f
fUU

U bg
c 




1
 Superficial emulsion gas velocity 








 


431.0
exp534.0534.0 mfg UU

f  Bubble fraction [8]  

bmfgb gDUUU 71.0  Bubble velocity [23]  

 excexcexcb UUUHD 1.025.0exp21.0 242.08.0   Bubble diameter [24] 








 


429.0
exp59.02.0 mfg

mfc

UU
  Emulsion voidage [8] 

 
Table 5: Input Data considered in this study 

dp 
(µm) 

Ug 
(m/s) 

ρg 
(kg/m3) 

ρs 
(kg/m3) 

Ar εmf 
(-) 

H 
(m) 

280 0.052-0.82 1.225 2640 2172 0.42 0.2 
490 0.15-1.31 1.225 2640 11600 0.42 0.2 

 
1.3. Estimation of Cluster Properties 
Cluster velocity 
     The cluster velocity can be obtained 
from the following momentum balance 
equation on the cluster: 

0
668

222
,

2  gdgdVCd clclgclslclgdcl                  (4) 

Drag coefficient 
     To calculate the inter-phase momentum 
exchange coefficient (β), the well-known 
equation of Ergun [25] was employed for 
porosities less than 0.35 and the correlation 
of Wen and Yu [26] for porosities greater 
than 0.35 [27]. 


















35.075.1150

35.075.0

2

2

65.2

ssg
p

gsg

pg

s

sdgsg
p

gsg
d

uu
dd

Huu
d

C











       (5) 

The correction of the revised EMMS model 
was used by introducing the heterogeneous 
index: 

YuWend

EMMSd
d F

F
H

&,

,                   (6) 

In which Hd = 1 for the Wen and Yu 
correlation.  The drag coefficient for an 
isolated particle was evaluated by the 
correlation proposed by Mostoufi and 
Chaouki [9]. 
    The effective drag force predicted by the 
revised EMMS model is [21]: 
 

        gsffccgEMMSd agfagfF   111,

                              (7) 
 

     The drag force in particulate fluidization 
was correlated by Wen and Yu [26] as: 
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65.2
&, 4

3  gsg
p

gsg
dYuWend uu

d
CF 


       (8) 

 
Cluster fraction 
     Considering the fact that the solids in the 
bed are either in form of clusters or single 
particles, the effective drag force exerted on 
the solids per unit volume can be expressed 
by following equation: 
 

  cldparticledEMMSd FFF ,,, 1            (9) 
     The cluster faction (α) was evaluated 
from Eq. (9) after solving the EMMS 
equations. 
 
2. Results and discussion 
     Hydrodynamic properties of clusters in 
bubbling fluidized bed were calculated and 
compared with the experimental data 
available in literature.  In order to cover the 
full range of the bubbling fluidization, the 
superficial air velocity was varied from 
0.052 to 0.82 m/s for 280 µm sand particles 
and from 0.15 to 1.31 m/s for 490 µm sand 
particles.  The energy of the system was 
minimized using the genetic algorithm, with 
the hydrodynamic equations listed in Table 
2 as constraints.  The properties of particles 
used in this study are listed Table 5. 
 
2.1. Cluster size 
     The heterogeneity in the distribution of 
particles in bubbling fluidized bed has a 
significant effect on momentum exchange, 
heat transfer and mass transfer in the bed. 
Cluster size is a key parameter that can 
characterize this heterogeneity and has 
received considerable attention [28-30].  In 
the present study, the fluctuations of solid 
concentration were used to investigate the 
clustering structure of particles in the dense 
bed of bubbling fluidization. Usually, the 
cluster is identified when the local 
instantaneous solid concentration is greater 
than the time-mean solid concentration by at 
least n times the standard deviation.  
     The value of n has a significant effect on 
calculating the cluster size in the revised 
EMMS model.  Larger value of n results in 
a smaller cluster size under the same 

conditions.  Thus, in order to show the 
influence of this parameter on the calculated 
cluster size and to choose the best value for 
it, the calculated cluster diameters for 
various values of n were compared with the 
experimental data of Afsahi et al. [10] and 
the results are shown in Figs. 2a-b.  These 
figures show that for n=3 the model fits the 
experimental data very well.  Therefore, this 
value was used throughout the rest of this 
study. 
     Figs. 2a-b also demonstrates the effect of 
gas velocity on the size of clusters.  As can 
be observed in these figures, increasing the 
gas velocity leads to formation of larger 
clusters due to its effect on increasing the 
total drag force exerting on particles.  
However, increasing the cluster size at the 
same time reduces the average drag force 
exerted on each particle. 

 

 
Figure 2: The cluster size from the EMMS model: 

(a) Effect of solid concentration inside cluster 
for490 µm particle (b) Effect of solid 

concentration inside for 280 µm particle 



 
   Determination of Cluster Hydrodynamics in …..                                                                                                              123 

 
 

       This results in increasing the slip 
velocity and allows clusters to collect 
particles and grow in size.  Mostoufi and 
Chaouki [31] reported the same trend for 
variation of cluster size with gas velocity 
and obtained the cluster diameter with the 
same order of magnitude of cluster diameter 
reported in the present study.  It is worth 
mentioning that at superficial velocities 
close to the minimum fluidization, 
calculated cluster size is very close to the 
size of a particle that indicates clusters do 
not exist at velocities close to the minimum 
fluidization. 
     The cluster size calculated based on the 
EMMS model was compared with empirical 
correlations and the results are illustrated in 
Figs. 3a-b. As shown in these figures, the 
cluster size increases with an increase in the 
solids concentration within the clusters. The 
clusters may maintain a degree of stability 
against turbulence and collisions because 
they experience less drag force than 
individual particles. In addition, reduced 
drag force increases the slip velocity and 
allows clusters to collect particles and grow 
in size.  Figs 3a-b also demonstrates that the 
cluster size estimated by the EMMS model 
is different from those predicted by the 
empirical correlations. Such disparity is 
normal when considering the differences 
between hydrodynamics of bubbling regime 
used in this study and that of fast 
fluidization used for correlations. In fact, 
previous models shown in Fig. 3a-b were 
proposed for fully developed section of a 
circulating fluidized bed riser while the 
model developed in this work is adopted to 
the dense bed of a bubbling or turbulent 
fluidized bed. Therefore, the quantitative 
agreement with modeling data may not be 
expected.  However, the trends of presented 
model and the correlations are the same in 
quite different systems and regimes. 
 

2.2. Cluster velocity 
     A comparison between the cluster 
velocities predicted by the EMMS model 
and the experimental data of Afsahi et al. 
[10] is shown in Fig. 4. As can be seen in 
this figure, mean cluster velocity increases 

with an increase in the superficial gas 
velocity.  This indicates that the fast moving 
clusters exist at higher gas velocities and a 
broader range of cluster sizes exist in the 
bed.  Generally, the cluster velocities 
increase as well with increasing the 
superficial gas velocity.  The reason for 
such a behavior can be attributed to the fact 
that when the superficial gas velocity is 
increased, higher velocities of clusters are 
achieved by flow of the gas in the bed due 
to higher momentum transfer between gas 
and solid. Fig. 4 shows that the 
experimental data and the numerical results 
are in fair agreement. 

 

 
Figure 3: The cluster size from the EMMS model: 

(a) Comparison with empirically correlated 
cluster size for 490 µm particle (b) Comparison 
with empirically correlated cluster size for 280 

µm particle 
 

2.3. Cluster fraction 
     It is possible to evaluate the cluster 
faction, α, from Eq. (9) by solving the 
EMMS equations.  Fig. 5 illustrates the 
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cluster fraction as a function of superficial 
gas velocity for two sizes of particles.  It 
can be seen that the cluster fraction 
increases by increasing the gas velocity.  
Most of the particles move independently at 
gas velocities close to the minimum 
fluidization.  However, most of the particles 
form clusters and grow larger by increasing 
the gas velocity.  Fig. 5 also shows that at 
high enough gas velocity, the particles 
move mainly as clusters rather than single 
particles in the dense bed.  This is consistent 
with the findings of Mostoufi and Chaouki 
[32]  who reported that at low superficial gas 
velocity, the cluster size is almost equal to 
the average size of the particles in the bed 
(i.e., no cluster exists at minimum 
fluidization).  This suggests that the dense 
phase is mainly in the form of an emulsion 
of separate particles rather than freely 
moving clusters while by increasing the gas 
velocity, the clusters start to form and grow 
larger.  That is, the particles move 
independently at minimum fluidization 
condition while by increasing the gas 
velocity, particle clusters are formed and 
grow larger since greater drag force can be 
supplied at higher gas velocity.  Fig. 5 also 
shows that the fraction of particles moving 
as cluster for smaller particles is higher than 
that for larger particles at the same gas 
velocity.  This trend indicates that the 
formation of clusters in a bed of smaller 
particles occurs easier than in that of larger 
particles.  In fact, the drag force exerted on 
a single particle per weight of the particle is 
higher for smaller particles, thus, they tend 
to form clusters at lower gas velocity in 
order to reduce the net average drag force 
exerted on each particle in the cluster. 
 
2.4. Dense phase fraction 
     Effect of the gas velocity on the dense 
phase fraction is shown in Fig. 6. As can be 
seen in this figure, dense phase fraction 
decreases with increasing the gas velocity 
due to the increase in the total gas entering 
the bed. The dense phase fraction obtained 
by the correlation of Cui et al. [8] is also 
shown in this figure.  As can be seen in Fig. 
6, both the EMMS model and the 

correlation of Cui et al.8 have the same 
trend but the EMMS model over-predicts 
the dense phase fraction.  This can be 
attributed to the different sizes of particles 
that were used in these two works. 

 
Figure 4: The cluster Velocity from the EMMS 
model: comparison with empirically correlated 

cluster size for 490 µm and 280 µm particles 

0

0.25

0.5

0.75

1

0 0.5 1 1.5

a
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280 µm

490 µm

Figure 5: The Cluster Percent at bubbling 
fluidized bed from the EMMS model for 490 µm 

and 280 µm particle 
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Figure 6: The volume fraction of dense phase 

from the EMMS model: comparison with 
empirical correlated for 490 µm and 280 µm 

particle 
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Figure 7: The voidage of dense phase from the 
EMMS model: comparison with empirical 
correlated for 490 µm and 280 µm particle 

 
2.5. Void fraction of clusters 
     Effect of gas velocity on the void 
fraction of clusters is shown in Fig. 7.  This 
figure shows that increasing the gas velocity 
results in the formation of clusters with 
relatively higher void fraction.  This means 
that by increasing the gas velocity higher 
amount of gas enters into the clusters.  
Experimental void fraction of clusters 
reported by Afsahi et al. [10] is also shown 
in Fig. 7.  Comparing the experimental void 
fraction with those calculated by the EMMS 
model indicates that there is a reasonable 
agreement between the values calculated in 
this work and the experimental ones.  The 
void fraction of emulsion calculated based 
on the correlation of Cui et al. [8] is also 
shown in Fig. 7.  This figure shows that the 
clusters are more concentrated in particles 
than the emulsion. 
 

3. Conclusions 
     The energy-minimization multi-scale 
(EMMS) approach was used to investigate 
the hydrodynamics of bubbling fluidized 
beds.  It was assumed that the solids exist in 
the bed either as single particles and/or as 
clusters.  Formation of clusters occurs to 
minimize the energy of the system for 
modeling of which the EMMS approach 
was used.  The parameters determined by 
the EMMS model in this study were void 
fraction of dilute phase, void fraction of 

clusters, gas velocity, particle velocity and 
acceleration of particles in the dilute and 
dense phases as well as the cluster diameter. 
The abovementioned parameters were 
determined by minimizing the energy of the 
system by means of doubly stochastic 
Poisson processes.  
     The cluster properties calculated by the 
EMMS model were found to be in good 
agreement with the experimental results 
reported in literature.  An important 
parameter calculated in this work was the 
fraction of solids that move in the form of 
clusters in the bed.  It was found that most 
of the particles move independently at low 
gas velocities.  However, particles form 
clusters and the solid particles mainly exist 
as clusters at high gas velocities.  Void 
fractions of clusters increased with 
increasing gas velocity.  These values were 
in fair agreement with the experimental 
values.  The modeling approach proposed in 
this study allows calculation of cluster 
properties that can be used to predict the 
performance of fluidized beds as chemical 
reactors. 
 

Nomenclature 
Ar Archimedes number [dp

3g(s-g)g/µg
2] 

ac mean acceleration of particles in dense 
phase, m/s2 

af mean acceleration of particles in dilute 
phase, m/s2 

CD drag coefficient 
CDc effective drag coefficient for a particle in 

dense phase 
CDf  effective drag coefficient for a particle in 

dilute phase 
CDi effective drag coefficient for a cluster 
CD0 standard drag coefficient for a particle 
dcl mean cluster diameter, m 
dp particle diameter, m 
f volume fraction of dense phase 
Fd EMMS drag force, N 
Fc dense phase drag force, N 
Ff dilute phase drag force, N 
Fi inter phase drag force, N 
g gravity of acceleration, m/s2 
g0 radial distribution function 
Gs solids mass flux, kg/s.m2 
H bed height, m 
Hd drag force correction factor 
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M exponent in calculating effective drag 
coefficient 

n experimental fitting factor 
Nst  mass specific energy for suspending and 

transporting particles, W/kg 
Recl cluster Reynolds number [dclgucl/µg] 
Rep particle Reynolds number [dpgup/µg] 
Ret particle terminal Reynolds number 

[dpgut/µg] 
S(εs,0) static structure factor 
Ub bubble velocity, m/s 
Uc mean superficial fluid velocity in dense 

phase, m/s 
Ucl mean cluster velocity, m/s 
Uf  mean superficial fluid velocity in dilute 

phase, m/s 
Ug  superficial gas velocity, m/s 
Umf minimum fluidization velocity, m/s 
Upc mean superficial particle velocity in 

dense phase, m/s  
Upf mean superficial particle velocity in 

dilute phase, m/s  
Us mean superficial particle velocity, m/s 
Usc mean superficial slip velocity in dense 

phase, m/s 
Usf  mean superficial slip velocity in dilute 

phase, m/s 

Usi mean superficial slip velocity in inter-
phase, m/s 

Ut terminal velocity, m/s 
X hydrodynamic property 
 
Greek letters 
α fraction of solids moving as clusters 
β drag coefficient per unit volume, kg/s.m3 
εg voidage 
εs average solid volume fraction 
εmf  voidage at minimum fluidization 
εc  voidage of dense phase 
εf  voidage of dilute phase 
εsc solid volume fraction inside cluster, 
µg gas viscosity, Pa.s 
µs solid viscosity, Pa.s 
ρg fluid density, [kg/m3] 
ρs solid density, [kg/m3] 
σε standard deviation of solid volume 

fraction,[-] 
 
Subscripts 
e emulsion phase 
f bubble phase 
g gas phase 
mf minimum fluidization 
s solid phase 
sl slip 
t terminal
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