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a b s t r a c t

Individual phase holdups are important dynamic parameters in the designing of three-phase fluidized bed
systems. The system chosen for the present study is nitrogen as gaseous phase, an electrolyte as liquid
phase and glass balls as solid phase. The gas holdup was obtained from pressure drop measurements.
The obstruction area of flow path was calculated by considering all the geometric parameters of the
composite promoter for evaluating the actual velocity of the fluids through the test section. It is found that
the presence of composite promoter has not shown any effect on pressure drop in three-phase fluidized
beds. The bed porosity data fitted well with Richardson–Zaki equation with an exponent of 2.53. The
hase
oldups
as holdup
urbulent promoter

infinite dilution velocities were increased significantly because of the presence of promoter. The data on
gas holdup, liquid holdup and bed porosity were in good agreement with correlations reported earlier
[S.D. Kim, C.G.J. Baker, M.A. Bergougnou, Phase holdup characteristics of three phase fluidized beds, Can. J.
Chem. Eng. 53 (1975) 134–139; P. Dakshinamurthy, V. Subrahmanyam, K. Veerabhadra Rao, Indian Chem.
Eng. 16 (1974) 3; W.Y. Soung, Bed expansion in three-phase fluidization, Ind. Eng. Chem. Proc. Des. Dev. 17
(1978) 33; S.R. Bloxom, J.M. Costa, J. Herranz, G.L. MacWilliam, S.R. Roth, Determination and correlation
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. Introduction

Three-phase fluidization [1–3] is considered to be one of the
ital methods of multiphase flow contacting operation. Increased
mprovements in heat and mass transfer coefficients were observed
n comparison with two-phase and homogeneous flow systems
n general. Further, it provides intimate mixing, isothermal condi-
ions, uniform concentrations, high heat and mass transfer rates,
igh liquid holdup, ability to use small catalyst particles, accu-
ate temperature control to achieve good selectivity and increased
rotection of catalyst, etc. Hence it finds wide applications in
etrochemical industries, chemical and allied industries, and in
iochemical processing.

It has been widely reported that the performance factors of sev-
ral heat and mass transfer systems have been greatly enhanced
ith the use of turbulence promoters. A comprehensive review on

he techniques and types of promoters, which have been in practice,

as presented by Bergles [4].

The gas and liquid holdups are most important design parame-
ers in three-phase fluidized beds. These phase holdups are affected
y phase velocities, physical properties, geometry of the column,
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ree-phase fluidized bed, ORNL/MIT-219, Oak Ridge National Lab. (1975)].
© 2008 Elsevier B.V. All rights reserved.

tc. No systematic study on the effect of the presence of an internal
n phase holdups in three-phase fluidized beds has been reported
n the literature [5,6].

. Experimental apparatus and procedure

The bed internal and the equipment were designed and fabri-
ated to carryout studies on phase holdups, the schematic diagrams
f which were shown in Fig. 1a and b respectively. Coaxially placed
wisted tapes wound on a rod were used as composite promot-
rs. The system chosen was a fluid electrolyte–nitrogen gas–glass
alls. The electrolyte was an equimolar solution of potassium fer-
icyanide and potassium ferrocyanide each of 0.01 N with 0.5 N
odium hydroxide. The system is maintained at a constant temper-
ture of 30 ◦C. At this temperature the density and viscosity of the
iquid electrolyte are taken as 1023 kg/m and 0.896 cP, respectively.
low rates of fluid electrolyte and nitrogen gas were measured
y the pre-calibrated rotameter and wet gas meter, respectively.

U-tube differential manometer was provided to measure the
ressure difference across the test section. A stainless steel wire

esh was placed at the bottom of the test section to support the

ed of solids and allow the distribution of liquid and gas during
uidization. The composite promoter element shown in Fig. 1b
as essentially a copper or stainless steel rod of diameter dr, on

he outer surface of which, a tape of given width w, thickness t

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:kvramesh69@yahoo.com
dx.doi.org/10.1016/j.cej.2008.08.023
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Nomenclature

A cross-sectional area of test section (m2)
dp particle diameter (m)
dr diameter of rod on which tape was wound (m)
Dc column diameter (m)
De equivalent diameter (m)
g acceleration due to gravity (m/s2)
H height of test section or bed height (m)
n Richardson–Zaki exponent
p pitch of the tape (m)
�P pressure drop across test section (Pa)
�P′′ pressure drop across test section in liquid solid flu-

idized bed (Pa)
�P′′ ′ pressure drop across test section in three-phase flu-

idized bed (Pa)
Qg volumetric flow rate of gas (m3/s)
QL volumetric flow rate of liquid (m3/s)
Rep particle Reynolds number
t thickness of the tape (m)
Ug superficial gas velocity (m/s)
Ugo axial gas velocity based on obstruction diameter

(m/s)
UL superficial liquid velocity (m/s)
ULO axial liquid velocity based on obstruction diameter

(m/s)
Ut terminal velocity of particle (m/s)
w width of the tape (m)
Ws weight of solids (kg)

Greek letters
ε bed porosity
εg gas holdup
εL liquid holdup
εs solids holdup
�L liquid viscosity (kg/m s)
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�L density of liquid (kg/m3)
� surface tension (N/m)

as wound and brazed helicoidally at a desired pitch p. Compos-
te promoter elements of different geometrical characteristics (viz.,
iameter dr, pitch p and width w) were fabricated and used in the
resent study. Three rod diameters of 1.27, 1.59 and 1.9 cm, four
ape widths of 0.3, 0.6, 0.9 and 1.2 cm, and five tape pitches of 1,
, 3, 5 and 14.5 cm were chosen as geometrical parameters of the
romoter element. The ranges of variables covered along with the

eometrical characteristics of the promoter assemblies used were
resented in Table 1.

In a multiphase system, the holdup of a phase is defined as the
atio of the volume of the phase to the total volume of the system.

able 1
anges of variables studied

. no. Parameters studied Minimum Maximum

Flow rate of gas, Qg × 103 (m3/s) 0 0.418
Flow rate of liquid, QL × 103 (m3/s) 0.308 0.875
Diameters of the rod on which the tape
is wound, dr (cm)

1.27 1.90

Pitch of the promoter element, p (cm) 1.0 14.5
Width of the promoter element, w (cm) 0.3 1.2
Diameter of the particle, dp (mm) 3.13 6.29
Re 1065 18,900
Rep 72.3 2,087
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he solids holdup, εs was determined from bed height measure-
ents using the equation [7]:

s = Ws

�sAH
(1)

The gas holdup was determined from the pressure drop mea-
urements using the equation [7]:

g = �P ′′ − �P ′′′

gH�L
(2)

The liquid hold up was obtained from the equation [7]:

L = 1 − εs − εg (3)

. Results and discussion

Comparative pressure drop data both in the two-phase and
hree-phase fluidized beds have been shown in Fig. 2. Presence
f promoter in a two-phase fluidized bed has shown considerable
ncrease in the pressure drop (plots C and D) while in a three-phase
uidized bed, the presence of promoter has not shown much effect
n the pressure drop (plots A and B).

Bed expansion behavior in two-phase liquid–solid fluidized
eds was generally expressed as [8]:

UL

Ut
= εn (4)

For a given particle, the terminal velocity being constant, the
unctional relationship between UL and ε can be expressed as

ep ∝ εn (5)

In two-phase liquid–solid systems Richardson and Zaki [8]
howed that for Rep > 500 in the absence of any bed internal, n
akes a value of 2.39. Sujatha et al. [9] reported the same value
n liquid–solid system even in the presence of a helicoidal tape
romoter. An attempt has been made to check the validity of
ichardson and Zaki [8] correlation for the present data in three-
hase system with a bed internal. Fig. 3 shows the effect of Rep

n bed voidage for three different gas velocities for one particle
ize. The data were found to be consistent with a slope of 2.53
ompared to that of 2.39 reported in liquid–solid systems. The devi-
tion can be due to the presence of the third phase. The effect of
romoter with three different bed particles was also plotted and
hown in Fig. 4. The effect of particle size is conspicuous, how-
ver, the slope in each case was found to be 2.53 same as that in
ig. 3 indicating that the presence of promoter has not affected the
xponent on ε. An attempt was made to correlate the entire data
n bed expansion obtained in the present experiment. The corre-
ation yielded a value of 2.53 for n with an average deviation of
8%.

Introduction of gas into a liquid–solid fluidized bed leads to
ncreased turbulence. In three-phase fluidized beds the intense
hurning action is essentially due to the following reasons: (i) the
esistance offered to the upward gas flow by the bed, (ii) the bubble
isintegration on breaking up of large bubbles into small bubbles
nd (iii) scattering of the disintegrated bubbles promoting efficient
ispersion of bubbles. However, at low gas velocities, the bubbles
assing through the bed of solids coalesce to give rise to large bub-
les while at high gas velocities the bubble disintegration is favored.
uring the bubble disintegration regime, the solid particles uni-
ormly get distributed in the bed. The presence of an internal favors
ubble disintegration phenomenon thus assuring the uniform bed
xpansion.

The effect of presence of promoter on bed expansion behavior
n a three-phase fluidized bed is also shown in Fig. 5 in terms of
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section obstructing the flow path for liquid and gas. The local gas
and liquid velocities prevailing would significantly differ from the
superficial velocity based on empty conduit cross-section and need
considerable attention.
Fig. 1. (a) Schematic of the turbulent pro

oidage function (1 − ε)/ε3. For the same flow rate, bed without
romoter was approaching infinite dilution condition while in the
resence of promoter the infinite dilution velocity has been consid-
rably raised maintaining its fluidized bed status. The data in Fig. 5
hows that the infinite dilution velocity in the absence of promoter
as found to be 25 cm/s while it had been significantly increased by
0% (liquid velocity = 30 cm/s) in the presence of promoter. There-
ore the fluidized bed condition could be maintained over a wide
ange of flow rates/velocities. The presence of promoter was found
o be advantageous as it has raised the infinite dilution velocities in
three-phase fluidized bed, thus limiting the carry-over elutriation

f fluidizing particles.

The axial velocities of both the liquid and gas (dispersed) are
ssumed to be responsible for whatever dynamic changes that
re occurring in the three-phase fluidized beds. The presence of

ig. 2. Variation of pressure drop with superficial liquid velocity for dp = 4.57 mm
oth in the absence and presence of promoter.

F
m

. (b) Schematic of the experimental unit.

romoter internal would occupy considerable volume of the test
ig. 3. Variation of Rep with bed porosity ε for dp = 4.57 mm in the absence of pro-
oter.
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Table 2
Correlations proposed by earlier investigators tested with the present experimental data

S. no. Reference Equation Avg. deviation of present data (%)

1 Kim et al. [10] ε = 1.4

(
U2

L
gdp

)0.17(
Ug�

�

)0.078
8.70

2 Dakshinamurthy et al. [11] εg = 1.61 × 103
(

dp�LUt
�L

)−0.188( Ug�L
�

)1.066
13.3

3 Soung [12] εg = 0.0021

(
Ug√
gDc

)0.82(
gD2

c �L
�

)0.8(
gD3

c �L
�L

)0.1

16.3

4 Bloxom et al. [13] εL = 1310U0.269
L U−0.146

g (�s − �L)−1.072 13.0

Fig. 4. Variation of particle Reynolds number with bed porosity in the presence of
promoter {dr = 1.9 cm, p = 5 cm, w = 0.9 cm}.

Fig. 5. Variation of velocity with voidage function (Ug = 2.7 cm/s)—effect of pro-
moter on infinite dilution.

Fig. 6. Comparision of present experimental data on bed porosity with that of Kim
et al. [10].

Fig. 7. Comparision of present experimental data on gas holdup with that of Daksi-
namurthy et al. [11].
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ig. 8. Comparision of present experimental data on gas holdup with the calculated
ata based on Soung [12].

Eq. (6) has been derived considering all the geometrical vari-
bles in the present investigation:

e =
�(D2

c − d2
r ) − 2wt

[√
1 + (�dr/p)2 +

√

�(Dc + dr) + w
[√

1 + (�dr/p)2 +
√

1 + (�(dr + 2w)/p)2
]

− t
he obstruction diameter is Do = Dc − De (7)

vailable area for flow = �D2
c

4
− �D2

o
4

(8)

ig. 9. Comparision of present experimental data on liquid holdup with the calcu-
ated data based on Bloxom et al. [13].
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�(dr + 2w)/p)2
]

+ (�dr/p)2 −
√

1 + (�(dr + 2w)/p)2
] (6)

Therefore liquid superficial velocity based on obstruction area
s

Lo = 4QL

�(D2
c − D2

o)
(9)

And, gas superficial velocity based on obstruction area is

go = 4Qg

�(D2
c − D2

o)
(10)

The mean axial fluid velocities thus obtained were used to test
he correlations already reported in literature. The data on gas
oldup, liquid holdup and bed porosity calculated from the cor-
elations proposed earlier and the present experimental data were
hown through the plots of Figs. 6–9. The present experimental data
n phase holdups and bed porosities were found to be well com-
arable to those of the earlier investigators and the results were
hown compiled in Table 2.

. Conclusions

The presence of composite promoter raised the infinite dilution
velocity yielding a high bed porosity value.
The bed porosity data of three-phase fluidized bed, could be cor-
related by the Richardson and Zaki [8] equation within an average
deviation of 18%. The exponent on the voidage was found to be
2.53, which is comparable as against 2.39 reported for two-phase
fluidized beds.

The present experimental data on gas holdup and liquid holdup
and bed porosity were in good agreement with the equations
proposed by earlier investigators [10–13].
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