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32This study reports the effect of particle mass compositions on the bed expansion behaviour of a binary
33solid liquid fluidised bed (SLFB) system. Experiments were performed comprising equal density
34(2230 kg m�3) spherical glass beads particles of diameter 3, 5 and 8 mm and water as fluidising medium
35with different particle mass ratios varying from 0.17 to 6.0. In the expanded bed, both segregated and
36intermixed zones were observed depending on the different particle diameter combinations. In a com-
37pletely segregated SLFB, the bottom monosized layer exhibited a negative deviation �23% whereas a pos-
38itive deviation �25% was found in the top monosized layer when compared with the corresponding pure
39monosized system. A small mixing zone spanning approximately two particle diameters thick was
40observed to exist even in a completely segregated SLFB for higher diameter ratio cases. A slight decrease
41in the mixing zone height was noted with increasing liquid superficial velocity. For lower diameter ratio
42cases, a relatively lager mixing zone height was observed which increased with increasing liquid super-
43ficial velocity. The bed expansion ratio was noted to decrease with increasing solid mass ratio however it
44increased with increase in the fluidising velocity ratio following a reasonable power law trend. The
45expanded bed height of the binary mixture was not entirely additive of its corresponding mono-
46component bed heights and both positive and negative deviations were observed. Finally, a two-
47dimensional (2D) Eulerian-Eulerian (E-E) model incorporating the kinetic theory of granular flow
48(KTGF) was used to quantify the binary system hydrodynamics. The model predicted expanded bed
49height agreed with experimental measurements within ±6% deviation. Presence of a mixing zone was
50also confirmed by the CFD model and simulated particle phase volume fraction distribution qualitatively
51agreed with the experimental visualisations.
52� 2017 Published by Elsevier B.V. on behalf of The Society of Powder Technology Japan. All rights
53reserved.
54
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57 1. Introduction

58 Solid liquid fluidised bed (SLFB) systems are widely used in the
59 chemical, mineral processing, biochemical and food industries
60 involving variety of applications such as water treatment, sedi-
61 mentation, separation of minerals, ion exchange, adsorption, crys-
62 tallization, etc., due to efficient contact between the solid and
63 liquid phase [1,2]. Over the last four decades, interactions and
64 motion of phases in SLFBs were studied by many researchers
65 experimentally [1,3–17] as well as numerically [18–34] employing

66computational fluid dynamics tool to understand the complex
67hydrodynamics of this system.
68The hydrodynamics of solid-liquid fluidised bed is inherently
69complex due to interactions between the fluid and particle phase,
70particle-particle phase, and particle-wall. These interactions intro-
71duce further complexities when more than one solid phase is pre-
72sent in the system, more specifically when the solid phases differ in
73diameter and/or density as well as shape. In almost every indus-
74trial application, a particle size distribution often exists which
75indeed raises a requirement to investigate the fluidisation beha-
76viour in the multi-particle system. Simplest of these SLFB systems
77is the binary particle system where three different characteristics
78are generally reported e.g. complete segregation (CS), partial
79segregation (PS) and no segregation (NS). These characteristics
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80 apparently depend on the terminal settling velocity of the parti-
81 cles. When a binary mixture is fluidised, solids having higher ter-
82 minal settling velocity tend to settle at the bottom of the
83 fluidised bed whereas solids with lower terminal settling velocity
84 fill the upper section of the bed with a transition zone in between.
85 The volume fractions of both solid phases change continuously in
86 the transition zone.
87 A widely used hypothetical notion in binary SLFB systems is
88 that total bed height is additive, i.e. bed height equals to the sum
89 of heights of the two individual component beds fluidised at the
90 same liquid superficial velocity [11,35–39]. However, a significant
91 negative deviation was reported in another study [4]. Conse-
92 quently, the hypothesis that combined bed heights are additive
93 requires further investigation. The literature review presented in
94 Section 2 indicates that segregation hydrodynamics in binary SLFB
95 system such as complete segregation, partial segregation and no
96 segregation mainly occur due to both unequal diameter and den-
97 sity ratio. While the effect of unequal density for the observed seg-
98 regation behaviour is more intuitive, effect of particle diameter
99 ratio for a constant particle density system needs further attention.

100 Literature review indicates that individual solid mass for the binary
101 SLFB was not reported in most of the cases which is a critical
102 requirement for any modelling study in this area to satisfy the solid
103 phase mass conservation in the system. Consequently, the effect of
104 solid mass ratio on the bed expansion behaviour for constant par-
105 ticle density system remains rather unexplored. It is also of interest

106to understand the dynamics in the mixing zone specifically the
107effect of superficial velocity and mass ratio which provides an
108insight to the dispersion behaviour in SLFB system. It is also noted
109that this aspect has not been addressed even in the previously
110reported CFD modelling studies in this area. In line with these
111knowledge gaps, the specific aims of this paper were to quantify
112the followings using a combination of experimental and numerical
113modelling approach:

114(a) bed expansion behaviour for the mono and binary compo-
115nents SLFB under similar operating conditions and effect of
116solid loading patterns on the final bed expansion behaviour.
117(b) effect of different solid mass ratios on the bed
118hydrodynamics.
119(c) effect of liquid superficial velocity on the bed expansion for
120different solid mass loadings.
121(d) bed expansion behaviour and spatial distribution of individ-
122ual phase volume fraction at different superficial velocity
123using a CFD model.
124

1252. Previous work

126Kennedy and Bretton [15] studied dispersion behaviour of the
127binary solid spheres in a liquid fluidised bed and observed no seg-
128regation behaviour in a narrow solid diameter ratio range
129(dr � 1.01–1.1) for uniform density system (qr = 1.0). The observed

Nomenclature

CD drag coefficient, [–]
CD1 drag coefficient under terminal rise conditions, [–]
Cfr, ss coefficient of friction between solids, [–]
C1, C2 constant in Eq. (1), [–]
C3, C4 constant in Eq. (2), [–]
C5, C6 constant in Eq. (6), [–]
dr diameter ratio of larger to smaller solids, dS2/dS1 [–]
dS diameter of solid particle, [m]
Dc column diameter, [m]
eSS solid-solid interaction restitution coefficient, [–]
eSW solid-wall interaction restitution coefficient, [–]
FDi momentum exchange term, [N]
g gravitational acceleration, [m s�2]
g0,ss radial distribution function, [–]
he axial bed height, [m]
hmix intermixed zone height of binary particle, [m]
hp packed bed height, [m]
hr bed expansion ratio, (he � hp)/hp [–]
kL turbulent kinetic energy, [m2 s�2]
MS solid mass, [g]
Mr mass ratio of larger to smaller solids, MS2/MS1 [–]
n Richardson-Zaki index, [–]
P static pressure, [Pa]
PS solid pressure, [Pa]
PkL production of turbulent kinetic energy, [m2 s�3]
ReSi solid particle Reynolds number, [–]
VS1 terminal settling velocity of particle, [m s�1]
Vmf minimum Fluidisation velocity, [m s�1]
VL liquid superficial velocity, [m s�1]

Greek letters
bSL liquid-solid momentum exchange force, [N]
bSS solid-solid momentum exchange force, [N]
e energy dissipation rate per unit mass, [m2 s�3]

eL bed voidage, [–]
eS solid volume fraction, [–]
h Granular temperature, [m2 s�2]
kS bulk viscosity of solid, [kg m�1 s�1]
µL viscosity of liquid, [kg m�1 s�1]
µS solid viscosity, [kg m�1 s�1]
µT turbulent viscosity, [kg m�1 s�1]
µeff,s effective viscosity of solid, [kg m�1 s�1]
µeff,L effective viscosity of liquid, [kg m�1 s�1]
qL liquid density, [kg m�3]
qS solid density, [kg m�3]
qSM solid mixture density along the axial direction, [kg m�3]

Subscripts
L liquid
S solid
1 Infinite medium
1 solid particle 1 (smaller)
2 solid particle 2 (larger)

Abbreviations
2D two dimensional
3D three dimensional
CS complete segregation
CFD computational fluid dynamics
E-E Eulerian-Eulerian approach
FB fluidised bed
KTGF kinetic theory of granular flow
NS no segregation
NG not given
PS partial segregation
SLFB solid-liquid fluidised bed
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