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a b s t r a c t 

The motion of particles in a solid-liquid fluidized bed was experimentally studied by video tracking of
marked particles in a matched refractive index medium. In this study, two fluidized states are compared,
one carefully aligned in the vertical direction ensuring a homogeneous fluidisation and another one with
a non-homogeneous fluidisation regime that results from a slight tilt of the fluidisation column of 0.3 °
with respect to the vertical. As a result of the misalignment, large recirculation loops develop within the
bed in a well-defined spatial region. It is found that in that range of solid fraction (between 0.3 and 0.4),
the inhomogeneous motion of the particles leads to significant differences in velocity fluctuations as well
as in self-diffusion coefficient of the particles in the vertical direction, whereas the fluidisation height
remains unaffected. At lower (less than 0.2) or higher (higher than 0.5) concentration, particle agitation
characteristics are almost unchanged in the vertical direction.

1. Introduction

The study of liquid fluidisation is significant from both theoret- 
ical and practical viewpoints. It allows for the experimental ver- 
ification of two-fluid modelling concepts in gravity driven solid- 
liquid flows, where the slip velocity is of the same order of mag- 
nitude as that of the continuous phase and where solid phase agi- 
tation is induced by collisional and hydrodynamic interactions (the
contribution due to the continuous phase turbulence being negli- 
gible compared to the aforementioned interactions). Even if a liq- 
uid fluidized bed does not exhibit chaotic mixing or sharp regime
transitions (as in the case of bubbly flows), a state of homogeneous
fluidisation is seldom observed.

The concept of a homogeneous bed is usually referred to the
appearance of solid fraction fluctuations which are observable at
macroscopic scale, characterized by particle-free regions or voids
of different shapes: depending on the fluidisation conditions, a flu- 
idized bed can destabilize in the sense of the appearance of one- 
dimensional traveling waves (ODTW) ( Anderson and Jackson, 1969 )
which may later develop into two-dimensional structures and tran- 
sitions to other flow regimes such as the formation of bubbles, and
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structures that remind oblique waves ( Didwania and Homsy, 1981 ;
Duru and Guazzelli, 2002 ; El-Kaissy and Homsy, 1976 ; Homsy et
al., 1980 ). There are many investigations that try to map such tran- 
sitions through experimental, theoretical and numerical simulation
in the literature, the reader may refer to ( Di Felice, 1995 ; Homsy,
1998 ; Sundaresan, 2003 ) for a more comprehensive review.

In this work we study homogeneity from a different viewpoint;
the column is (or is not) homogeneous in terms of the absence
of large scale recirculation and the break of symmetry of the flow
velocity field in terms of some statistical parameters that charac- 
terizes it in space or in time ( Gordon, 1963 ; Handley et al., 1966 ).
The homogenization concept is not easily defined because low fre- 
quency motion is always present due to confinement ( Buyevich,
1994 ). This effect is evident when the particle motion is studied
for relatively long time, so the particles have enough time to tra- 
verse many times the column length and diameter. Two dimen- 
sional analyses often turn out to be insufficient because the system
is not guaranteed to be symmetric and the formation of low fre- 
quency structures may not be observed from a given observation
direction. This is why a full three dimensional analysis is funda- 
mentally important to characterize a liquid fluidisation system. It
also allows for direct comparisons with numerical results.

The effect of inclination on a fluidized bed is of particular
relevance in the context of this study. It has been investigated
from several viewpoints in the literature: for gas-solid fluidisa- 



tion one can find many previous relevant works: in particular, in
Yamazaki et al. (1989 ) the minimum fluidisation velocity for in- 
clined columns was studied. The authors observed three distinct
flow regimes (fixed bed, partially fluidized and completely flu- 
idized), and noted the effect of column inclination on the corre- 
sponding regime transitions. Yakubov et al. (2005 ) studied the ef- 
fect of inclination of a liquid-solid fluidized bed on several working
parameters such as critical flow rate, bed height and dynamic pres- 
sure drop. They observed a pattern of concentration waves (for the
effect of inclination in the case of cohesive powders, see ( Valverde
et al., 2008 )). Numerical investigations have also been carried out
on the subject; in Chaikittisilp et al. (2006 ) Discrete Element Sim- 
ulations (DEM) were used to study gas-solid two-phase flow, in
order to investigate the mixing behavior of the solid phase in in- 
clined fluidized beds. A large scale recirculation pattern was ob- 
served. Low concentration bubbles tend to move upwards along
the uppermost wall, contrary to the particles that moved down- 
ward, closer to the wall below it, enhancing back mixing. This be- 
havior has also been observed experimentally in gas-liquid bub- 
bly flows, due to buoyancy, for very small tilt angles ( Zenit et al.,
2004 ).

For liquid-solid fluidized beds, little attention has been paid to
the effect of inclination on the column homogeneity. Hudson et
al. (1996 ) used salt tracer measurements to conclude that fluidized
bed inclination strongly affects the column hydrodynamics. More- 
over, in Del Pozo et al. (1992 ) it was shown that a small tilt an- 
gle of 1.5 ° on a three-phase fluidized bed affects the particle-liquid
mass and heat transfer coefficients significantly. Other important
aspect in the complex interaction between solid and liquid phases
is the effect of the inclination angle on mixing and diffusion, as a
function of the relevant parameters such as the Reynolds number,
Stokes number, and particle-column width (or height) ratio. Sev- 
eral studies have been devoted to the diffusion in a liquid-solid flu- 
idized bed ( Al-Dibouni and Garside, 1979 ; Carlos C. and Richardson
J., 1968 ; Dorgelo et al., 1985 ; Juma and Richardson, 1983 ; Kennedy
S. and Bretton R., 1966 ; Van Der Meer et al., 1984 ; Willus, 1970 ).
Two trends can be identified in the literature concerning diffusion:
firstly, with respect to solid concentration, and secondly, with re- 
spect to the particle-to-column diameter ratio. In some investiga- 
tions ( Carlos C. and Richardson J., 1968 ; Willus, 1970 ; Dorgelo et
al., 1985 ) it is found that the diffusion coefficient decreases as solid
fraction increases. On the other hand, other studies from the liter- 
ature ( Kang et al., 1990 ; Yutani et al., 1982 ) found a small peak on
the auto-diffusion coefficient as the solid fraction concentration in- 
creases. Concerning the particle size ratio, the experiments showed
that diffusion decreases as the particle size ratio increases. Those
experiments were carried out for different flow regimes compris- 
ing superficial Reynolds numbers of O(10–10 0 0) and two-phase
Stokes numbers of O(1–10). Although there are many investigations
devoted to the effect of inclination on liquid-solid fluidized beds,
none of the aforementioned works remarked the high sensitivity
of the fluidized bed characteristics to a small inclination; most of
those studies comprised ranges of inclination between horizontal
to vertical, but incremented the tilt in large steps, ignoring the ef- 
fects of very small inclination angles.

This work is devoted to study the effect of a small tilt of the flu- 
idisation column (0.3 ° with the vertical), compared to a vertically
aligned column. Low frequency structures are detected and their
effect on the dispersed phase velocity is assessed through the anal- 
ysis of: a) The particle trajectories, b) The spatial distribution of the
vertical speed, c) The particle velocity variances and d) The diffu- 
sion coefficient. The technique used to calculate the mean velocity
and agitation (velocity variances) along the three directions is sim- 
ilar to that used in Handley et al. (1966 ) and Carlos and Richardson
(1968 ) and later revisited in Buyevich (1994 ), Willus (1970 ) and
Latif and Richardson (1972 ), who used a Lagrangian tracking of a

colored particle in the bulk of a transparent bed. More recently a
similar particle tracking technique was used but in a carefully con- 
trolled optically matched system ( Aguilar, 2008 ; Aguilar Corona et
al., 2011 ; Hassan and Dominguez-Ontiveros, 2008 ). A camera with
high resolution was used (both in time and space), which allowed
for the determination of detailed information about the particle
phase motion within the fluidized bed.

2. Experimental set-up

The experimental device is shown schematically in Fig. 1 . The
fluidisation section is composed of a 60 cm high cylindrical glass
column of 8 cm inner diameter. A flow homogenizer, consisting of
a fixed bed of packed beads covered by synthetic foam layers, is
mounted at the bottom of the column to ensure a homogeneous
flow entry. The flow temperature is maintained at 20 °C by a con- 
trolled heat exchanger. Two particular cases were studied during
this work: 1) A vertically aligned column and 2) A tilted column,
forming an angle in the ( y,z ) plane of 0.3 ° with respect to the ver- 
tical axis z. The reference frame is shown in Fig. 2 .

2.1. Particles and fluid

Calibrated 3 mm pyrex beads were fluidized by a concentrated
aqueous solution of Potassium Thiocyanate (KSCN, 64% w/w ). At
20 °C, the fluid and the particles and fluid have the same refractive
index ( ∼1.474), so that a tagged (colored) particle could be tracked
individually in a nearly transparent suspension ( Aguilar-Corona et
al., 2011 ). Particle and fluid properties are reported in Table 1 . The
particle Stokes and Reynolds numbers, based on the terminal (sed- 
imentation) velocity, are St = 4.8 and Re = 160, respectively.

2.2. Particle tracking technique

The analysis of particle motion in the fluidized bed was per- 
formed by means of high speed 3-D trajectography. The fluidisa- 
tion column is equipped with an external glass box filled with the
aqueous phase in order to reduce optical distortion (see Fig. 2 ). A
mirror oriented at 45 ° to the side of the box allowed for the ob- 
servation of the particle path in three dimensions, providing an ad- 
ditional side view. A Photron APX camera equipped with a CMOS
sensor was used to record the front (( x,z ) plane) and the side view
from the mirror (( y,z ) plane) in a single frame (512 pix ×1024 pix).
Images were recorded over periods of 204 seconds, starting af- 
ter the stationary regime had been reached. Taking a characteristic
particle velocity of 3 cm/s (from the standard deviation of the par- 
ticle velocity of a typical experiment), this total time would repre- 
sent more than 70 times the time a particle would take to travel
one column diameter. The average residence time (the average of
the time it takes to a particle to travel one column height) for
the aligned case was 6 seconds, while the corresponding value for
the tilted case was 4.5 s, so one can expect the average absolute
speed to increase with inclination. A black colored particle was in- 
troduced in the bed and its trajectory was recorded at 60 frames
per second (fps).

Fig. 3 shows both front ( x-z plane) and side ( y-z plane) views
as captured by the camera, for solid fractions of 〈 αp 〉 = 0.50 and
〈 αp 〉 = 0.14 (sub-figures (a) and (b), respectively). All the experi- 
ments were carried out with a particle size of d p = 3 mm. The black
line between the images is just the space between the front wall
and the mirror, which was masked in order to avoid a confusing
view of the adjacent wall of the column. The image from the mir- 
ror had a slightly different scale due to the optical paths between
the (direct) front view and that coming from the mirror, so each
plane had its corresponding (horizontal and vertical) scale factor in



Fig. 1. Scheme of the experimental set-up and the entry section. 

Table 1. 

Fluid and particle properties at 20 °C. 

Pyrex beads d p = 3mm ρp = 2230 kgm −3 n D = 1.474 

KSCN solution 64% w/w µf = 3.8 ×10 −3 Pa s ρ f = 1400kgm −3 n D = 1.474 

Fig. 2. Top view scheme of the trajectography 3D system. 

order to obtain the actual position in centimeters after image dig- 
ital processing. Note that the colored particle is clearly discernible
even when it is located deep inside the bulk of the column (even
for large solid fraction). It can be seen from the Figure (d.1 and d.2)
that the particle diameter occupies approximately 13 to 15 pixels.

3. Results

3.1. Global solid fraction

The initial volume of particles in the fixed bed corresponds to
an initial height h 0 of 9.5 cm, slightly larger than the column di- 

ameter. The maximum compactness concentration 〈 αc 〉 was esti- 
mated to be 0.56, corresponding to a random packing. Even though
the system is optically homogeneous, beads interfaces are still de- 
tectable; a careful observation of the images allowed for the deter- 
mination of the maximum height reached by the particles h b for
each solid fraction. The mean solid fraction was obtained as:

〈 αp 〉 = 〈 αc 〉 
h 0
h b 

. (1)

The bracket symbol represents the time and space averaging
over the bed volume of the local instantaneous solid fraction. It
was observed that the h b fluctuations decreased as the solid frac- 
tion increased, with a relative error of less than 5% in all cases.
In this work, five fluidisation velocities were tested (0.095, 0.078,
0.053, 0.038 and 0.02 m/s) corresponding to global solid fractions
〈 αp 〉 of 0.14, 0.2, 0.3, 0.4 and 0.5 respectively. For the homogeneous
case, the fluidisation velocity U F (fluid velocity in empty column)
was found to be a decreasing power law of void fraction:

U F = 0 . 145 ( 1 − 〈 αp 〉 ) 
2 . 78 (2)

where the prefactor is close to the particle terminal velocity
(0.135 m/s) and the exponent value, n = 2.78, is close to that pre- 
dicted by Richardson-Zaki’s correlation ( n = 4.4 Re t −0.1 = 2.67).

A first visual observation indicates that the slight tilt did not
have any measurable effect on the bed expansion, so for each flu- 
idisation velocity studied, the global solid fraction remained un- 
changed in both homogeneous (vertically aligned) and inhomoge- 
neous (tilted column) cases. This observation is consistent with the
averaged momentum balance in the bed volume. At first order,
the effect of fluid and particle friction at the wall being neglected,
this balance reduces to equilibrium between buoyancy force term
and drag force term based upon mean slip velocity, i.e. the mean
liquid velocity. The average solid fraction, or equivalently the bed
height, results from this balance. However, when spatially averag- 



Fig. 3. Raw images as captured by the camera: a) Large solid fraction: < αp > = 0.5; to the left of the black division: front view ( x-z plane). To the right of the division is the
lateral view ( y-z plane). b) Moderate solid fraction: < αp > = 0.14 (same views as in (a)); c) Particle close-up; c.1) front view and c.2) side view; d) Binarized particle image.
(d.1) front view and (d.2) side view; e) Centroid detection: (e.1) and (e.2) correspond to front view and mirror image, respectively. 

ing the local two-phase momentum transport equation, two con- 
tributions arising from the fluctuating motion of the particles and
the fluid need also to be considered: one is the non-linear drag
force term through the velocity fluctuations and the second is the
cross-correlation between the spatial fluctuations of solid fraction
and pressure gradient in the bed. It can be shown that in all range
of fluidisation velocities, the first contribution is always larger than
the second one, which roughly scales as few percent of the mean
drag term. As a consequence, in a homogeneous liquid fluidized
bed, the bed height is weakly dependent upon phase agitation. In
a reference frame where the axial direction is the axis of the col- 
umn, the buoyancy force component is 1ρg cos θ where is the an- 
gle with the vertical (0.3 °), so the relative variation of this term
is of order of 10 −5 and can be neglected. Therefore, tilting the
column a small angle (0.3 °) will not modify the bed height, even
though this perturbation induces important flow inhomogeneities
and significant variations of particle fluctuations, as discussed in
the next sections.

3.2. Particle trajectories

Fig. 4 shows particle trajectories recorded at three different
concentrations. The left panel of the figure shows the trajecto- 
ries projection in the horizontal ( x,y ) plane of the column, while
the right panel displays the projections in the vertical ( x,z ) plane.
For moderate solid fractions ( < αp > = 0.14 and < αp > = 0.20) the
particle path was observed to span the whole bed volume with- 
out exhibiting clear coherent structures. At larger solid fractions, a
toroidal structure was observed in the lower part of the bed, along
with a corresponding increase of the low frequency fluctuations.
The origin of this steady structure has not been clarified yet. One
possible explanation could be that due to a wall effect: a slip ve- 
locity difference between the middle and the near-wall region de- 
velops in the entry section, resulting in a solid fraction horizontal
gradient. This solid fraction gradient would then induce a horizon- 
tal pressure gradient that would generate this recirculation pattern.
But such a mechanism needs a more in depth analysis, which is
beyond the scope of this paper.

Fig. 5 shows a comparison between the particle trajectories of
the vertical column and the tilted one, corresponding to the ( x,z ),
( y,z ) and ( x,y ) planes for a solid fraction of < αp > = 0.30. In the
tilted column case (for that concentration) a well-defined recircu- 
lation loop in the ( y,z ) plane was observed, where the tracer par- 
ticle trajectory forms an annulus. For the same case, in the ( x,z )
plane the particle path spans across the whole column volume

without any preferential motion of the dispersed phase. Inclina- 
tion induces a buoyancy force component normal to the wall; how- 
ever, the counterbalance of this force cannot be readily identified if
there are no significant changes in concentration or velocity. There- 
fore, this small imbalance may generate a radial drift velocity at
the scale of each particle. Now as this drift velocity is likely to in- 
duce a radial concentration gradient, collective effects (such as a
radial apparent density gradient) are probably driving the recircu- 
lating motion at the bed scale that is observed on trajectory pat- 
terns (similar in that sense to the so-called Boycott effect).

3.3. Test of homogeneity

In order to characterize fluidisation homogeneity, for each
mean fluidisation velocity studied, the spatial distribution of up- 
ward and downward particle motion was analyzed in four dis- 
tinct cross sections S i , ( i = 1 to 4) regularly distributed along
the bed height (0 ≤ z S 1 ≤0.25 h b ; 0.25 h b < z S 2 ≤0.50 h b ; 0.50 h b <
z S3 ≤0.75 h b ; 0.75 h b < z S 4 ≤ h b ), as schematized in Fig. 6 .

Fig. 7 shows the velocity sign distributions following particles
trajectories in each test section S i , for a global solid fraction of 0.3.
Both aligned (left column) and tilted (right column) cases are dis- 
played in this figure. The direction of the motion is indicated with
a cross symbol if the particle moved downwards or a circle if it
moved upwards as it crossed the plane S i . For the vertically aligned
case the signature of an axisymmetric toroidal motion at the low- 
ermost part of the bed can be identified, with a preferential con- 
centration of ascending velocities at the center of the bed cross- 
section, and descending velocity in the near-wall region. In the up- 
permost section, the distribution appears homogeneous over the
cross-section. For the tilted case there is a preferential motion in
all test sections, which consists of a large-scale recirculation over
the whole bed volume, where the particle tends to rise in one half- 
section in Fig. 7 -(ii), and to descend in the other one. Note that this
motion is quite parallel to the ( y,z ) plane as expected. These plots
clearly demonstrate the effect of the tilt on the particle motion in
the fluidized bed.

In order to quantify homogeneity in the cylindrical geometry,
the (circular) cross-section S i was divided into 12 sectors of 30 °
each in the angular direction. The probability of particle crossing in
a particular sector j with ascending vertical motion was calculated
as:

ϕ up , j =
n up , j
n j

(4)



Fig. 4. Particle trajectories projection for the vertically aligned case at a) < αp > = 0.14, b) < αp > = 0.20 and c) <αp > = 0.40: left and right columns correspond to the
horizontal ( x,y ) and vertical ( x,z ) planes, respectively. 

with n j the total number of particle crossing in sector j . This prob- 
ability is mutually exclusive with respect to its counterpart (down- 
wards crossing) ϕdown , j . A perfectly homogeneous column would
attain a value of ϕ up, j = 0 . 5 for all sectors ( j = 1 to 12 in this case),
which in a polar representations would give a circle of radius ½.
Figs. 8 and 9 show this type of representation, for the case of the

aligned and tilted columns, respectively. The dotted circle has ra- 
dius r = 0.5, for comparison.

Fig. 8 shows an angular distribution close to homogeneous for
S 4 , while there seems to be more downwards moving particles for
S 1 . There are small deviations from ½ for S 2 and S 3 . Fig. 9 shows
the distribution ϕup , j for the tilted column. It can be observed that



Fig. 5. Particle trajectories projection at < αp > = 0.30 in a) ( x,z ) plane; b) ( y,z ) plane; c) ( x,y ) plane. Left and right columns correspond to the aligned and tilted cases,
respectively. 

the distribution is close to the center for the first three sectors, and
more homogeneous in S 4 . However there is still a trend, showing
ϕup , j > 0.5 in the second quadrant, with values below 0.5 for the
third and fourth quadrants (values closer to one mean that more
particles move upwards, consistent with Fig. 7 (ii)). If the particles
were less dense than the liquid, the particles would descend (in
average) on the first and third quadrants.

Another way to represent Figs. 8 and 9 is to plot the angu- 
lar standard deviation of ϕup , j in each sector for the vertical and
tilted cases. This quantity is plotted along bed height in Fig. 10 for

the vertical and tilted cases. An increase by a factor close to 3 or
4 of the reference values in the vertical case can be observed in
the tilted case. Note there is a correspondence between the four
points in Figs. 10 and 9 for S 1 , S 2 , S 3 and S 4 . The more heteroge- 
neous distribution of the vertical velocity component was observed
at S 2 and S 3 , where the value of ϕup,j is very small in the 3rd
and 4th quadrants, indicating downwards vertical motion in these
quadrants. The most homogeneous section was S 4 , consistent with
Fig. 9 , where ϕup,j is close to 0.5 in the 3rd and 4th quadrants.
Note that these data is for <αp > = 0.3.



s1

s2

s3

1hb

s4

0.75hb

0.50hb

0.25hb

Fig. 6. Bed test cross sections S 1 , S 2 , S 3 and S 4. .

Consequences of column tilt-induced flow inhomogeneities
upon particle agitation are examined in what follows, by comput- 
ing the particles velocity variance and self-diffusion coefficient and
comparing their intensities with those of the aligned case.

3.4. Effect of column tilting on particle velocity variance

The variance of the i th particle velocity component in the bed
is computed as:
〈

u′ 2
pi 

〉

= 

〈

(

u pi ( t , x ( t ) ) −
〈

u pi 
〉)2 

〉

(6)

where u pi ( t , x ( t )) is the instantaneous velocity i -component follow- 
ing particle trajectory x ( t ), and the bracket symbol denotes here
the average of particle velocity i th-component over all trajectories
(equivalent to an ensemble average operator). Note that 〈 u pi 〉 is
close to zero, the average particle velocity in the bed being zero for
a steady fluidized bed (so u ′ pi is very close to u pi ). In Fig. 11 , the
variance of each velocity component is reported as a function of
global solid fraction, in both homogeneous (vertically aligned) and
inhomogeneous (tilted) cases. In both cases, particle agitation is
strongly anisotropic as expected in gravity-driven two-phase flows.

In the homogeneous case, the axial component of particle ve- 
locity variance ( z -component) being about 2 times larger than the
components in the horizontal plane ( x,y ) for all concentrations.
Particle velocity variance is a continuously decreasing function in
the range of concentration investigated [0.14–0.5], with a probable
maximum lying in the range [0–0.14].

In the non-homogeneous case, the evolution of the axial ve- 
locity variance is quite different compared to the homogeneous
case, mainly in the range of solid fraction [0.3–0.4]. At the low- 
est concentration ( < αp > = 0.14), the axial velocity variance is
smaller than in the homogeneous case, then abruptly increases up
to a maximum at < αp > = 0.3, then strongly decreases between
< αp > = 0.3 and 0.5. This evolution results from the progressive
development of the large-scale loop induced by the column tilt
as the particle concentration increases. In the horizontal plane,
particle velocity variance is a continuous decreasing function of
solid fraction, slightly below the homogeneous case values in the
range [0.14–0.3] with a similar behavior at higher concentration
( < αp > = 0.5).

Table 2 reports the relative difference between the particle ve- 
locity component variances for the homogeneous (noted 〈 u ′ 2 

pi 〉 H )

and non-homogenous (noted 〈 u ′ 2
pi 〉 H ) fluidisation cases, measured

Table 2. 

Relative difference δu p i of 〈 u ′ 2 pi 〉 H between homogeneous and inho- 
mogeneous cases. 

<αp > δu x δu y δu z 

0 .14 0 .12 0 .22 0 .15 
0 .2 0 .10 0 .16 −0 .015
0 .3 0 .20 0 .08 −0 .59
0 .4 0 .18 −0 .04 −0 .6
0 .5 −0 .08 −0 .1 0 .09

at five different global solid fractions 〈 αp 〉 , and defined as:

δu pi = 1 −

〈

u′ 2
pi 

〉

nH 
〈

u ′ 2pi 
〉

H 

(7)

Positive values of δu pi indicate that the i th-component velocity
variance in the non-homogeneous case is smaller than that of the
homogeneous case whereas negative values of δu pi reveal the op- 
posite trend. Note that in the homogeneous case, the velocity vari- 
ance in x and y -direction should be equal. The relative difference
between these values is in average of the order of 0.05 for all con- 
centrations, so the relative difference between non-homogeneous
and homogeneous case is considered as significant when its value
exceeds 0.1. Large negative values are observed for the axial com- 
ponents of the variance, reaching δu pz = 0.6 at < αp > = 0.3 and
0.4, which confirms the predominance of large-scale motions in
that range of concentration. In the horizontal ( x,y ) plane, the rel- 
ative difference is smaller than in the homogeneous case when
< αp > ≤ 0.3. At the highest concentration ( < αp > = 0.5), the dif- 
ference becomes slightly negative.

If, in the non-homogeneous case, particles are globally accel- 
erated in the vertical direction by a large scale motion induced
by collective effects, then it can be understood that velocity fluc- 
tuations in the transverse directions will diminish in the ascen- 
dant and descendant parts of the loop, and increase in the hori- 
zontal part. In average, the transverse component variance will de- 
crease, probably because the weight of the ascending and descend- 
ing parts is stronger than that in the horizontal plane. At high con- 
centration (0.5), the sign of the criterion is reversed, likely due to
an aspect ratio effect (in this case, the height of the bed is indeed
close to the column diameter). In the range [0.14, 0.2], the concen- 
tration seem to be too small to induce a large recirculation loop
in the bed, but a non-zero transverse component of buoyancy still
exists and is able to damp in the horizontal plane the fluctuating
motion of particles produced by the mean drag force.

3.4. Effect of column tilting on particle diffusion coefficient

Particle diffusion coefficient is determined from the computa- 
tion of Lagrangian velocity autocorrelation coefficient, defined for
each velocity component u pi as:

R ii ( t ) =

〈

u pi ( τ ) u pi ( τ + t ) 
〉

〈

u 2
pi ( τ ) 

〉 (8)

In the range of global solid fraction investigated, particle La- 
grangian velocity decorrelates within a time interval smaller than
4 seconds, as illustrated in Fig. 12 . The curves in such figure can
be fitted to a decaying exponential of the form R ii (t) = exp( -bt );
The fitted curve has an exponent b = 5.541 s −1 (with R square of
0.990) for the z component, while for the x and y components it
gives b = 11.15 s −1 (with R square of 0.987). The time integration
of the autocorrelation coefficient over this time interval gives the
Lagrangian integral time scale for each component:

T Lii =
T max 
∫ 
0 
R ii ( t ) dt (9)



Fig. 7. Projection of trajectories in test sections S i for < αp > = 0.30 a) S 1 ; b) S 2 ; c) S 3 ; d) S 4 ; in the case of i) aligned case and ii) tilted case. Symbols (o) and ( + ) indicate
the directions (ascending and descending, respectively). < αp > = 0.3.

Fig. 8. Homogeneity analysis in terms of particle crossing moving upwards ϕup , j , for different cross sections Si, for the aligned column. < αp > = 0.3.



Fig. 9. Homogeneity analysis in terms of particle crossing moving upwards ϕup , j , for different cross sections S i , for the tilted column.

Fig. 10. Evolution of the standard deviation of ϕup , j as a function of the normalized 
bed height, z/hb . 

The diffusion coefficient in each direction is then given by:

D ii =
〈

u 2 pi ( t ) 
〉

T Lii (10)

It is then clear from plots of Figs. 11 and 12 that the diffusion
in the vertical direction z is stronger than that of the transverse
plane ( x,y ), resulting from both a larger decorrelation time and a
larger velocity variance in z -direction than in x and y -directions.

Diffusion coefficients in transverse ( D xx and D yy ) and vertical
( D zz ) directions as a function of global solid fraction are plotted
in Fig. 13 , for both homogeneous and non-homogeneous cases. In

Fig. 11. Variance of particle velocity component as a function of <αp > . Comparison
between homogeneous (vertically aligned) and non-homogeneous (tilted column). 

both cases as expected, particle diffusion is strongly anisotropic,
the diffusion in z -direction being an order of magnitude larger
than that in x and y -directions at all solid fractions. In the homo- 
geneous case, the diffusion coefficient is a decreasing function of
solid fraction but exhibits a slight maximum around <αp > = 0.2
(open symbols in Fig. 13 ) for the three components. As for the
evolution of particle axial velocity variance with solid fraction ( Fig.
11 ), this maximum is around <αp > = 0.3 in the non-homogeneous
case, and maximum differences with the homogeneous case are



Fig. 12. Particle Lagrangian velocity autocorrelation coefficient versus time for 
< αp > = 0.3. Homogeneous case. ( ο) z, ( 1) y and (—) x components.

Fig. 13. Particle diffusion coefficient D ii in 3 directions ( D zz , D yy and D xx ). Compari- 
son between homogeneous (open symbols) and non-homogeneous (filled symbols) 
cases. 

Table 3. 

Relative difference δD ii between homo- 
geneous and inhomogeneous cases. 

<αp > δD xx δD yy δD zz 

0 .14 0 .17 0 .10 −0 .05
0 .2 0 .02 0 .06 −0 .07
0 .3 −0 .07 −0 .23 −2 .62
0 .4 −0 .07 −0 .75 −2 .14
0 .5 −0 .02 0 .14 0 .07

observed in the same range of 〈 αp 〉 , between 0.3 and 0.4. Maxi- 
mum relative differences are reached for the z -component in that
range of concentration, due to the development of a large recircu- 
lation pattern evidenced by the trajectories envelope displayed in
Fig. 5 .

Relative differences δD ii = 1- D iinH /D iiH are reported in Table 3 for
all solid fraction investigated. At lower concentration ( < αp > = 0.1
and 0.2), differences between both cases are not significant in the
vertical direction, suggesting that the large-scale coherent struc- 
ture is not fully developed, probably due to a too small apparent
density-induced collective effect. However, at the lowest concen- 
tration, the effect of the tilt is to decrease the diffusivity of parti- 
cles in the horizontal plane. At high concentration ( < αp > = 0.5),

this coherent motion of particles is damped probably due to the
bed aspect ratio (height of the bed compares with column diam- 
eter in that case) and the differences between the two cases are
also negligible. The maximum difference is reached in the range
of concentration 0.3–0.4, the diffusion coefficient in z -direction be- 
ing more than 2 times larger in the non-homogeneous (tilted col- 
umn) case than in the homogeneous (vertically aligned column)
case. Note also that in that range of concentration, the diffusion
in the ( x,y ) plane is not isotropic due to the fact that the plane of
inclination is the ( y,z ) plane, and the relative difference of diffu- 
sion coefficient in the y -direction is larger than that observed in
the x -direction. In the tilted case, the transverse component vari- 
ance is very close to the value obtained in the vertical case. It was
also shown previously that the velocity fluctuation in the horizon- 
tal plane was the correct scaling velocity for collisions ( Aguilar-
Corona et al., 2011 ); or in other words, the horizontal fluctua- 
tions determined the uncorrelated motion of the particles (not only
Gaussian but also Maxwellian, hence isotropic). As a result, tilt- 
ing the column does not significantly affect the velocity variance
(hence the pdf) of the uncorrelated part of particles motion. In re- 
turn, as shown by our measurements, the diffusive motion in the
y -direction is slightly affected by the column tilt. Therefore, the
decorrelation time is increased by the tilt due to the small grav- 
ity component normal to the wall.

It can be concluded that when a recirculation loop develops in
the whole bed volume, it mainly contributes to the increase of par- 
ticle velocity fluctuations in the vertical direction and also in the
decorrelation time, leading to a significant increase of particle dif- 
fusivity in that direction. In this range of high particle Reynolds
and finite Stokes numbers, the vertical alignment of the fluidisa- 
tion column is an important criterion regarding the validation of
numerical methods in concentrated two-phase flows. The present
experiments have been carried out in a liquid fluidized bed where
the agitation of fluid, and consequently that of particles, is mainly
induced by wake effects (also referred to as pseudo-turbulence).
Note that this situation is quite different from gas-solid fluidisa- 
tion where as general case, particle agitation is driven by the tur- 
bulence of the continuous phase, modulated by particle inertia and
finite size effects. In the latter case, the effect of a small tilt of the
column would probably not be the same, because of the turbulent
large-scale induced intense mixing that would prevent the devel- 
opment of coherent structures at the bed scale. Hence, this situa- 
tion is particular to gravity driven dispersed flow at high concen- 
tration for which proper turbulence of the carrying phase remains
small compared to that induced by wake effects.

4. Conclusions

In this work, we carried out an experimental investigation
of the 3-D particle fluctuating motion in a liquid fluidized bed
and compare two different situations: a homogeneous fluidisation
regime (homogeneous feeding in the entry section and carefully
vertically aligned bed) and a non-homogeneous fluidisation regime
resulting from a small tilt (0.3 °) of the fluidisation column with the
vertical.

The bed expansion is not modified significantly by the tilt, as
a result of momentum conservation averaged in the bed volume,
which at first order balances the buoyancy force and the drag force
based on averaged slip velocity. In turn, we show that the particle
trajectories in the bed are strongly modified, shifting from an over- 
all uniformly distributed random motion in the bed with axisym- 
metric toroidal structure in the bottom part, to large-scale recircu- 
lation patterns in a given range of bed expansion (solid fraction).
As a consequence, the particle velocity variance and self-diffusion
coefficient are significantly affected by the tilt in vertical direction.
In particular, it is shown that the change observed on these quan- 



tities depends on the fluidisation velocity and that the maximum
variation occurs for solid fractions ranging between 0.3 and 0.4. It
is also possible, although not investigated in this study, that the
particle velocity fluctuations depend also on the particle inertia
(Stokes number). These results are relevant when comparisons be- 
tween experiments and numerical simulations are conducted at an
industrial scale. If the experiment is not accurately aligned with
the vertical, mixing of passive scalar and/or the transport of mass
or heat could be significantly affected by the non-homogeneous
state of fluidisation. It is also clear from the results presented in
this work that the three dimensional character of the fluctuating
motion has to be taken into account when comparing with the nu- 
merical simulations and models.

This investigation showed evidence of large sensitivity to very
small misalignments with respect to the vertical in fluidized beds.
The implications of such an effect are very important when de- 
signing a model experiments for the validation of numerical simu- 
lations.
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