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Abstract

The dynamics and structure of a fluidized bed in inclined columns
are investigated experimentally. Experiments were conducted in a glass
column of L/D = 150, and diameter of 2.78 cm, which can be positioned
in the whole range of inclination angles, from horizontal to vertical.
The fluidizing agent is water and the grain material is particles of
different densities and characteristic diameters. Measurements of the
pressure loss, flow rate of the fluidizing agent and fluidized bed position
and height are carried out. Particle flow patterns were visualized using
a digital camera. The expansion process of the fluidized bed depends
strongly on the inclination angle. Consequently the critical velocity for
the bed escape varies with the column inclination angle and exhibits a
maximum at about 45˚.

1 Introduction

Many important processes occur under conditions of fluidization in vertical
inclined ducts. Such processes include refining from the sulfur and hydro-
cracking of oil fractions, hydrogenization of coal for production of fuel oil,
refining of sewage, processes of oil-extraction, washing the grains in a sand
cork formed during oil production processes (Yakubov, 1990) and cooling
systems of nuclear power plants.
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Previous investigations of a fluidized bed in vertical ducts are reported
in [1—5]. These works were mainly focused on two-phase, solid-air flows in
large duct diameters. Literature survey indicates that in spite of its practical
importance, very few studies have been reported on fluidized bed in inclined
pipes. O’Dea et al. [6] studied beds inclined at angles between 45 and
90 degrees to the horizontal using 4 different types of powders and air as
the fluidizing medium. Flow regimes and transition condition have been
identified experimentally and verified by a theoretical model. Hudson et al.
[7] who studied liquid-solid beds, investigated small inclinations of only up
to 10 degrees from the vertical. They measured local holdup and circulation
pattern of the liquid and solid phases, and developed a simple model that
predicted the solid circulation pattern.

The hydro-transportation in horizontal and slightly inclined pipes was
considered in [8—10]. Doron et al. [8] studied the effect of inclination on the
characteristics of the bed formed in horizontal and slightly inclined tubes
(up to 7˚). They reported a considerable effect of the inclination on the flow
characteristics, even for the relatively small angles considered in their study.
Ercolani et al. [9] studied experimentally the solid bed formation mechanism
during shutdown in the elbow of inclined slurry pipeline sections. Inclination
elbow angles of up to 30˚, with the same elbow curvature, were considered.
In particular, they measured the solid bed profile and studied the effect
of elbow position on this profile. Sarkar et al. [10] studied the flow of
solid particles from a vertical fluidized bed to a receiving vessel through an
inclined downward pipe. They investigated the effects of the connecting pipe
length, diameter, inclination angle and fluidizing agent velocity on the flow
rate of solid particles from the fluidized bed to the receiving vessel. Hutter &
Scheiwiller [11] carried out a numerical study of the downward granular flow
in an inclined channel. They obtained the particle velocity profile assuming
a smooth boundary condition at the channel wall. Masliyah et al. [12]
studied the enhancement of separation of light and heavy particles from
suspensions using inclined channels. They observed that at a fixed set of
operating conditions, the increase of the off-vertical inclination results in a
greater degree of separation. A relatively short channel of 0.4m long was
used, thereby limiting the study to the stage of fluid filtration through the
particles.

The results of the above studies indicate a considerable effect of tube
inclination angle on fluid-particle interactions and the resulting flow char-
acteristics. In many practical applications and industrial processes, the use
of a fluidized bed in inclined pipes is considered, owing to the belief that
inclined pipes tend to give higher solid circulation rate in the bed and less
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instability problems [13]. It is noted that in this work the term “fluidized
bed” refers to vertical, inclined or horizontal two-phase flow, in which par-
ticles are not transported away with the liquid, but kept within the system.
For example, such systems may be realized in oil exploitation processes.
This is a somewhat more general definition than the usual one, which refers
to systems where a maximal contact area between particles and liquid is
required (e.g. vertical fluidized beds in reactors, etc.).

This paper presents the results of an experimental investigation of the
fluidization processes and the onset of hydro-transport of solid particles in
upward inclined pipes. The study had two major goals: the first is to
investigate experimentally the effect of the pipe inclination angle and the
flow rate of the fluidizing agent on the structure and stability of the fluidized
bed, and on the associated flow characteristics in upward inclined pipes.
The second is to study the effect of particle density, diameter and initial
bed height on the above processes.

2 Experimental setup and procedures

2.1 The apparatus

A schematic description of the experimental setup is shown in Fig. 1. Exper-
iments were conducted in a column of L = 420 cm. The column was a glass
pipe of diameter D = 2.78 cm. In the following, the numbers in parentheses
indicate the item number in Fig. 1. The transparent glass pipe (1) allowed
the visualization and recording of the flow and transport processes during
the experiment. The pipe could be positioned at inclination angles in the
whole range from horizontal to vertical, i.e., α = 0˚ - 90˚. Thus vertical,
horizontal and inclined fluidized beds could be studied. The position of the
pipe was set by a motorized system (8). The pipe was equipped with inner
circular nets, embedded at its top exit and bottom inlet, to prevent the
escape of particles from the pipe. A scale (2) was attached along the pipe
to facilitate the measurements of the instantaneous fluidized bed position
and height. The accuracy of this measurement was estimated as ± 0.5 cm.
A water tank (6) and a pump (5) were used to circulate the working fluid
(water) through the pipe. This facility also allows experiments on air-water
(three-phase) fluidized bed processes (not reported here).
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Figure 1: A schematic description of the experimental apparatus with the
long pipe.

Four electronic pressure transducers (3) (manufactured by STS, Sirnach,
Switzerland) were installed to measure the pressure at four locations along
the pipe at distances of 0 (P1), 105 (P2), 265 (P3) and 420 (P4) cm from
the pipe inlet. The respective measurement ranges of the pressure trans-
ducers were 0-1000, 0-600, 0-600 and 0-250 mbar. The error in the pressure
measurements was estimated as ±1 mbar. The output of the pressure trans-
ducers was monitored by digital gauges (9) and was recorded by an interface
(10) to a PC (11).

The flow rate was measured by two flow meters (4). One flow meter was
an electronic rotameter (manufactured by Kobold, Germany) with a range
of 0 to 12 l/min and an error of ±0.015 l/min. The second flow meter was
a commercial cumulative meter (METERS) with an error of ±0.1 l/min. 3
digital cameras (7) connected to a PC recorded the particle flow patterns
and the structure and height of the fluidized bed at different positions along
the pipe. To improve the output of the cameras, the pipe was illuminated
by a white light source in both facilities.

The column allowed the investigation of the fluidization process of the
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grain material by one-phase medium (liquid). In all the experiments re-
ported in this study, the working fluid was water. In most of the experi-
ments, the grain material was small particles of silica gel, with a character-
istic diameter of 3.2 mm, and a density of 1.25 gr/cm3. Experiments were
also carried out to study the effect of particle diameter, concentration and
density on the fluidization process. For that purpose, particles of the same
density (1.25 g/cm3) and three different diameters, 1.5, 2.5 and 3.2 mm,
were used. The effect of the density was investigated by using two types of
particles of nearly the same diameter, 1.2-1.4 mm and 1.5 mm, and densities
of 2.65 and 1.25 g/cm3 respectively.

Several types of experiments were carried out in this study. The critical
flow rate for the bed escape as a function of inclination angle was investi-
gated under various operating conditions: different average concentration of
particles in the pipe and different particle density and diameter at a given
flow rate

2.2 Experimental procedures

To start an experiment, a certain amount of particles was introduced into
the pipe, at a vertical position. The concentration (amount) of particles is
designated as the initial height of particles in the vertical pipe without flow.
Then, the pipe was positioned at the prescribed inclination. To study the
effect of the concentration of particles on the fluidization process, experi-
ments were carried out with six different amounts of particles in the pipe,
corresponding to H0, the initial height of the particles measured from the
pipe bottom when the pipe is at a vertical position.

The physical conditions of the experimental study are summarized in
Table 1.

Parameter (units) Values or range of values
Column diameter (cm) 2.78
Column length (m) 4.2
Particle diameter (mm) 1.5, 2.5, 3.2
Particle density (kg m−3) 1.25, 2.65
Flow rate (liter min−1) 0-12
Initial bed height (m) 0.025, 0.125,0.25, 0.35, 0.45, 0.6
Inclination angle (deg) 0 (horizontal) — 90 (vertical)

Table 1: Summary of the experimental conditions.
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Each experiment began at a low flow rate of the fluidizing liquid (water).
This flow rate was then increased to a higher value in order to follow the
evolution of the fluidized bed and the pressure drop as a function of the wa-
ter flow rate. After each adjustment of the flow rate the system was allowed
to operate between 0.5 to 1.5 hr to reach steady state. The fluidized bed ex-
panded with increasing the flow rate. Each experiment was terminated when
the bed accumulated at the column’s upper edge. At this critical flow rate
bed escape commenced and it indicated transition to hydro-transportation
regime, which was outside the scope of this research.

The experiments were performed over the whole range of inclination
angles: from a horizontal to a vertical position of the pipe. Each experiment
was conducted twice. First, the flow rate was increased from zero up to
the maximal value associated with the bed escape; then the experiment
was repeated by decreasing the flow rate back to zero. The pressure drop,
flow rate and fluidized bed height were recorded several times at each point
in both directions and were found to be identical within the error limits,
regardless of the direction of the experiment. Hence, in the results presented
below, each data point represents at least 2-3 measurements at a specified
physical condition.

3 Results and discussion

3.1 The dynamics of the fluidized bed — visual observations

Visual observations suggest that the fluidization process and the bed escape
are qualitatively different in horizontal and slightly upward inclined column
(∆α1= 0-20), inclined columns (∆α2= 20 — 85) and in vertical or off vertical
inclined columns (∆α3= 85-90).

Figure 2 shows schematically the fluidized bed in vertical and inclined
columns. Figures 3 and 4 show photographs of the bed structure in the
different ranges of inclination angles. In Fig. 5 the bed height and structure
are illustrated schematically for an initial bed of 35 cm height in columns
with inclination angles of 0˚, 20˚, 40˚, 70˚, 80˚ and 90˚, in the long pipe
facility. In these graphs (Fig. 5) the vertical axis is the height along the
pipe, while the horizontal axis represents the flow rate. In these experiments
the flow rate was gradually increased from zero up to the escape flow rate
associated with each inclination angle, and the bed was allowed to develop
for a period of at least 1 hr at each flow rate.
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Figure 2: A schematic description of the development of the fluidized bed
in vertical and inclined columns.

Figure 3: Visualization of the fluidized bed at near horizontal pipes; α =
20˚, Q = 5.5 l/min.
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Figure 4: Visualization of the fluidized bed at inclined pipes. Groups of
particles are disintegrated from the main bed.

The present experimental study suggests that the whole process of devel-
opment of the fluidized bed can be roughly divided into four modes related
to the flow rate of the fluidizing agent. The corresponding pressure drop
is shown in Fig. 6. The following categorization, originally suggested for
vertical columns, is relevant also to off-vertical and inclined pipes.

Mode I - filtration of the fluidizing agent through the motionless bed of
particles. (Fig. 2a). In this region the pressure drop increases linearly with
the flow rate (Fig. 6, region AB)

Mode II - initiation of fluidization and its development, or what is called
the first fluidization region, where the value of the pressure drop does not
depend on the fluidizing agent velocity. (Fig. 2b1 & 2b2, Fig. 6, region
BC). This mode can be observed in vertical (90˚) and near-vertical (e.g.,
85˚) inclination angles and is characterized by a decrease of the particle
concentration with the bed height.
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Figure 5: A schematic illustration of the average location of groups of par-
ticles in the column at different flow rates and inclination angles of (a) 90˚;
(b) 80˚; (c) 70˚; (d) 40˚; (e) 20˚; (f) 2.5˚. Each line segment represents
the location of particles along the pipe. The space between line segments
represents water free of particles. (See a schematic observation in Fig. 2b2
and the photograph of Fig. 4)
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Mode III - further increase of the flow rate leads the system to the sec-
ond fluidization region (Fig. 2b1 & 2b2), where increasing the velocity of the
fluidizing medium is accompanied by an increased pressure drop (see Fig. 6
region CD). Some investigators (Leva, 1959) interpreted these phenomena
as a sort of deviation from the theory. Particle motion in recirculation cells
could be observed with cell dimension between 10 and 20 cm. In the first
fluidization region (Mode II) the cell dimension was between 5 and 10 cm.
However, visual observations suggest that in Mode III the expanding bed
reaches the column edge; redistribution of the particle concentration pro-
file in the fluidized bed takes place whereby the concentration of particles
increases downstream, resulting in a higher in-situ fluid velocity and con-
sequently an increased pressure loss. Mode III is terminated as the whole
bed accumulates at the column top. This flow rate is herein denoted as the
critical flow rate for the escape of the bed and transition to particle hydro-
transportation regime. This is the start of Mode IV, hydro-transportation,
which is beyond the scope of this study.

Figure 6: The dynamic pressure drop as a function of the flow rate.

In the extreme cases of nearly horizontal columns (∆α1), the process of
mass transfer is similar to that in a horizontal pipe (Doron et al. [8]. At the
range ∆α1, where the pipe is close to horizontal, particles are observed to
be displaced upwards above a motionless layer of particles deposited along
the lower pipe wall. As the fluid velocity is increased a motion of particles

10



forming a wavy pattern (dunes) over a motionless bed is observed, as shown
in Fig. 3. The bed appears to creep upwards with its lower edge detached
from the bottom of the pipe, forming a lower region of clear water which
extends up to a distance of H’ (Fig. 2b and 5). With a further increase of the
fluid velocity the system approaches the stage where particles are detached
from the top of the bed and reach the upper column edge. At this point a
minute increase of the fluid flow rate results in accumulation of the entire
bed at the upper edge of the tube.

The behavior is changed when the pipe inclination increases, α >20˚.
In inclined columns, the concentration of particles near the lower wall of the
pipe is still greater than at the upper part, i.e., the density over the cross
section decreases from the lower pipe wall. However, circulation of particles
in the bed is observed with upward motion of the particles at the fluid/bed
interface and downward motion of particles near the lower pipe wall.

With increasing the fluid flow rate the fluidized bed starts to be divided
into groups of particles. A process of disintegration of the initial bed takes
place whereby groups of particles separate from the bed, to form secondary
beds (Fig. 4 and Figs. 5b, c, d). General observation suggests that the
disintegration process continues and the number of fluidized beds increases
with the flow rate. For example we consider in some detail the process at 80˚
(Fig. 5b). Up to a flow rate of 2 l/min, only one fluidized bed is observed,
while at the flow rate of 3 l/min another bed starts above the lower one.
The thickness of the secondary bed just formed is initially very small but it
increases with the flow rate as observed at 3.5 l/min, where another bed (3rd

bed) starts to form. The separation process is continued until the flow rate
of 6 l/min, at which six fluidized beds can be observed. Each bed behaves
like an isolated fluidized bed and is characterized by a flow structure and
fluidized bed concentration similar to that of the continuous fluidized bed
at nearly vertical columns. This phenomenon was not observed in a vertical
pipe (see Fig. 5a).

The periodic structure of the secondary beds resembles a particle con-
centration wave with a characteristic wavelength, which depends on the
column inclination and fluid flow rate. With increasing the fluid flow rate,
this wave propagates upwards until it reaches the column’s edge. At this
point a minute increase of the fluid flow rate results in the escape of the
whole bed towards the upper pipe edge as observed at the flow rate of 6.2
l/min (Fig. 5b). At this stage the experiment is terminated.

This sequence of events suggests that the bed escape is associated with
the blockage of the concentration wave front. As such, the critical fluid ve-
locity for the bed escape appears to be dependent on the column’s length.
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However, preliminary experiments carried out in a shorter column (2.4 m
long, not reported here) suggest a similar evolution process of the bed struc-
ture with a moderate effect of the column’s length on the critical escape
velocity for these two tested lengths.

3.2 The dynamics of the fluidized bed - quantitative results

3.2.1 The dynamic pressure drop

The dynamic pressure drop along the pipe as a function of the flow rate is
shown in Fig. 6, for H0=0.35 m and four different inclination angles. This
pressure drop is obtained by measuring the total pressure difference between
the pipe inlet and outlet (P1−P4) and subtracting the hydrostatic pressure
head measured without flow (Q= 0).

The results represent some important characteristics of the fluidized bed.
For example, for α = 80˚, the range A-B represents the stage of filtration
through the motionless layer. The range B-C corresponds to the first stage
of fluidization at which ∆P is nearly independent of the flow rate. As the
inclination angle decreases, the range of the first fluidization stage becomes
longer (in terms of the flow rate). This is observed in Fig. 6 where for 80˚
this stage (B-C) is longer than the corresponding stage for 90˚. At 45˚
(and 30˚, data not shown) the first fluidization stage is very long but at
lower inclinations (e.g., 20˚) it is difficult to identify this region.

Over the second fluidization region, the pressure loss increases with the
flow rate, as shown in Fig. 6 (C-D). At this stage, the concentration of par-
ticles and the concentration of the fluidized bed increase downstream with
height. The particles appear to make a large-scale motion with a variable
orbit. This behavior is associated with the blockage of the concentration
wave and conditions for the onset of bed escape are approached.

3.2.2 The fluidized bed height

In Figure 7 the variations of the dimensionless height of the fluidized bed
with the water flow rate are shown. The fluidized bed height is defined as
∆H = H 1−H0 where H1 is the height of the upper edge of the (uppermost
secondary) bed (Fig. 2a).
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Figure 7: The height change of the fluidized bed normalized by the initial
bed height, as a function of the flow rate, for 7 different inclination angles.

Figure 8: The critical flow rate for bed escape as a function of the inclination
angle for different initial heights of the bed, H0.
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In Fig. 7 the bed height is normalized with respect to the initial bed
height, H0. For a vertical pipe (90˚pghe shape of the curve is similar
to Davidson (1985) and Leva (1959). The figure shows that the flow rate
required for reaching a certain value of ∆H /H0, increases as the inclination
angle is reduced from 90˚ down to about 40˚. As the inclination is reduced
further below 40˚, the required flow rate starts decreasing again. This
finding is related to the critical escape flow rate discussed below with respect
to Fig. 8.

3.2.3 The escape flow rate

The critical water velocity or flow rate for the onset of the bed escape is a
key parameter for characterizing the stability of the bed. This critical flow
rate is shown in Fig. 8 as a function of the pipe inclination angle for 4 out
of the 6 initial heights of the particles, H0. As H0 increases from 0.025 to
0.6 m, the critical flow rate reduces for all inclinations, but the effect is most
pronounced in inclination range α = 20˚ - 70˚. This result implies that a
shorter initial bed can remain stable over a wider range of fluid flow rates. It
is observed that at all values of H0, the critical flow rate reaches a maximum
value at inclination of about 45˚. For example, at H0 = 0.35 m and α =
45˚ the critical flow rate is nearly twice its value at 90˚. Furthermore, when
the inclination angle changed from about 45˚ to 0˚, the critical flow rate
for the bed escape decreased by about 30%. It is interesting to note that
the critical flow rate for nearly horizontal pipes (∼5˚) is always larger than
that obtained for vertical pipes (90˚). It is noteworthy that preliminary
experiments conducted in a shorter tube (2.4 m long, results not shown)
provided essentially similar results to those obtained in Fig. 8. Thus, it
appears that within this range of lengths, the column’s length has no effect
on the escape flow rate.

The above variation of the critical flow rate with the inclination an-
gle implies that the slippage between the water and particles is maximal
at inclination of about 45˚. In inclined pipes, the normal component of
the gravitational force enhances segregation between the heavier and lighter
phases over the flow cross-section. The axial gravitational component inten-
sifies the slip velocity, between a particle and the continuous phase, in the
axial direction. Both components enhance the slippage between the phases.
The combined effect is maximal at some off-vertical inclination, which is ob-
served to be at about 45˚ in this study. It is interesting to note that hold-up
measurements in oil-water flows in upward inclined pipes also indicate that
the maximal deviation from the no-slip model is obtained for inclination of
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Figure 9: The effect of the initial bed height (particle concentration) on the
critical flow rate for the bed escape. H0 =0.35 m.

about 45˚ [14]. This implies that also in liquid-liquid systems, the slippage
between the heavier and lighter phases is maximal at about 45˚.

Fig. 9 shows the effect of the initial height of particles in the pipe, H0, on
the escape flow rate, at three different inclination angles, 10˚, 45˚ and 90˚
(vertical pipe). We first observe that for all inclinations, the initial particles
height has a considerable effect on the escape flow rate. For inclined columns
(10˚and 45˚) the escape flow rate initially increases with the bed height,
up to about H0 = 0.025 m, where the escape flow rate reaches a maximum
value. For higher values of H0 > 0.025 m, the escape flow rate generally
decreases with H0. The same result was obtained for inclinations of 30˚
and 65˚, not shown in Fig. 9. In the case of a vertical pipe (90˚) the
behavior is different and the escape flow rate generally decreases with H0,
for the whole range of 0 < H0 ≤ 0.6 m. In inclined tubes the lift force
augmented by the lateral gravitational force directs the particles trajectory
towards the tube wall where the local water velocity is lower. Consequently
a circulation motion of the particles in the tube is induced and a larger water
flow rate is required to transfer the particles away from the bed. For initial
bed heights larger than approximately 0.4 m, the critical water flow rate
seems to level off at a constant value. This constant value is smaller than
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Figure 10: The effect of (a) particle diameter and (b) particle density on the
critical flow rate for the bed escape.
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the axial slip velocity calculated for a single particle carried by water moving
at the average velocity. Measured settling velocity for a single particle in
a vertical tube is 0.155 m/s. This is larger than the superficial velocity
corresponding to bed escape conditions at 90˚ which, for H0 =0.35 m, is
0.12 m/s. However, the critical (escape) velocity of a thin bed (few particles)
is about 0.2 m/s, which is significantly larger than the measured settling
velocity (0.155 m/s). Also, in inclined tubes, the asymptotic value of the
critical velocity is larger than the particle settling velocity.

3.2.4 The effect of particle density and diameter on the escape
flow rate

The effects of particle diameter and density are presented in Figures 10a and
10b respectively. Fig. 10a presents the critical flow rate for the bed escape
as a function of the inclination angle, for three types of particles with the
same density but different diameters (denoted as dp). First it is observed
that for all diameters, the critical flow rate reaches a maximum value at
inclination of about 45˚. The figure shows that the critical flow rate gener-
ally increases with the particle diameter. This effect is most pronounced for
inclination angles higher than 20˚. For inclinations below 20˚, the effect
of the diameter on the escape flow rate is very small.

Fig. 10b presents the escape flow rate as a function of the column’s
inclination angle, for particles of almost the same diameter, but substantially
different densities. Again we observe that the maximum flow rate is at an
inclination angle of about 45˚. The results show that the critical flow rate
increases significantly with the density for all inclination angles. For the
heavier particles, however, the critical flow rate decreases as the inclination
is reduced from 45˚ to 20˚, but for inclinations smaller than 20˚ the critical
flow rate is increased. This is because at these small inclinations (nearly
horizontal pipe) the flow cannot transport the heavy particles that rest on
the lower side of the pipe. Thus, a larger flow rate is required to transfer
these particles away from the bed.

4 Conclusions

An experimental study was carried out to investigate the structure and dy-
namics of a fluidized bed in inclined pipes. The parameters, which charac-
terize the fluidization process, change significantly with the pipe inclination
angle. The following conclusions can be drawn from the experimental re-
sults:
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The critical flow rate for the bed escape attains a maximal value in
columns inclined at about 45˚. The critical flow rate increases with reduc-
ing the initial bed height and/or with increasing the particle diameter and
density.

In inclined columns, the fluidization process is characterized by disinte-
gration of the initial bed into several secondary beds forming a pattern of a
concentration wave.

The results of this study are important, for example, for oil drilling and
pumping processes. In recent years more and more oil fields utilize inclined
wells. This is mostly used in marine oil fields where several inclined wells
are drilled from a single platform towards different directions. During the
drilling process, water is introduced into the well to transport the soil out.
In this case flow rates larger than the critical one for bed escape are required
in order to pump out the soil while drilling. On the other hand, when the oil
is pumped, and pure oil is required, it is necessary to leave the soil particles
as a fluidized bed, thus preventing the bed escape. Sub-critical flow rates
should be applied at this stage. Thus, knowledge of the critical flow rate for
bed escape under different inclination angles is of major practical use.

The authors thank Mr. S. Shargorotski for his technical assistance with
the experimental apparatus. B.Y. was partially supported by the Israeli
Ministry of Absorption.
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