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a b s t r a c t
The inclined micro-ﬂuidized bed (MFB) can enhance heat and mass transfer rates compared to the vertically
aligned counterparts, but the increased signiﬁcance of surface forces and wall eﬀects may cause poor ﬂuidization
performance. In this paper, the eﬀects of column inclination and diﬀerent particle-to-bed ratios (dP /dB ) on the
solid hydrodynamics are investigated in an inclined micro-ﬂuidized bed. The results validated the suitability of
using the Ergun equation to predict minimum ﬂuidization velocities due to small deviations between 1.01 and
1.81 times the theoretical values, for a particle-to-bed ratio ranging from 0.025 to 0.165 at inclinations between 0°
and 10°. Investigation into the eﬀects on bed expansion behavior showed that the bed contracted with an increase
in bed inclination. An unexpected observation during the bed expansion was the appearance of a secondary high
voidage region and the appearance of strong circulation patterns with an increase in bed inclination. A detailed
analysis of this phenomenon suggested the presence of a critical angle at 6° and 10° for the 85 μm particles,
4 × 4 mm bed cross-section and 165 μm particles, 1 × 1 mm bed cross-section, respectively. However, the liquidsolid back-mixing was observed due to the modiﬁed particle trajectories resulted in the disappearance of the
high voidage region. This paper gives new insights into the micro-ﬂuidization behavior in inclined beds thus
contributing to the development of micro-ﬂuidized beds and their future applications.

1. Introduction
A ﬂuidized bed uses the liquid and/or gas ﬂows instead of moving
parts to suspend the solids, thus enhancing the multiphase contact for
higher mass/heat transfer with less mechanical stress [1–3]. In recent
years, the concept of process intensiﬁcation (PI), originally based on
the physical miniaturization of process equipment or reduction of the
numbers of operating units but maintaining the process eﬃciency and
performance, initiated the development of micro-ﬂuidized bed (MFB)
[4]. Compared to the large-scale ﬂuidized bed, MFB is regarded as a
fast-screening tool to test its feasibility for industrial purposes with the
advantages of rapid fabrication, easy processing and safe control. Therefore, MFB has been applied to diﬀerent areas such as solid processing [5, 6], chemical conversions [7–9], CO2 capture [10], wastewater
treatment [11,12], bioproduction [13,14], medical diagnostics [15,16],
etc.
Currently, the main bottleneck of MFB is the inevitable surface force
and wall eﬀects which may become dominant over the volumetric forces
such as gravity, thus aﬀecting the performance of particles ﬂuidization
[17–20]. For instance, Zhang et al. [21] reported the solid agglomera-

∗

tions due to the ﬁlamentous structures of ﬂoccose pellets in the pellet
ﬂuidization study using a 3D-printed MFB, indicating the strong impacts
of surface force. The wall eﬀects, on the other hand, was investigated by
Zivkovic et al. [22], who experimentally studied the liquid-solid microﬂuidization using a rectangular microchannel of 400 × 174 μm2 . The
experiment showed that the ﬂuidization of the glass microspheres of
30.5 μm was not possible due to the strong wall adhesion when the ﬂuid
medium was deionized water, while the solids became ﬂuidizable when
the ﬂuidization ﬂuid was changed from deionized water into ethanol.
The wall eﬀects may also induce the issues of the limited radial dispersion of solids, which could be reﬂected by a higher voidage of particle
packing in the near-wall region than that in the central region. To mitigate this non-uniform radial distribution of solids, many researchers
combined the external loads (e.g., magnetism, ultrasound, thermal, etc)
with MFB [23–25], which indeed improved the mixing eﬃciency and
ﬂuidization performance to some extent, but the complex processing
and unveriﬁed stability of such a system retained its commercial application.
Hence, optimization of solid radial mixing in MFB with the simpliﬁed structure is becoming a new trend. For instance, McDonough
et al. [26] used the additive manufacturing technique to fabricate a
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2.2. Experimental setup and procedures
Nomenclature
dB
dP
H
H0
HN
I
UL
UL, N
Umf
Umf,e
Umf,t

The micro-ﬂuidized bed, used as the main component of MFB system, was constructed by the CEAM workshop at Newcastle University.
A milling technique was used to etch millimetre microchannels into a
Perspex block ﬁtted with a distributer. As shown in Fig. 1a, the distributor was a porous polyethylene sheet with a mean pore size of 21 μm and
a thickness of 1.5 mm (SPC Technologies Ltd.UK). The ﬂuidization channels used for these experiments had two diﬀerent cross-sectional areas
of 1 × 1 mm2 and 4 × 4 mm2 with a height of 100 mm to compare the
particle-to-bed ratio (dP /dB ) on solid ﬂuidization. The setup consisted
of the following main components as shown in Fig. 1b. A syringe pump
(GRADIENTECH Fusion 200, Chemyx Inc.) combined with a 20 ml BD
Plastipak syringe of 19.12 ± 0.05 mm in inner diameter (ID) to pump
tap water, which was used as the ﬂuidizing medium. An inclinator (EO,
Edmund optics worldwide) was applied to set the inclined angles of the
bed at 0, 2, 4, 6, 8 and 10 degrees with respect to the vertical plane. A
universal Bevel Protractor was used in conjunction with the inclinator
to set the angles with an equipment error of ±0.05° (Moore & Wright
500 Series, Allendale Group Ltd, UK). A machined ﬂuidized bed with
an internal hydraulic diameter of 1 and 4 ± 0.005 mm (CEAM workshop, Newcastle University, UK). A digital microscope, with 6 White
LEDs used for bed illumination (MightyScope 5.0, Aven Inc.). Finally, a
PC was used to store images for oﬄine analysis using ImageJ.
Preceding any experiments, the bed was prepared by ﬁlling it with
ﬂuidizing medium (tap water in this paper) followed by an introduction
of the particles to the system using a 250 μL (SGE) needle syringe to
produce a ﬁxed bed which was subject to an inevitable pressure drop.
Additionally, syringe pump readings in such a system were prone to
signiﬁcant, mostly linear, discrepancies due to the possibility of a high
pressure drop across the narrow 21 μm pore size of the distributer. Due
to this, the pump was calibrated for the range of ﬂowrates utilized prior
to experiments. The calibrations were carried out both with and without
the presence of the particles within the bed. As aforementioned, the focus of the study was to compare the hydrodynamics of a MFB subjected
to an inclination in one plane. As a result, before each experiment, it
was critical that the angles were measured and set accurately. The angles were subsequently veriﬁed using oﬄine analysis of images with a
reference plumb.

diameter of internal bed
particle diameter
bed height
initial bed height
normalized bed height
inclination degree of bed
superﬁcial liquid velocity
normalized liquid velocity
minimum ﬂuidization velocity
experimental minimum ﬂuidization velocity
theoretical minimum ﬂuidization velocity

Greek letter
Ø
particle sphericity
𝜌L
liquid density
𝜌P
particle density
μ
dynamic ﬂuid viscosity
𝜀
bed voidage
𝜀0
initial bed oidage
Abbreviations
ID
inner diameter
MFB
micro-ﬂuidized bed
PI
process intensiﬁcation

3D-printed toroidal ﬂuidized bed (50 mm in ID and 10 mm in annular
width), which exhibited the swirling ﬂuidization to intensify the heat
and mass transfer as well as the mixing rate. Odeley et al. [27] demonstrated that the particle redial velocity increased 5.2 times when performing swirling ﬂuidization with the ﬂow channels oriented at 45° (in
comparison to their vertical ﬂow channel counterparts). In fact, apart
from the inclination of a certain part of the ﬂuidized bed (i.e., ﬂow channels, distributors), the inclination of the whole bed has already been
studied and reported to improve the mass and heat transfer, which were
carried out at macroscale systems [28–30]. Although no published research exists into inclined micro-ﬂuidised beds, it is worth exploring
whether the inclined MFB system would enjoy the same increased mass
and heat transfer coeﬃcients observed at macroscale when compared to
vertically aligned beds [31]. Obviously, initial study of the solid hydrodynamics in the inclined MFB system regarding the surface forces (both
adhesion between particles and walls and cohesion between particles)
and wall eﬀects (geometrical constrains which inﬂuence voidage distribution and increased wall friction which is signiﬁcant at low particleto-bed ratios) would be another interesting topic for MFB development
to enable reliable design and future application of such systems.
Therefore, this paper aims to investigate the eﬀects of varying the
inclination, particle size and microchannel diameter on the bed hydrodynamics including minimum ﬂuidisation velocity (Umf ), bed expansion
behavior and high voidage region.

2.3. Experimental parameters
Based on the deﬁnition of MFB [4], the widely accepted stricter
boundary between the macro and microscale is that of 1 mm in line
with general micro-ﬂuidics with 1 cm to 1 inch (25.4 mm) accepted as
boundary based on the ﬂuidization behavior. Therefore, the hydraulic
diameters of 1 and 4 mm were chosen for the studies as well within
the accepted range of micro-ﬂuidized bed deﬁnition and relatively easy
to manufacture as described in the previous section. Another important
parameter that represents a key diﬀerence between the two scales is surface forces such as adhesion. Previous works have demonstrated their
importance alongside the signiﬁcance of the particle-to-bed diameter ratios [17,18]. It is suggested that the bed expansion behavior may vary
with diﬀerent ratios. In particular, for ratios greater than 0.1, the minimum ﬂuidization is reported to increase signiﬁcantly due to increased
wall adhesion eﬀects [32]. Based on this, the second factor that was
tested was the ratio of particle-to-bed diameter through using diﬀerent
particle size and microchannel diameter combinations. Finally, the third
and last factor is the inclination of MFB with six diﬀerent inclination angles. During the study, a full set of data for the 4 × 4 mm2 microchannel
in combination with the 165 μm particle size was not obtained due to the
syringe pump not being able to cope with a high pressure drop, which
may have been caused by a blockage within the system. A summary of
the investigated parameters and the experiments performed successfully
is detailed in Table 1.

2. Methodology
2.1. Particle and liquid materials
In this study, the ﬂuidized solid was soda lime glass microspheres
with particle density (𝜌P ) of 2460 kg/m3 and particle diameters (dP ) of
= 85 ± 24 μm and 165 ± 15 μm (Whitehouse Scientiﬁc, UK). Tap water
(density 𝜌L = 998 kg/m3 and viscosity μL = 0.001 Pas) was employed as
the liquid medium to ﬂuidize the micro-particles. To avoid the eﬀects
of temperature deviations on the viscosity and density of a ﬂuid, the
operating temperature was maintained within the range of 20 ± 2 °C,
recorded using a 76 mm Immersion thermometer with a systematic error
of ±0.05 °C (Fisherbrand, UK).
9
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Fig. 1. Schematic of (a) liquid-solid micro-ﬂuidized bed and (b) experimental setup.
Table 1
A summary of the investigated experimental parameters regarding the ﬂuidized bed and particles.
Experiments#

Microchannel cross section(mm2 )

Particle Diameter Range (μm)

Inclination (°)

1
2
3

1×1
1×1
4×4

85 ± 24
165 ± 15
85 ± 24

0,2,4,6,8,10
0,2,4,6,8,10
0,2,4,6,8,10

2.4. Hydrodynamic investigations

prediction (Eq. (4)), as shown below [33]:

A consequence of investigating such a small-scale technology is the
sensitivity to vibrations, so care was taken to ensure the equipment
workspace was free of vibrations and disturbances through having a
separate workspace for the experimental rig. The miniaturized MFB system also made it diﬃcult to consistently ﬁll the bed to the exact same
height each time the set up was reset (usual variations of a couple of
millimetres between experiments was observed). To counteract this and
make the data comparable, the bed expansion during the experiments
were based on the normalized bed height (HN ) using Eq. (1):
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where Ɛ0 is the initial static voidage assumed to be 0.4 ± 0.01 [34] and
Ø is the particle sphericity that has been set to 1 in this study due to
the spherical particles utilized. 𝜌d and 𝜌 are the densities of the particles
and the liquid, respectively. μ, g and dP refer to the liquid viscosity,
gravitational acceleration and particle diameter, respectively. Umf, t is
the theoretical minimum ﬂuidisation velocity.
In contrast, the experimental minimum ﬂuidization velocity Umf, e
was obtained by the plots of normalised average bed height versus superﬁcial liquid velocity (UL ). This was done by reading the value of the
point at which the linear line of best ﬁt for the initial expansion intersected with the x-axis [35]. For instance, the determination of Umf, e for
the condition of 165 μm particle in the 1 × 1 mm vertically aligned bed
was obtained by linearly ﬁtting the scatters of normalized bed height as
a function of the superﬁcial liquid velocity, as shown in Fig. 2.

(1)

where H is the measured height of the solid bed, and H0 is the initial bed
height before ﬂuidization. A similar equation was utilized to normalise
the velocities for the analysis of the eﬀect of the parameters investigated on bed expansion behavior as shown by Eq. (2). As before UL is
the instant superﬁcial liquid velocity used in experiments and Umf is
the experimentally determined minimum ﬂuidization velocity. A need
for the normalized liquid velocity (UL, N ) arose because of the diﬀering
ranges of ﬂowrates resulting from the varying surface area to volume
ratios for the diﬀerent particle size and microchannel diameters.
𝑈𝐿, 𝑁 =

𝑑 𝑝𝑓

3. Results and discussion
(2)
3.1. Minimum ﬂuidization velocity

Another phenomenon that could threaten skewed results was that of
air bubbles within the bed, therefore these were thoroughly and carefully removed before any experimental work was undertaken. Additionally, all experiments were repeated in triplicates alongside recording a
minimum of three images taken at each incremental increase or decrease
in ﬂowrate to ensure repeatability of results. The surface force and wall
eﬀects during the micro-ﬂuidization under each condition was reﬂected
by the ratio of experimental minimum ﬂuidization velocity (Umf, e ) to
theoretical minimum ﬂuidization velocity (Umf, t ). Here, the theoretical
minimum ﬂuidization (Umf, t ) was calculated by equating the buoyant
weight (Eq. (3)) to the widely used Ergun equation for pressure drop

This section investigated the inﬂuences of bed inclination, particleto-bed ratio (dP /dB ) on solid ﬂuidization. Fig. 3 shows that the values of
Umf, e /Umf, t were all greater than unity, namely the surface forces and
wall eﬀects are signiﬁcant in the inclined MFB systems. The deviation
from Umf, t observed for the dP /dB ratio (ranging from 0.025–0.165) was
between 1.01 and 1.81, which suggests that the Ergun equation can still
be applicable for this range. However, as the ratio of dP /dB increased so
does the amount of deviation observed and so caution must be exercised
whilst using the equation for high dP /dB ratios. This was consistent with
previously reported research carried out for vertically aligned systems
10
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Fig. 2. Example of determining Umf,e from the expansion plot for 165 μm particle in the 1 × 1 mm vertically aligned bed.

Fig. 4. Bed expansion studies with diﬀerent bed-to-particle ratio (dP /dB ) and
bed inclination: (a) dP /dB = 0.025, 0.085 and 0.165, inclined angle of 0°.

except for the situations of 6° for dP /dB = 0.085 and 0.165 and 8° for
dP /dB = 0.025 where Umf, e descended and then rose again. Notably,
whilst the angles were varied, the particle size, amount and microchannel diameter remained constant, suggesting the surface forces for beds
subjected to an inclination in one plane are equivalent to when the bed
is not subjected to an inclination. Therefore, the increase in the Umf, e
with increased inclination is most likely due to a change in particle trajectory within the bed [39]. Besides, Hudson et al. [40] investigated the
eﬀect of inclination on liquid-solid beds at macroscale and reported that
ﬂuidization began as a wedge-like region at the top of the bed with the
base of the bed being the last to be ﬂuidized, suggesting a possibility
of deﬂuidized zones. This could be another possible explanation for the
increased Umf, e at the higher inclinations. Thus, further research using
a camera with a better temporal resolution is required to clarify this further. Additionally, this may also be a contributing factor to the creation
of the high voidage region due to dense zones, this is discussed in more
detail in Section 3.3. of this paper.
3.2. Bed expansion study
Fig. 3. The ratio of experimental to theoretical minimum ﬂuidization velocities,
Umf, e /Umf, t as a function of the bed inclination angles.

Firstly, the bed expansion behavior was studied based on the normalized bed height (HN ) against normalized superﬁcial liquid velocity
(UL, N ) under the impactof particle size (dP = 85 ± 24 and 165 ± 15 μm)
and bed size (dB = 1 and 4 mm) in the vertical MFB systems. As shown
in Fig. 4, the ﬂuidized bed with the presence of smaller particles exhibited faster bed expansion, reﬂected by the higher HN for particles size,
dP = 85 ± 24 μm than that in 165 ± 15 μm with the same bed diameter of 1 mm. This was attributed to the higher dP /dB of 165 μm solids
in 1 mm channels, which caused higher wall eﬀects and probably surface force and a larger eﬀect of gravity to be overcome by the imparted
liquid ﬂow. Another reason for this could be that the surface area to
volume ratio of the larger particle is smaller, thereby requiring larger
ﬂuid velocities to reach the same heights. The increased adhesion forces
phenomenon was pointed out by Nascimento et al. [18], who suggested
that the bed expansion behavior may vary with diﬀerent particle-to-bed
diameter ratios, particularly for ratios greater than 0.1. However, it is
noticed that HN was not only related to dP /dB . For instance, the smallest bed expansion was observed from the smallest dP /dB = 0.025 with
larger bed size of 4 mm. Namely, the normalized bed expansion is also
aﬀected by the bed size, as the larger bed size means bigger bed crosssectional area, leading to the limited radial dispersion of solids where

[18,36]. A contrast with literature from Tang et al. [34] arises with regards to the amount of deviation observed for a dP /dB range of 0.017 to
0.091 being between 1.67 and 5.25 times higher than theoretical, suggesting that the Ergun equation may be insuﬃcient for predicting the
Umf, t at mini- or microﬂuidic scale. This contrast is most likely because
Tang et al. [34] used a pressure drop method of calculating Umf as opposed to the bed height method utilized in this study which tends to
underestimate the Umf [18]. A ﬁnal possibility could be that the diﬀerence in the particle size distribution used in these studies could have had
an impact on the results and therefore contribute to the dissimilarity in
observations.
Another interesting trend reﬂected in Fig. 3 was that the ratio of
Umf, e /Umf, t was observed to increase with the increase of dP /dB , as a
higher ratio of dP /dB means the increased static bed voidage Ɛ0 which
led to the higher pressure drop (energy consumption) and subsequently
higher experimental minimum ﬂuidization velocity Umf, e [37,38]. Additionally, it is noticed that in general the Umf, e for all the dP /dB combinations increased with increasing the bed inclination from 0° to 10°,
11
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Fig. 5. Bed expansion studies with diﬀerent bed-to-particle ratio (dP /dB ) and bed inclination: (a) dP = 75 – 90 μm, dB = 1mm, inclined angel of 0–10°, (b) dP = 150–
180 μm, dB = 1 mm, inclined angel of 0–10°, (c) dP = 75–90 μm, dB = 4 mm, inclined angel of 0–10°.

solids are ﬂuidized faster and higher in the centre-area near the liquid
sparger than those located near the wall area. Instead, in the smaller
bed (dB = 1 mm) solids could be evenly distributed by liquid ﬂow and
expanded to much higher level.
The bed expansion behavior at each angle was also plotted with
respect to ﬂuid velocities for each of the combination of particle and
channel diameters, as shown in Fig. 5a–c. The linear trends of bed
expansion behavior were observed in the 1mm bed with inclined angles ranging from 0–10° for both particle sizes. This observation is in
agreement with previous bed expansion studies in the vertical microﬂuidized bed system [22,36]. However, the linear ﬁttings were not obvious for the 4 mm bed size with 0–2° bed inclination, which seemed
to be more of an exponential increase. Thus, the linear bed expansion
is only subjected to an inclination range from 4° to 10° with bed size
within 4 mm. Moreover, the slopes of the bed expansion decreased
from 0° to 6° and then kept almost constant from 8° to 10°. This was
similar to the trend observed previously, with the minimum ﬂuidization velocities no longer increasing between 8° and 10°, suggesting this

may not be an anomalous result. However, caution is required before
forming any conclusions because this observation is only for two data
points.
Previous research [39] showed that a smaller inclination of 0.3° had
no eﬀect on the bed expansion behavior but did impact particle trajectories due to solid back-mixing and recirculation. However, Del Pozo et al.
[31] argued that inclining the bed by 1.5° could cause the bed to contract, resulting in an increase in particle-liquid heat and mass transfer
coeﬃcients by up to 30%. Here, our experiments showed that inclination angles in the range of 2° to 10° for the 1 × 1 mm2 bed and 2° to 6° for
the 4 × 4 mm2 bed show the same bed contraction trends at microﬂuidic scale. There are some data overlaps at the lower ﬂuid velocities
(Fig. 6), which may be attributed to the fact that the actual change in
bed height is much smaller than experimental errors, which in turn may
have arisen due to equipment resolution or random error. Besides, at
lower liquid velocities the particle to wall adhesion forces remains signiﬁcant, resulting in the bed not being fully ﬂuidised and thus skewing
results.
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which bed ﬂuidization was impossible. Beyond this angle, extreme channelling occurred along the upper wall of the tube at high ﬂuid velocities
resulting in the bulk of the solids being stationary. In contrast, Yakubov
et al. [42] reported the solid ﬂuidization in the glass columns (ID = 2.58
and 2.78 cm) with the inclination range up to 90° at macroscale without ﬁnding any critical angle, but the critical velocity for the bed escape
exhibited maximum at about 45°.
3.3. Higher voidage region
The bed voidage identiﬁcation is based on the particles’ expansion
behavior in the vertically aligned MFB systems. The representative snapshots showing the variation of bed voidage as a function of superﬁcial
liquid velocity are illustrated in Fig. 7. Unexpectedly, the bed voidage
did not increase linearly with each incremental increase in ﬂuid velocity. Instead, two distinct regions could be observed in certain cases: the
lower bed voidage region in the bottom area of the microchannel and
the higher bed voidage region located on the top area of the particle
bed. Same ﬁndings were also noticed in conditions of 165 ± 15 μm particles with the 1 × 1 mm microchannel and 85 ± 24 μm particles with
4 × 4 mm microchannel (Figs. S1 and S2), where the transitions of bed
voidage from lower to higher region were clearly identiﬁed along the
microchannels. A possible reason for this could be that a pressure drop
within the bed exists causing the ﬂuid to lose momentum as this is at a
high expansion ratio, so bed length is considerable. Besides, the particles located in the lower part of the bed column were constrained by the
compaction eﬀects from upper particles, which resulted in higher drag
forces and limited bed expansion. Alternatively, the soda lime glass microspheres used in the experiments had a ﬁxed density (2460 kg/m3 )
but slightly varied size distribution (85 ± 24 μm and 165 ± 15 μm). For
instance, when choosing the particles of dP = 85 μm for experiments,
some particles had larger size than 85 μm and rest of them smaller than
85 μm, leading to the smaller solids distributed on the top area with the

Fig. 6. Graph showing the extent of overlap at lower ﬂow velocities for the
particle size range between 75–90 μm and the 1 × 1 mm bed.

During the experiments strong circular particle trajectories were visually observed, whilst these were not captured by the camera due to
the low resolution. Nevertheless, it is important to recognize that such
trajectories could be a contributing factor in the bed contraction, as
the ﬂuid velocity had to not only overcome the adhesion eﬀects, buoyancy and gravity but also these circulation patterns. Furthermore, experiments by Chong et al. [41] also observed three ﬂow regimes within
inclined ﬂuidized beds due to the increased back mixing in addition
to having discovered the presence of a critical inclination angle beyond

Fig. 7. Higher voidage region with the glass
microspheres size of 75–90 μm glass in an
aligned 1 × 1 mm microchannel as a function
of liquid velocity, UL : (a) 0, (b) 0.17 mm/s, (c)
0.33 mm/s, (d) 2.00 mm/s, (e) 2.33 mm/s, (f)
3.00 mm/s.
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critical angle seems to be around 10° and then for the 4 × 4 mm microchannel with 85 ± 24 μm it appears to be 6°. It is important to note
here that the inclinations tested were each 2° apart so that is why the
critical angles may have appeared between the ranges of the tested inclinations. A critical angle for the 1 × 1 mm microchannel with 85 ± 24 μm
was not found but it may lie beyond 10°, further investigative work with
a larger range of inclinations is required to conﬁrm this speculation.
4. Conclusion
This paper investigated the hydrodynamics of liquid-solid MFB under the eﬀects of diﬀerent particle-to-channel diameter combinations
and bed inclinations. Overall, the exploration into the validity of the
Ergun equation for use as a predictive tool for minimum ﬂuidisation velocities at microscale liquid-solid ﬂuidised beds conﬁrmed its suitability. This suitability decreased, but was still considered acceptable, as
the inclination subjected upon the micro-ﬂuidized bed increased from
0° to 10°. Investigations into bed expansion behavior revealed a clear
trend of decreased bed expansion for each of the diﬀerent particle-tochannel diameter combinations, with an increase in the bed inclination.
The bed voidage expansion behavior revealed an unexpected secondary
high voidage region which could have been created due to the pressure
drops in the system or equally due to densely packed unmixed pockets.
A possible reason for this phenomenon as well as the bed contraction
observed previously, could be attributed to the presence of strong circular particle trajectories inducing increasing solid-liquid back-mixing in
the system. However, this strong circular particle trajectories could not
be captured here due to the low-resolution camera being used, a future
work would be using two cameras with higher resolution at two different positions which could better capture and hence characterise the
changes in ﬂow regimes. Besides, to make this technology more economically viable to industry through investigations into the feasibly of
inclined micro-ﬂuidized beds, more cost-eﬀective fabrication methods
such as 3D printing can be attempted for the construction of small-scale
ﬂuidized bed systems.

Fig. 8. The high voidage region behavior at diﬀerent bed inclinations and
particle-to-bed ratio: 1 × 1 mm diameter microchannel for the particle size range
between 150–180 μm of glass microspheres and a particle-to-bed ratio of 0.16.

larger ones on the top area during the bed ﬂuidization. In each condition, a higher voidage region started to appear at the higher ﬂuid
velocities. The transition point between the two regions was at times
unclear, thus inevitably introducing a degree of error into the investigation. For the 1 × 1 mm microchannel with an average particles size of
85 ± 24 μm and 165 ± 15 μm, the high voidage region materialises at
2.33 mm/s and 4.17 mm/s, respectively. For the 4 × 4 mm microchannel with an average particles size of 85 ± 24 μm, the same observation is
made at 2.76 mm/s. Therefore, it is concluded that the superﬁcial liquid
velocity which leads to the stratiﬁcation of bed voidage increases with
increasing dP /dB . This could be because on a smaller scale, signiﬁcant
surface forces result in higher pressure drops causing the ﬂuid to lose
more momentum.
Investigations into the presence of the high voidage region were also
carried out when the system was subjected to an inclination in one plane.
Fig. 8 illustrates the high voidage region behaviors in 1 × 1 mm diameter microchannel for the particle size range between 150 and 180 μm
of glass microspheres and a particle-to-bed ratio of 0.16, with the bed
inclination up to 8°. In general, for all the particle and channel diameter ratios, the high voidage region appeared at higher ﬂuid velocities
with the increasing inclination of bed. This trend was more clearly noted
for the particle-to-bed ratio of 0.165, in which the high voidage region
became smaller with the increasing inclination and eventually disappeared entirely at an inclination of 10°. The same trend was observed
for the particle-to-diameter ratio of 0.025 for the 4 × 4 mm bed, where
the high voidage region disappeared entirely at 4° at the ﬂuid velocities tested. This change in behavior at increased inclination could be
attributed to the change in particle trajectories within the ﬂuidised bed
due to inclination [39]. As aforementioned in the discussions about the
eﬀect of inclination on bed height, particles were observed to follow a
circulatory motion within the bed which in turn led to increased backmixing. Due to better mixing, one could argue that the ﬂuid ﬂow was
better distributed, causing a reduced pressure drop. This in turn led to
the bed height and the bed voidage increasing such that they displayed
a more linear relationship with a stepwise increase in ﬂuid ﬂow, leading
to an elimination of the high voidage region at higher angles. Following
on from this logic, this suggests that given enough data points a critical
angle would exist where the high voidage region would disappear at a
given ﬂuid velocity due to increased back mixing. In the study of the
1 × 1 mm microchannel with the 165 ± 15 μm particle diameter the
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