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Abstract: Liquid–solid circulating fluidised beds (CFB) possess many qualities which makes them
useful for industrial operations where particle–liquid contact is vital, e.g., improved heat transfer
performance, and consequent uniform temperature, limited back mixing, exceptional solid–liquid
contact. Despite this, circulating fluidised beds have seen no application in the micro-technology
context. Liquid–solid micro circulating fluidised bed (µCFBs), which basically involves micro-particles
fluidisation in fluidised beds within the bed of cross-section or inner diameter at the millimetre
scale, could find potential applications in the area of micro-process and microfluidics technology.
From an engineering standpoint, it is vital to know the solid circulating velocity, since that dictates
the bed capability and operability as processing equipment. Albeit there are several studies on solid
circulating velocity measurement in CFBs, this article is introducing the first experimental study on
solid circulating velocity measurement in a CFB at micro-scale. The experimental studies were done
in a novel micro-CFB which was fabricated by micro milling machining 1 mm2 cross-section channels
in Perspex and in a 4 mm2 cross-section micro-CFB made by additive manufacturing technology.
Soda-lime glass and polymethyl methacrylate (PMMA) micro-particles were employed as solid
materials and tap water as the liquid medium. The digital particle image velocimetry (PIV) method
was used as a measurement technique to determine the particle velocity in the micro-CFB system and
validated by the valve accumulation technique using a novel magnetic micro-valve. The measured
critical transition velocity, Ucr, is comparable to the particle terminal velocity, i.e., the normalised
transition velocity is approximately 1 in line with macroscopic systems results and our previous study
using simple visual observation. As in macroscopic CFB systems, Ucr decreased with solid inventory
(1–9%) and finally becomes stable when the solid inventory is high enough (10–25%) and it increases
with a reduction in particle size and density.

Keywords: micro-fluidised bed; liquid–solid fluidisation; circulating fluidised bed; digital PIV;
wall effects

1. Introduction

Liquid–solid circulating fluidised beds have become the preferred liquid–solid contactors in several
industrial processes due to their advantages such as improved heat transfer performance, and consequent
uniform temperature, reduced back mixing, good liquid–solid contact, and good control of reaction and
regeneration of biosolids or catalyst at the same time [1,2]. They have found applications in biochemical,
hydrometallurgy, environmental, wastewater treatment, mineral processing, and petrochemical industries
as reactors, bio-reactors, crystallizers, and heat exchangers [3,4]. In spite of this, circulating fluidised
beds have not yet been applied in the micro-technology context. On the other hand, there are several
studies of a micro-liquid-fluidised beds mainly concerning the hydrodynamics.

Processes 2020, 8, 1159; doi:10.3390/pr8091159 www.mdpi.com/journal/processes



Processes 2020, 8, 1159 2 of 18

Micro-fluidised beds refer to fluidised bed with the bed inner diameter or cross-section at
the millimetre scale [5–8] and find possible applications in a microfluidics and micro-technology
context [9–11]. These types of bed are considered to be a promising way of achieving high quality fluid
and solid mixing and process intensification of heat and mass transfer under a laminar flow regime and
could potentially offer novel process opportunities [11–13]. Micro-reactors, in general, are considered
to be ideal for performing reactions in circumstances which would normally be limited to mass and
heat transport and unsafe operations [14]. Micro-fluidised beds combine the advantages of fluidised
beds and micro-technology systems such as reduced pollution, waste and by-products, less energy and
resources consumption, lower operational and capital cost, increased safety, intensive mass and heat
transport, increased chemical reaction conversion rates, and exhibiting good mixing and temperature
uniformity. All these important qualities make micro-fluidised beds more efficient and sustainable
fluid-solid processing equipment, but the major application so far is in a fast screening of various
solid particles chemical processes like solid reaction kinetics measurements, catalyst, and adsorbent
screening [15–18]. Obviously, in some applications, continuous circulation of particles would be
required, such as continuous catalyst regeneration where micro-circulating fluidised beds could be
a great solid-fluid contactor device [19].

The solid circulating velocity measurement in a liquid-solid circulating fluidised bed has
been reported previously by various researchers. Several research groups [20–24] measured the
solid circulation rate by using a simple procedure with a measuring valve in the downcomer.
The accumulation of particles above the ball valve at a given time interval could be measured
by closing the downcomer with a valve; hence, giving the particle circulation rate. They reported an
increase in solid circulation rate with liquid velocity and solid feed pipe diameter, but a decrease in
solid circulation rate with increasing particle density and size. Roy et al. [25], and Hensler et al. [26]
used a radioactive technique to determine the solid circulation rate. The basic theory was to estimate
the volumetric flowrate of particles by measuring the particles velocity and volume fraction in the
downcomer. Particle volume fraction was obtained by densitometry measurement, while particle
velocity was obtained by time of flight measurement. However, this measurement technique is
expensive, and requires lots of safety measures. Wu et al. [27] and Masuda and Iinoya [28] employed
an impact plate flow meter to estimate the particle circulation rate. In this technique, an impact flow
meter installed in the downcomer is employed to estimate the solid circulation rate by measuring
the force of re-circulating particles falling onto an inclined plate. The disadvantage of this type of
measurement technique is the issues with its breadth measurement range and calibration is very
difficult. Rahman et al. [29] and Guío-Pérez et al. [30] used a thermal tracing technique to measure
the particle circulation rate. The technique works by inserting cold particles inside a bed of particles
at high temperature and then use thermocouples to trace their motion. Their experimental data was
validated by the accumulation technique and showed a good agreement.

As follow up to our initial study on mapping regimes of liquid–solid micro-fluidised using visual
observation only [31], this article is introducing the first experimental study of solid circulating velocity
measurement in a CFB at micro-scale. Particle manipulation and processing in micro-technology devices
is still a major challenge impacting the field [32]. Development of a micro circulating fluidised bed is
providing one solution to the problem, e.g., for solid catalyst recovery, recycle, and regeneration [33,34].
Measurement of solid circulating velocity in a micro-circulating fluidised bed is extremely hard to
be implement using current measurement technology such as butterfly valve, electrical capacitance,
X-ray, magnetic resonance imaging, as they are expensive, and it is very difficult to scale down these
techniques for application in a microfluidics context [10]. To design a liquid–solid micro-circulating
fluidised bed successfully for micro-technology applications, it is important to understand their
hydrodynamics such as solid circulating velocity as it determines the bed performance as processing
equipment, controlling heat and mass transfer, and dictating mixing in the system [35]. An accurate
solid circulating velocity measurement is desirable as it reduces operational and capital cost, increases
safety, and provides process stability [30].
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A digital PIV technique has been employed previously by researchers for measuring the flow
velocity profiles in the granular flow [36,37]. The advantage of this technique over other conventional
techniques such as the radioactive and thermal tracing technique is that it is non-invasive and easy to
implement in microfluidics setup which is not trivial for the radioactive and thermal tracing. In the
current research investigation, particle imaging velocimetry (PIV) software PIVlab [38], was used to
determine the solid circulating velocity in the micro-circulating fluidised bed. The PIV measurements
were first validated by the valve accumulation technique using a custom made magnetic micro-valve.
The effects of operating parameters such as solids inventory, particle property on solid circulating
velocity have been carefully studied using PIVlab and MATLAB.

2. Experimental Details

2.1. Experimental Set up

The experimental set up in the present study is schematically illustrated in Figure 1a. A syringe
pump (AL-4000, WPI INC., Hertfordshire, UK) was employed to pump the water using 5- or 20-mL B-D
Plastipak syringes at the desired velocity, and digital camera (Basler aCA1300-200 uc, Edmund Optics
Ltd., York, UK) was used to record the micro fluidisation behaviour. Two different micro-circulating
fluidised bed systems were used. The first micro-circulating fluidised bed system used was fabricated
by micro-milling channels in Perspex as schematically illustrated in Figure 1b, which was also used in
our previous study for mapping flow regimes of micro-circulating fluidised bed [31]. The liquid–solid
micro circulating fluidised bed components includes a riser (1 mm2 cross-section, 1 mm width, depth
1 mm, and 100 mm height), downcomer, t-piece, solid–liquid separator, solid feeding pipe, solid return
pipe, and a porous plate liquid distributor (1.5 mm thick with 21 µm mean pore size) at the bottom
of the bed to give stable and uniform fluidisation across the system and to support the particle bed
during the fluidisation experiment.
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Figure 1. Schematic of (a) experimental set up for imaging and (b) micro circulating fluidised bed.

The second micro circulating fluidised bed system was made by additive manufacturing technology,
using digital light processing (Miicraft+ printer, Young Optics Europe GmbH, Jena, Germany) and
stereolithography (Form2 printer, Formlabs GmbH, Berlin, Germany). 3D printers as already proven
methodology in our group [39–41]. In digital light processing (DLP) and stereolithography (SLA)
technique, 3D solid objects are created by joining material in a layer upon layer fashion using a liquid
photopolymer resin by applying an ultraviolet (UV) light until the physical part is complete [42–44].
The Form2 printer employs a UV light (spot size of 140 µm, and laser power of 250 mW) to cure the
photopolymer resin, while the Miicraft+ printer employs a digital micromirror device to project the
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entire layer geometry at once, curing all points simultaneously. The two printers used similar clear
photopolymer resin. The clear resins are a mixture of methacrylic acid esters and photo-initiators.
The detailed 3D printer specifications are summarised in Table 1. For the MiiCraft+ printer, preliminary
tests confirmed that a 50 µm layer thickness with curing time of 8 s was optimal. This was because
curing time lower than 8 s caused print deformation, and higher than 8 s resulted in channel blockage
by cured resin. These problems were not experienced with the Form2 printer.

Table 1. 3D Printer description.

Printer Form2 MiiCraft+

Printing type SLA DLP
Maker FormLabs MiiCraft

Build size (mm) 145 × 145 × 175 43 × 27 × 180
XY resolution (µm) 150 56

Z-axis resolution (µm) 25–100 30–100

The 3D printing fabrication process consisted of four major steps: image design, image
post-processing, 3D printing, and post-processing of prints [45,46]. First, 3D modelling computer
program SketchUp was used to create a digital image of the structure to be made, which is then converted
into the stereolithography file format (.stl files) and transferred to the 3D printer apparatus, which creates
the 3D solid structure layer by layer until the desired solid object is completed. For post-processing of
printed beds, an isopropyl alcohol ultrasonic bath (FormWash) was employed to clean the CFB for
about 30 min to remove the excess/uncured liquid resin. Once washing was completed a 405 nm UV
light (FormCure) was used to cure the CFB at 60 ◦C for 40–60 min. Post-processing was an important
step as it enhanced the printed CFB mechanical properties.

Figure 2 compares the CAD model of the micro-circulating fluidised bed with the final experimental
prototype used primarily to measure the particle circulating velocity by accumulation method to
validate the PIV measurement. With 3D printing it is easy to implement the magnet valve to measure
the particle circulating velocity, which would be difficult to implement using the present traditional
manufacturing technique.
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The 3D printed micro circulating fluidised bed comprises also of the same basic components as
micro-machined bed: riser (again of 100 mm in height), downcomer, t-piece, solid–liquid separator,
solid feed pipe, solid return pipe, and a liquid distributor at the bottom of the bed as can be seen
in Figure 2. However, the difference is that the cross-section of channels (i.e., riser and solid feed
and return pipes) were of 2 × 2 mm2 cross-sections, width 2 mm and depth 2 mm. The distributor is
a two-layers of parallel array pillars of 150 µm diameter and 100 µm spacing, which provided stable
and uniform fluidisation across the system, and stopped the micro-particles exiting the bed. The bed
was manufactured with three sides (open channel), and the magnet was manually inserted inside the
bed in the T-piece, and a 3 mm thick Perspex sheet was used to seal the channel and subsequently
checked for leaking. This option was chosen instead of closed channel (four-sided) because it was
easier to implement the magnet inside the bed but also because the Perspex sheet provided better
visualisation characteristics. The MiiCraft+ printer was able to produce the micro-circulating fluidised
bed within 6 h, while the form2 printer allowed the fabrication of four micro-circulating fluidised bed
simultaneously inside 8 h.

2.2. Particle and Liquid Materials

The fluidised particles in this experimental study were glass beads micro-particles of nine different
diameters, d = 26 ± 1.5 µm, 30 ± 1.5 µm, 35 ± 3 µm, 58 ± 5 µm, 82 ± 6 µm, 98 ± 8 µm, 115 ± 9 µm,
165 ± 15 µm, 196 ± 16 µm with density of ρp = 2500 kg/m3, and polymethyl methacrylate (PMMA)
micro-particles of five different diameters, d = 23 ± 3.5 µm, 35 ± 3 µm, 41 ± 3.5 µm, 58 ± 5 µm,
and 115 ± 9 µm with density of ρp = 1200 kg/m3. Tap water (density ρf = 998 kg/m3 and viscosity
µf = 0.001 Pa s) was employed as the liquid medium to fluidise the micro-particles. The experiments
were done at an ambient temperature of 18 ± 2 ◦C. The Stokes particle terminal velocity for the laminar
flow, which is applicable to the research investigation presented here, is given by

Ut =

(
ρp−]ρ f

)
gd2

p

18µ
(1)

where g is the gravitational acceleration.

2.3. Experimental Methodology

Before each fluidisation experiment, the micro-circulating fluidised bed was totally filled with tap
water and micro-particles (soda-lime glass microsphere or PMMA) to a specific bed height forming
a bed of particle in the riser. The solid inventory in the system was determined by ImageJ [47]. This was
done by measuring the initial static bed height using ImageJ and expressed as surface percentage
occupied by the particles out of the whole system surface (in this case this is the same as volume
percentage as the depth is constant) as shown in Figure 3. Tap water as the fluidising medium was
pumped into the riser using a syringe pump at specific superficial liquid velocity. The bed of particles
at the base of the riser were fluidised by the upward liquid flow. With an increase in the liquid velocity,
particles were transported farther up the riser. When the liquid velocity was sufficiently high, particles
left the riser and entered the solid–liquid separator where they were separated from the liquid and
returned to the riser via the solid feeding pipe. The circulating fluidisation experiments were done
by increasing and reducing the liquid velocity. To ensure the accuracy and reproducibility of the
experimental results, this procedure was repeated three times for each particle.
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Figure 3. Example of solid inventory measurement with static bed height of 45 mm as determined by
ImageJ. In this case 45 mm static bed height corresponds to 20% of surface percentage occupied by the
particles out of the whole system surface. Therefore, the solid inventory in the system was estimated to
be 20%.

Digital movies of granular flow were captured by a Basler aCA 1300–200 uc digital camera which
as a resolution of 1.3 MP. Basler Pylon viewer software was used to monitor the recording process.
A flexible fibre optic illuminator was used to illuminate the granular flow in the circulating fluidised bed
and produce high quality images. The camera capture rate was set to 25 fps with a shutter time of 100 µs
after preliminary test revealed that it provided high-quality videos without motion blur and the optimal
PIV results. Each video had a recording time of 20 s. The digital images and movies of liquid–solid
fluidisation behaviour were saved on a computer for offline study. The off-line examination comprised
of movies conversion into successive frame sequences by VLC media player, and particle displacement
calculation from successive frames using PIVlab in Matlab [38], which determines the particle velocity
by a PIV algorithm of cross-correlating on a small sub-grid of images in successive frames.

Determination of particle displacement using the PIVlab code in the current research investigation
is summarised as follow: The solid feed pipe was chosen as the region of interest and a mask was
applied to exclude the outside regions from the analysis as shown in Figure 4. Choosing an area of
interest was important as it reduced the computational time. The area of interest was about 3 × 1 mm.
Image pre-processing of contrast-limited adaptive histogram equalization (CLAHE) was applied to all
frames to improve the image contrast and the probability of detecting valid vectors [38]. Each image
was divided into small sub images (interrogation region), and cross-correlation of successive frames was
applied to determine the most likely displacement of particles in these regions. Particle displacement
was determined using fast Fourier transform (FFT) correlation with multiple pass and deforming
windows algorithm. A three step cross correlation analysis with an interrogation window size of
64 pixels in the first pass, 32 pixels in the second pass, and 16 pixels in the third pass (corresponding to
0.64, 0.32, and 0.16 mm in real scale respectively) was chosen to determine the particle displacement of
the image data, and each interrogation area was overlapped by 50%. These PIV setting was found to
yield excellent resolution with minimal noise and satisfy the Keane and Adrian [48] recommended
guideline. The displacement information obtained in each pass is used to shift the interrogation
windows in the next pass to increase the resolution of vector map, and signal-to-noise ratio without
sacrificing robustness. All the PIV calculations were performed on partially overlapping frame pairs
(i.e., 1–2, 2–3, 3–4 etc.). The maximum particle image displacement was found to be approximately
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5 pixels in all experimental investigation (less than 2 particle diameters). The particle image density
was estimated to be 10–15 particles per interrogation area, which satisfy the Thielicke and Stamhuis [38]
recommended guideline, and the particle image diameter was approximately 3 pixels. The vector fields
were smoothed and validated using a number of filters (local median filter, and standard deviation
filter) while missing data were interpolated using the boundary value solver interpolation technique to
increase the accuracy of the velocity calculation. The above procedure was repeated to calculate the
velocity (horizontal u and vertical v component) for each frame for all the PMMA and glass particles at
various liquid flowrates.
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Figure 4. Example image of fluidised bed with 58 µm glass particles at 445 µL/min liquid flow rate
inside 15% solid inventory bed. Area interest for the digital particle image velocimetry (PIV) analysis
and a background are shown in the image.

The results obtained using PIVlab code was exported as a consecutive Mat-file into Matlab
workspace for further processing. Initial PIVlab image analysis showed considerable background
movement which was periodic up and down indicated external vibration as the source of this, so it was
necessary to calculate movement velocity of the part of the background region in Figure 4. The velocities
were then correctly adjusted by subtracting this determined background motion avoiding erroneous
velocities for the area of interest (e.g., in some instances upward solid velocities were obtained in
original PIVlab results). These corrections for background movement were performed in all analyses.
Matlab was also employed for time averaging of velocity field for each particle at different liquid flow
rate by averaging the instantaneous velocity obtained using the PIVlab code and MATLAB correction
for the background motion as described above.

In the present study, the pressure drop across the micro fluidised bed was not measured, because
it is very difficult due to very fine resolution required, the pressure drop across the bed is only of the
order of few Pascals. The transition velocity was obtained by solid circulating velocity method. In solid
circulating velocity technique, the transition velocity values were obtained from the plot of solid
circulating velocity vs. superficial liquid velocity. The critical transition velocities from conventional
to circulating fluidised bed regime was determined as the intercept of no particle flow (nearly zero)
and initial circulating zone line. The transport transition velocity, which delineates the transition from
circulating fluidised bed regime to transport regime is observed by the particles leaving the system.

3. Results and Discussion

3.1. Solid Circulation Rate by Accumulation Method as Validation Experiments

An independent experimental study was carried out to measure the solid circulating velocity in
a liquid–solid micro-circulating fluidised bed. In this experimental investigation, a novel measurement
technique of a micro-magnet valve for solid circulation velocity measurement was developed to
measure the solid circulating velocity in the micro-circulating fluidised bed and the results was
compared with those obtained using PIV software.
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In order to validate the PIV measurement in a micro-circulating fluidised bed, two experimental
measurements were carried out, the first experiment was the solid circulating velocity measurement by
PIV technique and the second experimental investigation was the solid circulating velocity measurement
by accumulation method. The system used for both experimental studies was made by additive
manufacturing technology as shown in Figure 2. For the solid circulating velocity measurement by PIV
methodology all the procedures given in Section 2.3 were employed. In this experimental investigation
lime glass micro-particles of two different diameters, d = 165 ± 15 µm and d = 196 ± 16 µm with density
of ρp = 2500 kg/m3 were employed as the solid phase and tap water as the liquid medium. The above
microsphere glass particles were chosen for this experimental study because the liquid distributor was
not able to support any particle of diameter below 150 µm.

A magnet was installed inside the micro-circulating fluidised bed (downcomer) as shown
in Figure 5, and an external magnet was used to move and control the magnet inside the bed.
By closing the downcomer with the magnet valve, which was installed in the circulating fluidised bed,
the accumulation of particles above the magnet valve at a given time interval could be measured, giving
the particle circulation rate. Then, Equation (2) was employed to calculate the particle circulation rate.
Since the bed was transparent, it was possible to observe visually the accumulation of solids after
closing the valve, and ImageJ was used to determine the bed height from movie frames. The overall
solid circulation rate is expressed as

Gs =
Ad
Ar

∆HρP

∆t
(2)

where Ar and Ad are the downcomer and riser cross-sectional areas, respectively, ∆H the recorded bed
height, and ∆t time of particle accumulation above the valve.
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Figure 5. Picture of 3D printed micro-circulating fluidised bed with a magnet inside the system used to
measure the solid circulation rate, where 35 µm glass particles at 140 µL/min liquid flow rate was left to
accumulate above the magnet for 20 s.

Figure 6 presents the experimental results obtained from both, the solid circulating velocity
measurement by PIV technique and with magnet valve technique. We plotted the particle circulation
velocity as a function of normalised velocity for both 165 µm and 196 µm glass microsphere particles.
To facilitate comparison between the PIV technique and the accumulation method, the solid circulation
rate obtained from the accumulation method was converted to circulating solid velocity using
Equation (3) [21,49].

Us =
Gs

ρp
(3)

where ρs is the solid density, Us solid circulating velocity, and Gs solid circulation rate.
In general, the solid circulating velocity based on the accumulation method (magnet) was found to

be 5–10% lower than the PIV technique measurements for all liquid velocities as displayed in Figure 6.
However, the critical transition velocities, Ucr, obtained using both types of measurement technique,
were almost identical, as displayed in Figure 7. The critical transition velocity is just a little bit bigger
for the accumulation technique for both 165 and 196 µm particles. Furthermore, the trends are virtually
identical with an initial increased particle velocity with increased liquid flow rate before plateauing at
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certain, almost identical velocities, for both measurement methods. These trends in solid circulation
velocity as a function of liquid velocity are thoroughly discussed further below in Section 3.2.
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Figure 6. Particle circulating speed as a function of normalised velocity (Ul/Ut) for both the PIV
technique (blue) and the accumulation method (red), inside 15% solid inventory bed.
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Albeit the accumulation technique was simple to conduct and allowed direct measurement of
the solid circulating velocity, the measurement was not continuous, and it is very time-consuming.
In addition, the interference caused by closing the downcomer with the magnetic valve disturbs
the steady-state flow in the bed. Particle accumulation in the circulating fluidised bed downcomer
implies a reduction of particles in other part of the system and this introduces changes to fluidisation
characteristics in the riser during the measurement. The higher the volume of particles accumulated
above the magnet in the downcomer during the measurement, albeit increasing resolution of the
results, the less reliable is the experimental result as it influences dynamics in other parts of the system.
Overall the results obtained from these techniques agreed well with each other, and this agreement
provided a strong basis for the deployment of a particle image velocimetry (PIV) software PIVlab
method as a novel, simpler, and faster approach instead of an accumulation technique to determine
the solid circulation rate in a micro-circulating fluidised bed.

3.2. Influence of Liquid Flow Rate on Solid Circulating Velocity

In liquid–solid circulating fluidised beds, particle motion is controlled by changing the inlet
superficial liquid flow rate. Figure 8 displays the influence of liquid flow rate on the solid circulating
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velocity for glass and PMMA particles as determined by digital PIV analysis described in the
experimental methodology Section 2.3.Processes 2020, 8, x FOR PEER REVIEW 10 of 18 
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Figure 8. Particle circulating speed as a function of normalised velocity (Ul/Ut) for (a) glass and (b)
PMMA particle. Errors are smaller than the symbols.

The experimental results indicate that when the superficial liquid velocity is increased, the solid
circulating velocity in the system is close to zero (no solid movement) then increases sharply at some
critical superficial liquid velocity and then plateaus when the superficial liquid velocity is high enough.
The most important parameter is the critical transition velocity from a conventional fluidised bed to
circulating fluidised beds which takes place at the point where the solid circulating velocity approaches
zero with reducing superficial liquid velocity. Thus, the critical transition velocities are determined
as the intercept of no particle flow (nearly zero) and initial circulating zone line as shown in the
plots. These plots clearly also show that the critical transition velocity, Ucr, is approximately equal
to the particle terminal velocity, Ut in all considered cases in line with macroscopic studies [21,23]
and the visual observed transition in our previous study [31]. The change in solid circulating velocity
with superficial liquid flow rate indicates two zones. The first zone (initial circulating fluidisation
zone) where solid circulating velocity increases rapidly with increasing superficial liquid velocity,
and the second zone (fully developed zone) where solid circulating velocity insignificantly varies with
an increase in the superficial liquid velocity as reported by Zheng et al. [21].

The transition from initial zone 1 to fully developed zone 2 was termed as critical liquid velocity,
Ulc by Natarajan et al. [23], and it is a fundamental parameter in the manufacturing process and
operation of a liquid–solid circulating fluidised bed. The superficial liquid velocity should be above
the critical liquid velocity to obtain high particle circulating velocity in the system. Looking at Figure 8,
it can be noticed that the initial circulation zone goes even up to 8 Ut. These observations are different
from the early studies reported by Zheng et al. [21] and Natarajan et al. [23] where the initial circulating
fluidisation zone is approximately only from Ucr close to Ut up to 2 Ut. The contrasting results is
probably because of increased bed wall impacts (ratio of particle to bed diameter) which are not
generally found in conventional circulating fluidised beds. Increasing particle to bed diameter ratio
increases particle–wall friction due to increased particle–wall contact, and this may delay the transition
liquid velocity from zone 1 to zone 2. Indeed, it is obvious from Figure 8 that the transition is postponed
with particles size confirming the wall effects are influencing this critical liquid velocity. Looking at
Figure 8, it can be also noticed that for a given particle size and density there is a maximum solid
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circulating velocity Usm related with transition to the developed zone and strongly influenced by the
particle properties. Finally, the transport transition velocity, Ua, which delineates the transition from
circulating fluidised bed regime to transport regime is the final point in fully developed zone regime
for each curve in Figure 8. As other transition velocities, the transport transition velocity is also strong
function of particle size and density as clearly seen in Figure 8. These observations are consistent with
the results earlier reported by Natarajan et al. [50].

Zheng and Zhu [51] developed a correlation to predict the critical transition velocity from
conventional to circulating fluidised bed in a liquid–solid circulating fluidised bed, using the
following equation.

Ucr = a×Ut (4)

where a is constant and is influenced by the liquid viscosity and density. When the bed is operating
at ambient temperature and the fluidising liquid is water, parameter a is roughly 1.1. The predicted
critical transition velocity by Equation (4) and the experimental values are shown in Figure 9. It is clear
from Figure 9 that predicted and experimental critical transition velocity values are almost identical,
except for large particles, where the experimental critical transition velocity is slightly higher than the
predicted values, special for large PMMA particles, which is attributed to the influence of surface force
and wall effect that are not generally found in conventional circulating fluidised beds. However, overall,
the experimental data agrees with predicted critical transition velocity obtained by Equation (4).
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3.3. Influence of Solid Inventory in the System

Figure 10 displays the particle circulating velocity vs. the normalised velocity as four different
curves corresponding to solid inventory from 3% to high values (above 10%). One note that above
the 10% solid inventory, the curves basically overlap and only one is given as an example for clarity
reasons. However, it is quite clear that the shape of the curve and corresponding transitional velocities
are influenced by used solid loading. For example, Figure 11 shows the normalised critical transition
velocity vs. the solid inventory, where it is evident that the critical transition velocity from conventional
to fluidised bed regime in the liquid–solid micro-circulating fluidised bed is a strong function of the
solid inventory in the system. First, for a lower solid inventory system (1 to 9%) the critical transition
velocity from conventional to fluidised bed regime is about 1.5 to 4.7 higher than the particle terminal
velocity, and higher liquid flow rate is needed to obtain circulating fluidised bed, but for higher solid
inventory system (10 to 25%) the critical transition velocity takes place near the particle terminal
velocity, and the ratio of critical transition velocity to particle terminal velocity is about 1. The rise in
the critical transition for lower solid inventory system is due to a reduction in the solid circulating
velocity as shown in Figure 10, which in turn postpone the critical transition velocity, from conventional
to circulating fluidised bed regime; hence, the circulating fluidised bed regime starts late for lower
solid inventory system. These findings are consistent to those earlier reported by Liang et al. [20],
the critical transition velocity reduces as the solid inventory is increased and finally becomes stable
when the solid inventory is high enough. However, this observation differs from the one reported
by Zheng and Zhu [51], where their proposed onset velocity (Ucf) as the minimum critical transition
velocity value was independent of solid inventory, bed geometry, and operating conditions, as a result
of the experimental methodology employed. The pressure imbalance between the riser and downer
is probably the reason for the observed trend [52] but further investigation with precise pressure
measurement across the whole system loop are needed to elucidate this in detail [52].
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As already mentioned, the solid inventory also influences other transition velocities like the
transport transition velocities, Ua, from circulating fluidised bed to transport regime. Figure 14 shows
how the transport transition velocity, Ua, is affected by the solid inventory for the same experimental
condition. Similar to critical transition velocity Ucr, the transport transition velocity Ua, also decreased
with increased solid inventory (1–9%) and finally becomes stable when the solid inventory is high
enough (10–25%). Lower solid inventory (1–9%) leads to a reduced solid circulating velocity as shown
in Figure 12, which in turn postponed the transport transition velocity, Ua, from circulating fluidised
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bed to transport regime. Therefore, the transport regime is reached at higher velocities for a lower
solid inventory system (1–9%). A similar proportional increase in the critical liquid velocity, Ulc, is
observed as can be seen in the previous Figure 8, but not specifically plotted here.Processes 2020, 8, x FOR PEER REVIEW 13 of 18 
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Figure 11. Solid inventory influence on the normalised transition velocity, Ucr/Ut, for 35 µm (a) glass
and (b) PMMA particles.
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Figure 12. Solid inventory influence on transport transition velocity for 35 µm (a) glass particles and
(b) PMMA particles.

3.4. Effect of Particle Size

The influence of particle property such as size and density on the transition from conventional
to circulating fluidisation regime is given in Figure 13. It is clear from Figure 13 that the normalised
transition velocity increases with increased particle size. The normalised transition velocity is higher
for larger particles and lower for smaller particles. The increment in the normalised transition velocity
with an increase in the particle size is attributed to the increased wall effects (ratio of particle to bed
diameter), which are not generally found in conventional circulating fluidised beds.
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Looking at Figure 13, it is also evident that the normalised transition velocity (Ucr/Ut) of PMMA
particles are considerably higher than that of glass particles, even though PMMA particles have
lower density than glass particles. This is mainly attributed to the surface properties difference,
as glass particles are hydrophilic while PMMA particles are hydrophobic. Indeed, in PMMA particles
experiments, agglomeration of particles and adhesion of particles to the bed walls was spotted during
the fluidisation experiment. This means that for fluidisation of PMMA particles a proportionally much
larger liquid flowrate is needed to obtain circulating fluidised bed because of the cohesive forces
present between them as well in adhesive interaction with walls. For example, these cohesive forces
that are present in the case of PMMA particles and not in glass particles increase the effective size of
particles due to agglomeration which in turn delays the transition from conventional to circulating
fluidisation regime as shown in Figure 13b.

The maximum solid circulating velocity and maximum liquid velocity in a liquid–solid
micro-circulating fluidised bed is influenced by particle properties such as density and size as
already shown in Figure 8. The maximum solid circulating velocity increases with reducing particle
size or density so it is much bigger for smaller or fine particles in comparison with the velocity
corresponding to the large or heavy particles. This is due to increased solid circulating velocity with
reduced particle size and density as smaller or fine particles have a higher solid circulating velocity
than larger or heavy particles. As the particle size reduces, the particle input into the base of the riser
increases, leading to a higher solid circulating velocity in the system. These observations are consistent
with those earlier reported by Natarajan et al. [23].

The maximum liquid velocity Ulm increases with increased particle size, Ulm is higher for large
particles and lower for smaller particles. This was expected since larger particles have higher transition
velocity from circulating fluidisation to the transport regime due to higher particle terminal velocity.
However, the maximum liquid velocity was found to be much bigger for PMMA particles in comparison
to glass particles, even though glass particles have higher particle density. This could be attributed to
the difference in surface properties as already mentioned above.

The influence of particle size on the transport transition velocities, Ua from circulating fluidised
bed to transport regime is shown in Figure 14. One can notice that Ua is affected by the property of the
particles such as size and density. Firstly, for glass and PMMA particles, the normalised transition
velocity, Ua/Ut was found to increase with particle size due to increased wall impact (ratio of particle to
bed diameter). Once, again, one can also observe that PMMA particles have a much higher transport
transition velocity, Ua/Ut in comparison to glass particles, even though PMMA particles density is
lower than glass particles (1200 and 2500 kg/m3 respectively). This is due to differences in surface
properties as already discussed.
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Figure 14. Transition velocity from circulating fluidised bed to transport regime for (a) glass and
(b) PMMA particles with solid inventory in the range of 10–25%.

4. Conclusions

The digital PIV analysis using PIVlab validated by simple valve accumulation measurement was
used to determine the solid circulating velocity in a micro-circulating fluidised bed. The use of PIVlab
and Matlab codes for post-processing to estimate the solid circulating velocity seems promising, and
the results look valid when compared with previously reported studies. As in a macroscopic circulating
fluidised bed, the solid circulating velocity in a micro-circulating fluidised bed increases with liquid
velocity in two distinct zones, increasing sharply first then levelling off at higher inlet fluid velocities.
The determined transition velocities from solid circulating velocity vs. velocity plots are practically
equal to the particle terminal velocity; for example, the normalised transition velocity is roughly one,
in agreement with earlier reported studies on macroscale, and with our previous study using simple
visual observation. The transition velocity is strongly influenced by solid inventory, i.e., reduces with
an increase in the solid inventory, and finally becomes stable when the solid inventory is sufficiently
high. Finally, a small increment in the normalised transition velocity with an increase in the particle
size because of the wall effects (ratio of particle to bed diameter) was observed.
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Nomenclature

a Constant
Ad Downcomer cross-sectional area (m)
Ar Riser Cross sectional area (m)
dp Particle diameter (m)
g gravitational acceleration (m/s2)
Gs Solid circulation rate (kgm2 s)
H bed height (m)
Ua Transport transition velocity (m/s)
Ucr critical transition velocity (m/s)
Ul superficial liquid velocity (m/s)
Ulc critical liquid velocity from zone 1 to zone 2 (m/s)
Ucr/Ut normalised critical transition velocity (m/s)
Ulm Maximum liquid velocity (m/s)
Us solid circulating velocity (m/s)
Usm maximum solid circulating velocity
Ut Particle terminal Velocity (m/s)
µ liquid viscosity (Pa.s)
ρf fluid density (kg/m3)
ρp particle density (kg/m3)
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