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Abstract

A methodology based on the borescopic technique has been developed
and validated for tracking solid movement within a conical spouted bed.
The procedure developed and fine-tuned allows monitoring the descending
and ascending optical flow of both spherical and irregular particles in the
annulus (dense zone) and spout (dilute zone) in the bed. A high speed camera
(up to 16000 fps) fitted with a fiber optic continuous light source was used
for recording, and an image treatment algorithm modified and adapted to
account for differences in particle shape and bed density (dilute or dense) was
applied to the registered data. The procedure allows gathering information
on the velocity of particles in a wide range of sizes, from a few millimeters
(d, = 7 mm) to micrometers (d, = 93 pm).
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1. Introduction

Gas-solid contact regimes play an essential role in a wide range of pro-
cesses in the chemical industry due to their flexibility concerning operat-
ing conditions and their capability to achieve high heat and mass transfer
rates. Unlike fixed and fluidized beds, spouted beds are specifically suit-
able for handling coarse and irregular particles. Moreover, some improve-
ments have been recently proposed for handling fine materials and those with
wide particle size distributions. Thus, the joint use of draft-tubes|1, 2, 3]
and a new fountain confiner[4, 5] is worth mentioning. These internal de-
vices highly improve the flexibility and potential applications of this contact
technology. This way, the application of conical spouted beds and other
spouted bed designs has been studied in several chemical processes, such
as polymerization[6, 7], gasification|[8, 9], pyrolysis[10, 11}, torrefaction[12],
chemical vapor deposition[13] and combustion [14]. Nevertheless, the above
mentioned applications of spouted beds are mainly limited to laboratory
scale units[15], which emphasizes the need to understand the internal hy-
drodynamic behavior of the system prior to its industrial implementation.
Simulation models are a useful tool to reduce the costs involved in the de-
sign, construction and operation of pilot and commercial units. In fact,
CFD — DEM techniques are becoming popular[16, 17, 15, 18, 19], as they
allow attaining promising results for a correct understanding and implemen-
tation of the technology. However, these types of dynamic models require
very detailed experimental data involving particular setups to make accurate

estimations of the properties under study.



Solid velocity along with local porosity are of uttermost significance in
gas-solid contact systems, as they are key factors influencing other relevant
properties in the bed, such as segregation, pressure drop, temperature, gas
and solid residence times, heat and mass transfer rates and cycle times. In
addition, local measurements in the bed are essential in order to compare sys-
tems from different research groups|20], given that they are usually operated
under slightly different configurations and so direct comparison of hydrody-
namic properties, such as pressure drop and minimum spouting velocity, can
be cumbersome.

The acquisition of such data in fluidized beds is a challenge that has been
approached by means of either non-invasive and invasive techniques, recently
revised in detail by Hatamipour et al.[18]. Amongst the former, those based
on particle optical monitoring[21], X-ray volume tomography|[22], capacitive
volume tomography[23], ultrafast X-ray computed tomography[24], gamma
ray computed tomography[25], radioactive particle tracking[26, 27] and mag-
netic particle tracking[28, 29| are worth mentioning. The use of invasive
techniques is suitable whenever probes are of small size and when the in-
fluence of the device on the overall hydrodynamics is insignificant, as when
the reactor is of considerable volume[30]. Concerning the use of invasive
techniques in the current reactor Olazar et al.[31] proposed a device based
on an optical fiber probe to measure local properties but required calibra-
tion for each material type. Nowadays, one promising invasive technique is
the borescopic high speed particle image velocimetry (PIV')[32], which is a
natural evolution of the traditional pseudo 2D velocimetry studies[33]. This

technique enables real time monitoring of the flow inside the bed[34], does



not require any modification for high volume systems and allows registering
local properties with sampling frequencies well above the natural oscillation
frequency of 4-8 Hz[35] encountered in spouted beds. Borescopic high speed
PIV has been successfully used in fluidized columns[36] and risers[37]. The
image treatment in these studies ranges from gray scale thresholding for
bubble identification[38] to the more complex edge detection labeling and
Gaussian cross correlation[37] for individual particle identification.

The aim of this study is to demonstrate the capability of the borescopic
technique for the monitoring of solid flow in the different regions of spouted
beds (annulus and spout) operating under a wide range of conditions and
solid flow patterns, i.e., fine and coarse particles under low and high spout-
ing velocities. Nevertheless, image recording and processing in these beds
involves difficulties due to the highly heterogeneous porosity profiles depend-
ing on the bed zone and spouting regime. A robust enough algorithm is
therefore required to switch from one option to the other depending on the
local porosity and, furthermore, it should be valid for any type of material
under study in the conical spouted bed, without having to rely on specific

bed porosity ranges for the gray scale thresholding.

2. Experimental setting and methods

2.1. Ezxperimental equipment

The pilot plant is composed of a blower, flow meter, pressure drop gauge,
contactor, filter and cyclone. The blower has a power of 5.5 kW and sup-
plies the air required for bed spouting. Gas flow rate is measured by means

of a thermal mass flow meter, which is used in the 0-600 Nm?h~! range.



The blower supplies a constant flow rate, so the gas fed into the contactor
is controlled by either acting on a motor valve that reroutes the remaining
air to the outside or changing the frequency of the blower motor. The pres-
sure measurements are carried out by means of two pressure taps, which are
inserted at the inlet and output pipes of the contactor. Moreover, an air
filtering system is located downstream the contactor in order to retain fine
particles before the outlet air stream is released to the environment.

The main component of the experimental unit is the contactor, Figure 1,
which has a conical geometry. The unit allows operating with contactors of
different geometries, but in this work only one contactor made of PET has
been used. Figure 1 shows the geometric factors of this contactor, which are
as follows: column diameter, D., 0.36 m, contactor angle, v, 36°, height of
the conical section, H., 0.45 m, base diameter, D;, 0.068 m, and gas inlet
diameter, D,, 0.04 m.

This contactor allows fitting internal devices in order to improve the hy-
drodynamic stability of the bed. In this study, an open-sided draft-tube
has been located along the axial position of the contactor. Its performance
has already been studied for sand and glass beds in previous studies and
the results are reported elsewhere[l, 39, 40, 4, 2]. One of such devices is
the open-sided draft tube, with its characteristic aperture ratio, wr, which
greatly influences the hydrodynamic performance of the bed. Thus, an in-
crease in the aperture ratio favors the incorporation of solid into the spout,
promoting its circulation[39]. The main dimensions of the draft-tube are
as follows: aperture ratio, wp, 57%, tube diameter, D7, 0.04 m, and tube

length, L7, 0.20 m.
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Figure 1: Scheme of the conical spouted bed contactor.

Another internal device of uttermost significance is the fountain confiner,
specially when a stable spouting regime is required with fine and ultra-fine
solids[4]. This device is a cylindrical PET tube with the upper outlet closed
and is located along the axis above the bed surface. Accordingly, the elutri-
ation of solids is avoided or greatly reduced and the range of flow rates for
stable spouting widens[5]. The diameter of the device is 0.2 m, the length of
the tube is 0.5 m and the distance between the lower end of the device and

the bed surface is 0.06 m.

2.2. Ezxperimental conditions

Experiments with fine and coarse particles have been performed in order
to cover a wide range of solid flow patterns and porosities. It should be

noted that the spouting behavior of fine and coarse materials is significantly
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different. Thus, coarse materials are characterized by stable spouting regimes
with low and dense fountains (Figure 2(a)). Stability problems commonly
arise operating with fine materials and, as stated above, the incorporation of
draft-tubes has been regarded as a suitable solution for the stabilization of
these beds [1, 39, 41]. Nevertheless, the spouting of fine particles with draft-
tubes is characterized by high fountains, which usually lead to elutriation.
The use of a fountain confiner, Figure 2(b), has proven to be efficient to avoid
this problem, which in turn also improves bed stability[4]. Furthermore, it
allows for operating under vigorous regimes with gas velocities well above the
minimum spouting velocity, which are required in certain applications, such
as drying[5] and biomass gasification[42]. Draft-tube and fountain confiner
were used for the spouting of fine solids, whereas none of these devices was
required for a suitable spouting of coarse materials. As shown in Table 1, two
materials have been used in this study, sand as a reference for irregular fine
particles and glass beads as a reference for sphere like coarse particles. The
latter (d, > 1 mm) correspond to group D of Geldart classification, whereas

the sand is classified as Geldart B type.

Table 1: Properties of the materials used.

Material pp (kgm™3) d, (mm) Shape  Geldart classification

Glass beads 2500 2 Regular D
Sand 2420 93 -1073 Irregular B

The initial bed height, H,, in both experiments has been kept at 20 cm
in order to line up with the draft-tube required for stable spouting with sand

particles. These beds account for masses of 4.6 and 5.2 kg of glass beads
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Figure 2: Fountain shape for (a) glass beads, and (b) fine sand with draft-tube and fountain

confiner.

and sand, respectively. In the experiments performed with glass beads, a gas
flow rate of 143 m® h™! was used, corresponding to a gas velocity /minimum
spouting velocity ratio, u/u,s, of 1.1. The gas flow rate operating with fine
sand was of 80 m*h™!, u/u,,; = 4.0, which promotes the development of a

vigorous spouting regime with a high fountain.

2.3. Borescopic technique

As shown in Figure 3, the experimental setup is composed of a camera, a
borescope, a camera displacement system and a light source. The camera is a

AOS S-PRI (AOS Technologies AG) with a maximum recording resolution
of 900 x 700 and a maximum frame rate of up to 16500 fps with reduced
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resolution. The depth of field is 0.8 cm and starts at 5 mm from the tip of

the device.

Figure 3: Image recording system: (1) Contactor, (2) borescope, (3) camera, (4) straight
sliders, (5) sliding platform, and (6) perimeter slider.

The borescopic system is shown in Figure 4. It is composed of a C fitting
optical adapter with an iris regulator, a borescope and a protecting cartridge.
The optical adapter has a lens with an opening angle of 50°. The borescope
has a length of 0.25 m and an external diameter of 0.01 m. The borescope
optical fiber is connected to a continuous light source with a minimum bright-
ens of 700 lm (IntraLED5). The cartridge in which the borescope is inserted

is a stainless steel tube, whose tip is protected by a sapphire glass in order to



Figure 4: Borescopic system: (1) Spacer, (2) cartridge protector, (3) borescope, (4) optical

adapter, (5) camera and (6) enlarged image of the spacer.

avoid its attrition by high velocity sand particles. The cartridge protrudes
slightly from the borescope, which in addition to protecting the optical sys-
tem also keeps the measuring point at the minimum distance to properly
focus the image on the sensor. However, this distance creates a reflection on
the sapphire that slightly reduces the measuring window size. Accordingly,
the borescope protector is provided with a screw that allows moving the car-
tridge independently of the optical system, regulating this way the reflection.
Finally, both the optical adapter and the borescope are provided with a lens
that enables changing the focal point of the optical device to obtain a sharp
image of the objects.

The camera displacement system is made up of a set of straight sliders
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mounted on a rail around half the contactor perimeter with an arc diameter
of 0.85 m, Figure 3. A platform fitted with two straight sliders (horizontal
and vertical) runs along the rail. The camera is mounted onto the horizontal
straight slider, which in turn is mounted on the vertical slider, enabling two-
axial movement and measurements at any point in the contactor.

Finally, a 3D printed spacer is placed on the tip of the protecting car-
tridge, Figure 4. This spacer has been printed using black thermoplastic
polyurethane (T'PU) and configured in a way that the background gives
the required contrast and its sufficiently wide openings allow solids to flow
through the spaces with minimum disturbance. In order to asses the min-
imum distance between the borescope tip and the spacer to avoid distur-
bances, runs have been carried out with and without the spacer. The runs in
which the solid is descending allow measuring velocity without the need for
any spacer, as there are no gaps in the solid flow. The distance for which dis-
turbances are negligible is ~ 10d,, and therefore the spacer has been placed
at this distance in all the measurements in which solid velocity was measured
inside the contactor. It should be emphasized that the use of this element
is crucial for measuring particle velocity in the spout region, in which many
solids are recorded away from the desired field depth, which causes noise and
spurious detections.

Recordings have been conducted at different points located at varying
levels in the annular and spout zones. The fountain has only been recorded
at one level because the current setup with a single camera cannot detect dis-
placements normal to the measuring plane, which are especially pronounced

in this zone. In fact, velocity can be slightly corrected only in the case of
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Figure 5: Diagram of the spacer with main dimensions and solid flow description.

spherical particles, for which the particle size is known. Therefore, the cur-
rent setup and analysis is only valid for the spout and annular zones. Solid
flow pattern in these zones differs greatly, i.e., particle velocity (magnitude
and direction) and bed porosity are very different. The latter depends on
the shape of the material, and especially on particle size. Thus, sand (much
finer than the glass used) tends to move in clusters instead of individual solid
bodies. In each bed level, particle movement has been recorded at the points
of maximum and minimum particle circulation, i.e., at the axis of the con-
tactor (located in the spout) and on the wall of the contactor located in the

annulus zone.

2.4. Image processing

The image treatment algorithm is written in Matlab 2017b and described
in Figure 6. It is designed to detect particle velocities for most materials
commonly used in hydrodynamic studies, with a detection range that covers
both spherical and irregular particles, as well as a wide range of particle sizes;

i.e., d, of 4 mm for glass beads, 70 pm for FCOC' catalysts or fine sand.

12



CAPTURE DETECTION INDEXING POST-PROCESSING

Hough Circle
Detector

Track

List
Region | |
A0S-2000 (»| Preprocessing / Detector 1> Averaging output
=
- Farneback N Velocity
Detector Tensor

Figure 6: Flowchart for particle detection and image treatment algorithm.

In order to ensure a correct image capture and velocity measurement, the
image treatment procedure has been split into the four steps shown in Figure
6. The first step is image capture, in which the correct light brightness in the
borescope, as well as the capture speed and the sensible shutter speed, are set.
Once the camera has taken about 2.5 s footage, the videos are preprocessed
by cropping each image to remove the reflective ring and correct the lens
distortion. Dynamic histogram equalization is then conducted to increase
the contrast between the solids and the background. Once the preprocessing
has been completed, the routine has two options depending on whether solids
are spherical or irregular in shape.

In case the solids are close to spherical-shaped materials, the procedure to
detect their velocity is based on a canny edge detector fed into an Hough circle
detection algorithm, which searches for spheres of radii within a preset pixel
range and, subsequently, gives the location of the centroid of the projected
circles along with the radius of each detection. The centroid location is

sent to the indexing process whilst the radii give information on the particle
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displacement in the normal direction to the sensor. This latter information
is important to reduce the detection error by correcting the velocities for
normal displacements relative to the camera. Such correction can only be
applied to spherical particles, as the shape to be projected on the sensor is
foreknown.

The procedure for measuring irregular particle velocities differs consider-
ably from the spherical one. In the spout zone, solids are in a dilute phase
and the edges of individual particles may be easily defined, whereas in the
annular zone particle edges are hardly distinguishable from one another. In
the dilute regime, the algorithm implements a canny edge detection followed
by an erode-dilate routine, which identifies closed regions as individual par-
ticles, and then locates and stores the centroids and surface projections of
the regions. These detections are fed into a list of tracks, similar to those
used for spherical particle detections, in which particles are stored and their
velocities calculated based on subsequent detections. When particles ascend
through the spout in a cluster, or descend along the annulus, the algorithm
fails because no single regions can be closed through the dilate-erode rou-
tine, and so there is hardly any individual detection. In this specific case
the Farneback pyramidal algorithm[43] from OpenC'V has been found to be
especially suitable to average edge movements, assuming the lightning con-
ditions are kept steady enough and that particle rotations are kept to a bare
minimum. In the annular zone, particles tend to move in packs, rotations are
greatly reduced and the relative displacement of one particle from the other is
almost negligible, and in the spout region light is scattered in a way that the

particle reflections do not affect the measurements allowing the Farneback
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algorithm to make reasonable velocity measurements. The default Farneback
parameters from OpenCV are 5 pyramid levels and scaling factors of 0.5 be-
tween levels. Nevertheless we have proven that 2 levels with the same scaling
factor are enough.

Apart from spout and annulus, spouted beds contain a transition zone
between these two regions, in which there is a mixture between particle clus-
ters and fluid bubbles. Given that this zone changes from one phase to the
other throughout time, a suitable switch detection procedure must be imple-
mented. In order for the algorithm to be invariant to the average lightning
level, the shape of the grayscale image histogram has been used as the main
switching criterion.

The reason to choose this particular distribution is that the histogram
might be either right or left tailed depending whether the brightness is in-
creasing or decreasing between frames. The evolution of the histogram ac-
cording to the different regimes is shown in Figure 7. As frames go from
a densely packed region to a dilute one, the tail of the histogram is more
pronounced until an almost flat distribution is attained. In this evolution,
the o and S shape parameters evolve from relatively high and similar values
to lower ones differing greatly (the switch is activated), and finally to low
and similar values, Figure 7. As observed in Figure 7, when a unimodal nor-
mal distribution is obtained, this means the packing is dense and the beta
distribution parameters of best fit take high values (8.35 and 9.72). As the
bed loosens and voidage increases, a left tail appears and o and [ decrease
at different rates (the gap between them increases) (5.28 and 3.91). When a

dilute regime is achieved, a flat distribution as that in Figure 7 is obtained,
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with shape parameters being close to 2. Based on this switching technique,
the Farnerback algorithm is used when the distribution is normal and the

region detection algorithm when the distributions is flat or tailed.
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Figure 7: Evolution of frame histograms according to solid packing.

Once the detection step has been completed, the indexing step assigns

individual detections in consecutive frames through the minimum cost Hun-
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garian assignment algorithm, using the Cartesian distance as the cost func-
tion. These distances are only considered if they fall below a maximum
displacement value that is feasible at this sampling point. In this work, the
assignment of the maximum distance is corrected (specially in the spout re-
gion) based on the acceleration monitored at the sampling point. Once the
position of the same particle in two consecutive frames has been assigned,
the optical flow velocity calculation is straightforward.

When closely packed irregular materials are being monitored and Farner-
back algorithm is used, there is no need for the mentioned assignation proce-
dure and the velocity tensor is directly determined from the OpenCV soft-
ware. Given that the error in determining velocities following Farnerback
algorithm is higher in the frame edges, Gaussian ponderation is used to de-
termine the average frame value.

The average particle velocity is obtained as the mean value of all the
frame velocities in the recording. Frame velocity is the average of the de-
tections (particle velocities) in a given frame. Instant particle velocities are

determined based on a given frame and the previous one.

3. Results

3.1. Validation of borescopic technique

In order to validate the results obtained with the borescopic technique
and image treatment algorithms, two different strategies have been followed
for dense (annulus) and dilute (spout) regions. A vertical pipe was used for
the low velocities corresponding to the dense zone. Particles were fed into the

pipe through an inlet located at its top and withdrawn through a hole at the
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bottom. Accordingly, after a couple of seconds the solid descending velocity
remains almost constant, and therefore the solid reference velocities (exper-
imental values in Figure 8) can be calculated. These values are obtained
by manually labeling the centroids and identifying particles in consecutive
frames. These velocities are also compared with those obtained based on the
time the solids require to travel the diameter of the borescope, which is a
known value. The same procedure was followed for different solid descend-
ing velocities, which are obtained by changing the size of the whole at the
bottom.

The calibration for velocities higher than those that may be attained with
the aforementioned device has been conducted at the spout region itself. The
experimental values in this region have been calculated from the distance
traveled by the particles between two consecutive frames. The reference
experimental values are those calculated by manually detecting and assigning
solids in consecutive frames and have been compared with the values given
by the algorithm. The reference velocity values have also been checked by
comparing with the velocities obtained based on the time particles take to
travel the distance of the borescope diameter, and no significant differences
have been measured.

Use of these two procedures allows covering the whole range of velocities
expected in the conical spouted bed. Therefore, the degree of uncertainty
of the measuring technique was ascertained by comparing the experimental
values with those obtained using the algorithm for the three situations (de-
tection modes) analyzed, i.e., irregular particle (fine) dense phase, irregular

particle (fine) dilute phase and coarse particle (spherical) beds, Figure 8. The
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measurement of fine irregular particle velocities in the dense phase, based on
the Farneback algorithm, is shown in green dots in the lower range of ve-
locities, and they correspond to the annular region of fine sand beds. This
algorithm is also preferred for clusters of fine particles ascending through the
spout, due to corresponding low porosities. For velocities of up to 6.5 ms™*,

bubbles and instabilities are more common, and therefore the algorithm for

the dilute phase is used.
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Figure 8: Parity chart of velocity detections.

The detection of spherical particles does not depend on porosity and is

only influenced by the light shine upon the particles, which is optimized
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based on the camera shutter speed. Accordingly, their detection covers most
of the velocity range in Figure 8, with a maximum velocity detection of
4.5 ms~!. The maximum velocities detected for the coarse particles were
always lower than those in the fine particle dilute phase, which is due to
the lower acceleration rate of the larger spherical particles. As observed in
Figure 8, velocity measurement errors are always below 10% of the nominal
value, which is evidence that the algorithm provides reliable measurements
of particle optical velocities, and therefore may be used as a suitable tool to
measure local velocities in the conical spouted bed operating in a wide range

of solid flow conditions.

3.2. Velocity measurements in the spouted bed

Once the validation has been completed velocity measurements have been
conducted inside the conical spouted bed through said algorithm. Figure 9
shows a set of detection examples for the three situations corresponding to
the two materials in dense and dilute phases. Figure 9(a) shows a shot
taken in the annular zone when coarse glass beads are used in a conical
spouted bed in which 143 m* h™!(u/u,,s = 1.1) of air have been fed into the
contactor. Given the particle size and the optics of this setting, the number
of detections (particles) in each frame ranges from 2 to 5 in a packed bed.
This small number of particles makes the averaging to be greatly influenced
by collisions, as they lead to a decrease in the velocity of individual particles.

Figure 9(b) shows a shot of fine irregular particles in a dilute phase taken
in the spout of a d, = 100 pm fine sand bed when an air flow rate of u/t,,, =
4.0 has been fed into the contactor. The detections in this situation depend

on bed porosity, but the number of detections and subsequent assignments
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()

Figure 9: Detection at 20 cm from the base of the bed. (a) spherical d, = 4 mm glass

beads in the annular zone, (b) d, = 100 pm fine sand in the spout and (c) densely packed

fine sand in the annular zone.

(green arrows) are high compared to the spherical particles, Figure 9(a),
which makes the velocity signal more stable.

Figure 9(c) shows a shot of the same material in the annular zone, in
which a packed bed is detected and the Farneback algorithm is used. This
algorithm does not depend on individual detections, making the signal stable

for configurations in which this algorithm can be applied. However, care must
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be taken to remove the reflection on the edge of the shot due to the sapphire,
as this algorithm relies on brightness changes to calculate the velocity tensors.

Once all the detections have been indexed and properly averaged, the
mean solid velocities are plotted, which are the data required for DEM —
CFD model validation or any other comparison. Figure 10(a) shows the
detection of individual glass bead particles as they ascend through the spout
to the fountain. As observed, the mean velocity in this zone is 1.25 ms™!.
Most values in this plot show a positive velocity, which is evidence of the
upwards particle movement in the spout, and those negative ones are related
to transient collisions occurring when particles move close to each other due
to the incorporation of a big chunk of particles from the annulus into the
spout. Figure 10(b) shows the velocity signal for glass beads in the annular
region of the same system. The nature of this signal is clearly oscillatory
(7-8 Hz) and has a negative average value, which means the solid flux is
downwards, as is the case in the annular zone. Figure 10(b) shows a lower
amplitude, which is due to the lower rotational movement of the particles in
the annular zone due to the viscous forces between particles while moving
under frictional forces. In contrast, Figure 10(a) shows a greater amplitude
of the signal because the particles in this region move in a dilute phase,
and therefore rotary momentum is acquired by the solids due to the gas-
solid momentum exchange and/or solid-solid tangential collisions. It should
be noted that this image treatment algorithm does not consider particle
rotation, but only determines the net optical flow of the solid particles.

The velocity signals for the fine irregular materials are shown in Figure

10(c) and Figure 10(d). As expected, the number of detections is much higher
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Figure 10: Velocity measurements for 4 mm glass beads (a) in the spout and (b) annular

zone, and for irregular materials (c) in the spout and (d) annular zone.

than for the spherical particles due to the lower particle size of the irregular
material. Furthermore, Figure 10(c) and Figure 10(d) also show that velocity
values follow an oscillatory trend with a frequency of 7-8 Hz, which has also

been observed by Mahmoodi et al.[17].
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Once the dynamic evolution of the signal has been studied, the time
averaged value allows obtaining the solid velocity profiles throughout the bed,
which are the data to be compared in the steady state simulations and enables
determining the amount of solid circulating thorough the system, i.e., the
circulating solid flow rate. Figure 11(a) shows the axial solid velocity profile
(at the contactor axis) for the glass beads. As observed, solids accelerate in
the first stretch of the bed (close to the bottom), and they then decelerate
until a peak velocity is reached. The deceleration is due to the solid cross-
flow from the annulus into the spout, which leads to the sharing of the gas
momentum with all the particles. Subsequent to the peak, there is a velocity
descending trend for a bed stretch, and it then levels off until the value
corresponding to the annulus bed surface (level H,) is reached. Above this
level (in the fountain), there is a sharp decrease in solid velocity as the spout
expands to form the fountain.

In addition to the axial profile, radial velocity profiles can also be ob-
tained. As an example, Figure 11(b) shows the velocities measured at a bed
level of 20 cm for an operating velocity 10% above the minimum spouting
velocity. As observed, velocity is maximum at the axis of the contactor, 1.25

! and it then goes on to descend as the measuring point is further from

ms
the axis of the bed. In the annular zone, there is a local minimum between
the spout-annulus interface and the wall; that is, particles descend slower
on the wall due to the wall-particle friction. These velocity profiles allow
defining the position of the spout-annulus interface, as it is the place where

the solid average velocity is zero, which in this case is close to 52% of the

radius at the level of 20 cm.

24



1.25

15p ] H,=20cm

1.251 b

,_.
T
I
o
~
a
T
I

Velocity, m s™
e
wl
T
L

o
~
o
T
L
Velocity, m s

o
N
3
T
I

0.5 b

0 Il Il Il Il _025 Il Il Il
0 0.05 0.1 0.15 0.2 0.25 0 0.2 0.4 052 0.6 0.8 1

Hi, m Ti/Tw

(a) (b)

Figure 11: Glass beads (a) axial velocity profile and (b) radial velocity profile at 20 cm
from the bed bottom and u/tu,s = 1.1

These velocity profiles are the basis for determining other essential pa-
rameters in the operation with spouted beds, as are the average local velocity,
the local solid flux, local solid momentum fluxes, average cycle times of the
solids, and the overall particle circulation flow rate in the bed. In order to
determine the local solid mass fluxes, porosity has to be ascertained through
frame binarization or simulation. In the case of glass beads, assuming a
porosity of 0.75 in the spout region, the axial profile in Figure 11(a) leads to
a mass flux of 781 kgm~2s~!. This information is crucial for the design of

these beds for the treatment of a given solid flow rate.

4. Conclusions

A procedure based on borescopic particle image velocimetry has been de-

signed, set up and tuned, and allows attaining reliable information of particle
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velocity in conical spouted beds, with an estimated detection error below 10%
for all cases and materials studied. Solid velocities in the 0-6.5 ms~! range
have been monitored in this study, which fall well below the recording capa-
bility of the camera. In fact, finer particles attain higher velocities, which
would also be monitored by the technology proposed by simply increasing
the recording speed. The methodology proposed allows also detecting ve-
locity oscillations above the natural frequency of the system, which provide
essential information on the transient behavior of the system. Thus, velocity
oscillations are detected in the annular zone due to the incorporation of big
particle clusters into the spout (cluster cross-flow from the annulus into the
spout), along with the frequency at which this occurs. In addition, the an-
nular zone oscillation frequency matches closely those reported in previous
studies based on pressure fluctuations, which is an indication that velocity
has been properly detected. Regarding the shape of the signal recorded,
solid velocities in the spout follow a much more chaotic distribution, which
depends on the amount of angular and/or linear momentum exchanged from
the gas to the particle. Furthermore, this distribution also depends on both
the collisions undergone by particles prior to and at the measurement point
and the alignment of irregular particles along the spout.

A triggering criterion based on the beta distribution has been proposed
for switching the algorithm for velocity monitoring according to bed density.
Thus, based on the recordings, the algorithm corresponding to the measuring
point is set, i.e., one for the dilute zone (usually in the spout) and a different
one for the dense phase (annulus or clusters in the spout). In addition, the

use of a spacer at the borescope tip is crucial for a good contrast between
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particles and the background, specially in the dilute zones, in which there
is a bubbly flow pattern and/or particles move upwards in the spout region.
It is word mentioning that the number of particles detected in the dilute
zone depends on the optics used and not on the implemented algorithm.
The technology developed is highly flexible. Thus, when bigger particles
than those used here must be monitored, the number of particles detected is
increased by simply changing the lens between the borescope and the camera,
and the subsequent velocity detection is straightforward without any change
in the image treatment algorithm.

The tool developed based op the borescopic PIV technique enables ob-
taining dynamic local data, which are highly relevant for comparing different
systems or configurations or when local data are required for heat and mass

transfer optimization or for model validation.
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