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The fine tuning of a sensor designed to locate interfaces using a two-dimensional gas—solid fluidized bed (FB) as reference
is described. The sensor works through computer vision and consists of a charge coupled device camera that is placed
alongside the bed and, as the human eye would do, first establishes a straight segment of the bed’s top surface to define the
phase boundary and then through pattern recognition continuously scans the interface in search of a similar pattern. The
field of view is 582 x 752 pixels’. The experimentally measured Pixel size is 216 x 208 pm’. The device allows for
experimentally obtaining the position of the probe with a resolution of &+ 0.01 pixels at 25 Hz. We also describe its use to
measure the height of the FB and observe a linear relationship with fluidization velocity. © 2012 American Institute of

Chemical Engineers AIChE J, 58: 3645-3652, 2012
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Introduction

Macroscopic type interfaces are common in technological
operations and processes. The term macroscopic is used here
to define interfaces at which the liquid or gas is not subdi-
vided as occurs with the level reached by liquids and solid—
gas fluidized beds (FBs), but it excludes the interfaces pro-
duced when solid particles, liquid drops, or gas bubbles are
immersed in fluids. In this article, we only refer to these
macroscopic interfaces. The economic importance of such
interfaces is considerable with applications such as stocktak-
ing of the contents of tanks, monitoring sedimentation in
wastewater treatment plants, and determining the volume
occupied by a fluid catalytic cracking unit when refining
crude oil.

Macroscopic interfaces can occupy a vertical or horizontal
spatial position but most frequently they occur in a horizon-
tal plane and can be detected by level sensors. Specific level
sensors exist for granular materials or liquids, and some are
common to both. These sensors are used to detect both point
and continuous levels. When electrical or electromagnetic
energy is put into the system, a sensor picks up the disturb-
ance caused by the discontinuity of the interface itself. This
causes a change in the transmission of visible or ultraviolet
light, radiofrequency energy, or variations in the electrical
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properties of the medium. In many devices, the transmitter
and the receiver are linked to form the sensor. Among the
sensors, optical fibers are most widely used to monitor liquid
levels, and several types exist such as side-polished fiber
Bragg gratings,' intensity modulated fibers,” and the Fabry—
Perot interferometer.> Also for liquids, a torsional acoustic
waveguide sensor? may be used or an ultrasonic sensor” for
petrochemical tanks. Capacitors®’ are also used, the latest
models being grounded. Changes in electrical resistance are
measured using a constant current source.® Finally, an origi-
nal way of measuring the level of liquid in a tank is to find
the equation of the plane of the liquid—gas interface from its
intersection with three laser beams; the plane can then be
pinpointed with one or two cameras.’

With some adjustments, the above techniques can also be
used for granular solids in hoppers or FBs. Measuring grain
in silos is complex because of the flatness of the grain inter-
face and dust generated, and the devices used are also com-
plex.10 For FBs, probably the most accurate method is the
use of pressure measurements. To do this, a variety of
probes are placed on the bed, and the height at which the
pressure is equal to that of the freeboard is determined by
extrapolation.'' Llop et al.,'* for example, used three pres-
sure probes to assess the effects of pressure and temperature
on bed expansion. Crandfield and Geldart"? captured cine-
photo images of the upper surface to calculate the expansion
of coarse-particle beds. A similar technique based on the use
of current image analysis tools was described by Busciglio
et al,'* in which the area corresponding to the bed was
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measured in video images captured with a charge coupled
device (CCD). Watano et al.'> used an ultrasonic displace-
ment sensor linked to a CCD video camera.

Electrical capacitance tomography has been used to calcu-
late the porosity of a given bed volume. However, extrapo-
lating the value of porosity to the whole bed produces erro-
neous results, as for this property, there are considerable dif-
ferences between different regions of the bed, for example,
jets that are close to the distributor as opposed to the dense
phase in the upper region of the bed. Delmon et al.'®
described a capacitor model fitted to a cylindrical column
consisting of two metal plates; thus, its resolution will be
lower than that of the devices used by other authors, which
typically have 8 or 12 plates. A wireless device also exists
with a passive inductor—capacitor circuit designed for granu-
lar-type substances as well as liquid.'” It should be noted
that solid objects such as rods, floats, and rotating paddles
are required in most of the sensors mentioned.

In general, sensors for liquid interfaces show a higher per-
formance than those used for granular solids. Thus, Lu
et al.’ reported a resolving power of about 0.4 mm and a
precision of 1 mm over a range of 2.3 m of water column
(pressure), and Sheng et al.'® reported a sensitivity of 1.526
x 1075 cm™! of water level. In addition, an accuracy of 2
mm over a full scale of 3.5 m water,'"” a resolution better
than 0.10 mm for a measuring time of 20 ms,” and a magne-
tostriction sensor with a resolution of 0.10 mm?® have been
described. An original method is to apply a subpixel polyno-
mial interpolation algorithm for the liquid edge position-
ing.?! For granular solids, it is rather more difficult to find
information. Thus, Al Zahrani and Daous> report a sampling
rate of 10* samples/s with an accuracy of 0.01 psi, though
this is an indirect method through pressure signals. The sam-
pling frequency of the measures varies widely among
authors.

Finally, despite numerous high-performance instruments
on the market, many of these systems rely on probes, which
make them intrusive techniques, and they also need more or
less complex electronics. Sometimes, there are also physical
problems of space to accommodate the equipment’s compo-
nents and problems arising from distortion of the energy
beam due to the undulating nature of the surface; for exam-
ple, the waves on the surface of a liquid.

Before such devices were introduced, the level of an inter-
face was detected visually through comparison with a grad-
uated scale, and accuracy and resolution were low. The ra-
tionale for the technique proposed here is that computer
vision can today imitate an observer and improve on the lim-
itations of the human eye. The technique described is the
use of a CCD camera to capture a two-phase system. An
interface segment representative of its position is chosen,
and its height coordinates are measured; the length of the
reference segment is decided on previously. Therefore, it is,
a procedure of pattern recognition. Herein, we describe its
application to a two-dimensional (2-D) gas—solid FB operat-
ing under laboratory pressure and temperature conditions.

The most important advantage of the technique is that it is
nonintrusive. Its main drawback is that the CCD has to visu-
alize the interface, so that, in principle, its applications
would be limited to transparent fluidized systems. However,
this does not substantially limit the methods use. Thus, it
can be applied to industrial scale processes such as drying of
solids, and more particularly to foodstuffs, granulation and
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Figure 1. Diagram illustrating the device setup.

coating of pharmaceutical products, biofluidization, and cul-
ture of microorganisms, which is conducted at about 28—
30°C. The technique can also be used to measure liquid lev-
els in tanks at near atmospheric pressure, and even when
processes are carried out at high P or 7, by installing a peep-
hole in the wall of the container (as used in glass-refining
furnaces).

Equipment and Operating Procedure

The experimental setup consists of a 2-D solid—gas FB
and a computer vision system (Figure 1). The fluidized mate-
rial (glass ballotini of particle size 420 < d, < 500 um) is
contained between two sheets of methyl methacrylate meas-
uring 1.0 m (height) x 0.2 m (width) x 0.009 m (depth).
The system is fed with air at 18°C through a distributor,
which is a stainless steel plate perforated with 0.3-mm holes
placed 5 mm apart in a triangular arrangement. The fluidiza-
tion gas moisture of 60% is obtained by bubbling air through
water and measured with a hygrometer Testo 635; the mate-
rial does not acquire electrostatic charge at this moisture
level.

The computer vision system consists of a CCD camera, a
positioning system (PS) to slide the camera up and down, a
backlighting device (LD), and software to manage the image
capturing process. The CCD camera used was a Sony XC-
75CE with a sensitive element of 582 pixels (horizontal
dimension) x 752 pixels (vertical dimension) that is posi-
tioned 0.36 m away from the bed and yields grayscale
images. The pixel size of this sensitive element is 8.6 um
(width) x 8.3 um (height). The field of view of the camera
on the lateral surface of the FB is displayed in the figure
(line ABCD). The size of the view field and the size of its
unit of measure depend on the distance CCD-bed. Hereafter,
this unit of measure is called Pixel (indicated in Figure 1);
its dimensions are P, pum (width) x P, um (height) and
these are experimentally obtained. The camera captures 25
image/s, and the images are binarized at a threshold that can
be selected manually or automatically. The CCD is con-
nected to a PC that regulates its operation using customized
software.

The PS is an automated RoboCylinder ERC-SA6, which
includes a motor, and is connected to a PC. The PS can
move the camera at a velocity of 0.001 < v, < 0.100 m/s.
The device can be programmed to move the camera to eight
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locations. Its stroke is 0.45 m and resolution is & 3 x 1077
m.

The LD is a 2-D strobe source of light placed 0.20 m
behind the bed whose operation is synchronized with that of
the CCD.

The software controls the CCD and PS. Its objective is
that the vision system checks the FB/air interface, that is, it
laterally inspects the upper surface of the bed, finds the best
horizontal segment, and records its position. Given the cap-
ture velocity of the CCD, the position of the segment is
sampled at a frequency of 25 Hz.

A rectangular pattern can be established in two steps by
the software:

1. Its dimensions (width x height, w x h) are set and
automatically positioned and its outline is visible in the cen-
ter of the view field as a frame or window (Figure 1).

2. It is confirmed as a template, that is, the characteristics
of the image within these limits are accepted and recorded.
Thus, for example, by moving the camera, the pattern can be
positioned, so that it is horizontally cut by the packed bed
surface. The confirmation step includes binarizing the area,
which is, therefore, split into two regions, the upper region
corresponding to the freeboard comprised white Pixels and
the lower region corresponding to the solid phase of black
Pixels.

Methods of digital image analysis such as our system use
a pattern. For instance, biometric identification systems such
as facial and fingerprint recognition are well known. Our
system is simpler, as a grayscale area is split only into two
regions. The aforementioned creation of a pattern can be
used as a tool to measure the height of the packed bed. This
is conducted as follows: after completing the first step, as
the lines of the rectangle that define the reference pattern are
displayed on the monitor, the CCD is moved with the PS in
manual mode to align one of its two horizontal lines (e.g.,
the upper limit of the window) with the bed’s skyline and its
position is read; next, the operation is repeated with the
other horizontal line (e.g., the lower limit of the window).
The fixed bed height is then given by the average of both
measures. The resolutions of the position coordinates of the
reference pattern and the bed height measures are + 3-Xx
10> m, the same as the resolution of the PS.

Operating procedure

The FB behaves like a boiling liquid such that an observer
looking flush across the top surface will see some flat
regions and other irregular regions where bubbles burst.
Thus, a horizontal line through the flat regions will give the
height of the boiling liquid. The system is based on this
model and operates in four steps:

1. A horizontal surface pattern is created, that is, a
straight fragment of interface that is not modified by explod-
ing bubbles. To simplify the following operations, the pat-
tern is rectangular (w x &) and includes the segment of hori-
zontal line mentioned.

2. The bed is fluidized, and the camera is moved man-
ually to a position where the FB-air interface is located
within its field of vision. The camera remains motionless at
this position throughout the experiment.

3. By means of the software, a small region within the
field of view is activated. This region of interest is of the
same shape and size as the pattern, and it is able move
freely within the image field and it is constantly tracking the
area that best matches the pattern. This is termed the sensing
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Figure 2. Results obtained for the movement of the
sensing region.
(a) Vertical movement; (b) horizontal movement; and (c)

pattern matching. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

region and plays the role of the probe in most sensors. The
position coordinates of this sensing region and pattern
matching are read and recorded to 25 Hz, respectively, X, vy,
and pm (Figure 2a—c).

The resolution of the position coordinates of the sensing
region is £+ 0.01 pixels. This is because the device first posi-
tions the sensing region to match the maximum number of
pixels and then calculates the mass center corresponding to
all pixels belonging to the interface and included in the pat-
tern. The aforementioned resolution and frequency were
experimentally verified by a horizontal mark made on the flu-
idization column and taking measures over 28.952 s (724
images). The resulting values, taking as reference the PC
clock and the reading of the mark, were 25.007 Hz and aver-
age height = 383.51 mm with standard deviation = 0.08 mm.

4. By disabling the sensing region, the run can be termi-
nated by the operator.

One way to prepare the pattern during the first step could
be to record a FB image, place this printed image in the field
of view of the camera, and make the camera capture a hori-
zontal linear segment. However, we prefer to directly capture
the image of the glass ballotini-packed bed to be fluidized in
the experiment. The error is negligible, as the histograms
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Table 1. Experimental Conditions used to Examine the Effects of Sensor Geometry on the Measurements Obtained

Width (pixels) Height (pixels)

Surface (pixels)

Number of Runs Time per Run (s)

41 <w < 544
27 < w < 544

544 > 1 > 41
544 > h > 27

Always w x h = 22,304 13 60
always w x h = 14,688

FB/air and packed bed/air are similar and, consequently, the
thresholds of binarization are also similar.

To identify the position and calculate the pm of the sensing
region to which reference is made in Step 3 above, we have,
on the one hand, an image of 582 x 752 pixelsz, and on the
other hand, the sensing region (a rectangle, e.g., 275 x 81 pix-
els? in which the top 50% could be white and the bottom 50%
could be black). The image is binarized resulting in a decom-
posed image of black and white Pixels. Next, the sensing
region is activated. This means that the probe searches for a
region of the same shape and size as the pattern in the image
and also makes sure that the numbers of black and white Pix-
els and their distribution the most match with the pattern.

Results and Discussion

Communication with the vision system is achieved
through pixel units, that is, the input of the pattern size and
the output of the coordinates of the sensing region. Although
according to the described installation and operating proce-
dure, one might assume the measurement technique could
simply involve calibrating Pixel size (P, P,), for example,
using horizontal and vertical marks on the fluidization col-
umn, this, however, would be insufficient to ensure the
reproducibility of the measure. This is because the sensor
system is designed to locate interfaces that are not well
defined or fluctuate such as that of a FB. For instance, when
applied to a FB, if the sensing region is large, it will not
freely move across the interface and pattern matching will
be low. The device’s parameters are discussed below to con-
firm that they do not affect the measurement results.

Effects of sensing region geometry and area

As the sensing region is 2-D, tests were conducted keep-
ing the surface area constant while varying the height to
width ratio (h/w). The conditions used are indicated in Table
1. Figure 3 shows the variation in pm versus A/w for the
given conditions. The results indicate that tall sensing
regions offer greater agreement than flatter regions. Both

100,00

90,00

. 80,00 £

70,00

pattern m
*
>

wx h= 14688

60,00 o Bwx h= 22304

50,00

40,00
0,01 0.10 1,00 10,00 100,00

height/width
Figure 3. Variation in pattern matching with sensing
region geometry.
Each point is the average of the data recorded over a
run time of 60 s. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.
com.]
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variables (height and width) contribute to this behavior.
Thus, when analyzed separately (Figure 4), both have a criti-
cal point beyond which the pm asymptotically approaches
100%. The change in the slope of pm versus i/w was used
as the criterion to select the geometry of the sensing region.
Thus, the data for 7 x w = 22,304 in Figure 3 were fitted to
two lines, and their intersection was calculated: 7/w = 0.290
and pm = 97.20%. Therefore, for a sensing region of this
size, the measurement technique cannot be used for h/w <
0.290 or, in other words, for w > 275 pixels and & < 81 pix-
els. The process was repeated for other sensing region sizes
to give the results shown in Table 2 (In all cases, the point
for h/w ~ 0.5 was excluded before fitting the data, as this
point seemed to correspond to the transition region between
the two behaviors). As height and width values (plotted in
Figure 5) yielded a straight line, we can infer that for the
sensing region sizes tested, the dimensions of the probe must
fulfill the condition A/w > 0.58.

Another approach to examine the effects of the probe’s
dimensions would be to establish a minimum pm value: for
example, in Figure 3 for 7 x w = 22,304 when pm > 97%
the first experimental datum that satisfies this condition is
pm = 97.18% and h/w = 0.596 (or w = 193 pixels and h =
115 pixels). The results for the areas tested provided in Ta-
ble 3 and Figure 5 indicate that the condition is #/w > 0.85
regardless of the size of the pattern. In conclusion, under the
conditions tested, the height/width ratio for the pattern has a
lower limit but no upper limit.

Minimum sampling time to obtain a representative
measure of a fluctuating interface

The position of the interface over time is given in Figure
2a. Once this series of data is completed, we will analyze
the phenomenon, for example, using statistical tools or in
the frequency domain or phase space. However, as the val-
ues obtained are instantaneous, it will be useful to know the
minimum number of points needed to obtain the average
value that represents the location of the interface, and
whether there is any relationship between the characteristics
of the probe, the minimum number of points mentioned

T S—
R “b .0 .V L
= 9000 #height -
E . - mwidth
W
£ 2000 & e
£
S 70,00 n
E * [u]
60.00 15 —
50.00
0 200 400 600

height and width, pixel

Figure 4. Effect of sensing region dimensions on pat-
tern matching. h x w = 22,304 pixels.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Table 2. Intersections Between Lines Obtained in Experiments Similar to Those Indicated in Figure 3

Upward Line

Horizontal Nearly Line

Intersection Point Both Lines

w X h Slope y-Intercept Slope y-Intercept w h pm

10,880 79.77 149.15 1.06 98.47 219 50 97.79
14,688 71.92 143.29 1.15 98.54 251 59 97.81
18,496 64.08 132.73 1.69 98.09 258 72 97.16
22,304 64.52 131.48 1.65 98.08 275 81 97.20
26,112 63.38 129.49 1.90 98.09 291 90 97.12

above, and the values of both pm and the horizontal mobility
of the probe while taking measurements.

To this, end tests were run in which 0.816 kg of glass bal-
lotini were fluidized for 60 s. The relationship between the
average pm and the number of points read (N) is shown in
Figure 6a. One can observe that increasing the ratio h/w (i.e.,
the tallest pattern experiments) leads to an increase in pm,
which is obtained with fewer measurements. When the height
reached by the bed is analyzed (Figure 6b), a sampling time
exists for which its average does not depend on the h/w rela-
tionship (about 8 s or 200 measurements). However, for
probes in which h/w = 0.596 and h/w = 13.268, it can be
observed that for 70-80 points, the difference between the av-
erage height and the long-term value is about 5-6 pixels, or
given the value of P, obtained later, only 1 mm. In principle,
for the horizontal coordinate, x, the sensing region should be
at any position on the bed surface line. However, some anom-
alous situations could exist such as bubble chains,23 bubble
flow patterns via preferential palths,24 or when the bed is not
completely vertical. Figure 6¢ shows that the average of the
sensing region abscissa is fairly stable from about 600 points
(24 s) confirming that in the long term, the probability that
the probe occupies any location of the interface is constant. It
should be noted that these values are significantly greater than
the temporal and spatial resolutions of the probe (25.007 Hz
and standard deviation = 0.08 for height 383.51 mm).

Finally, the high accuracy of the bed height measurements
indicate that in some circumstances the technique could help
resolve current problems of obtaining experimental data to
validate CFD techniques.25

Influence of the phase distributions in the reference
pattern

The established pattern comprises areas corresponding to
the bed and the air above the bed, for example, 50/50%. In

140

*h=058w-7982
120 //. -

/ mh=0.85w-49.09
100 =

z
= g 7
) a0 / i
= s /
60
+
40
130 150 170 190 210 230 250 270 290 310
width, pixel

Figure 5. Influence of sensing region area on optimal
geometry. ¢ Intersection points obtained in
experiments similar to those indicated in Fig-
ure 3 and B pm > 97.0%.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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addition, fluidized material, previously released by the bub-
bles as they burst, sometimes falls from the freeboard to the
upper surface. This material has been previously released by
the bubbles when they burst on the same surface. To check
whether this falling material affects the sensing region, we
varied the bed/pattern relationship, Sy,. The resultant effect
of Sp;p on pm is shown in Figure 7. The figure indicates
reduced matching, as the difference between the two areas
increases. Probably, the device has more difficulty in track-
ing the bed surface movement and finding the best match,
when there is greater disproportion between the two areas.

Figure 8 shows the variation in bed height with Sy, We
can observe that the measurement is nearly constant for Sy,
< 0.4, that is, when the area corresponding to the freeboard
is greater than that corresponding to the FB. We, therefore,
recommend the use of patterns whose bed/pattern propor-
tions are slightly smaller than 0.5.

Calculating the minimum field of view width and
calibrating Pixel width

While making measurements, the sensing region moves
along the top surface line so if this line is short the sensing
region will have trouble finding good pattern matching.
Accordingly, the behavior of a FB at uy = 0.526 m/s using a
sensing region & = 157 pixels and w = 142 pixels and hori-
zontally limiting the camera’s field of vision was examined.
Figure 9 shows y values for four different widths of the field
of vision. When the pm is low (less than a preset value) the
sensing region moves to the position y = 150 pixels, which
is a false value of the height and indicates that the measure-
ment technique is not applicable in these conditions. Figure
10 shows that y is constant for W > 0.108 m; this is the
shortest width across which the equipment can safely be
operated. One way to shorten the minimum width of the
field of view is to reduce w. Also by increasing the fluidiza-
tion gas, interfaces become more irregular due to the pres-
ence of more bubbles, so w should be reduced or W should
be increased to safely measure the interface.

In addition, the displacement limits of the sensing region
for different widths of the visual field were used to calibrate
Pixel width, P,. To this end, the width of the visual field, W,
was fixed, and measurements of the abscissa x for 15 min
were obtained. Given that the probe constantly sweeps the
interface with an equal probability of occupying any posi-
tion, the maximum and minimum readings of x indicate the

Table 3. Geometry and Pattern Size When pm > 97.0%

w (pixel) h (pixel) w X h (pixelsz) pm (%)
145 75 10,880 97.72
164 90 14,688 97.95
179 103 18,496 97.16
193 115 22,304 97.18
206 127 26,112 97.12
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Figure 6. Minimum number of points yielding reproduc-

ible measurements.

(a) Matching between pattern and sensing region; (b)

bed height; and (c) horizontal displacement of the sen-

sor. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

number of pixels falling within the width W. Figure 11
shows the minimum and maximum values obtained for sev-
eral values of W, from which we calculated the range and
calibration line. The slope of this line gives

100,00
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=
]
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90,00 4
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86.00
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Figure 7. Optimal ratio between the pattern areas
share. Run time for each point 60 s.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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height measurements.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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time, s
Figure 9. Field of view width and probe mobility: h = 157
pixels, w = 142 pixels; and u; = 0.526 m/s.

bed height, pixel

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

P, = TSR 216 um ()
for the camera-bed distance and focal length of the camera
used.

Calibrating Pixel height

The vertical dimension of the Pixel (P,) was calculated
from the PS’s scale. This was done by placing a horizontal
mark on the fluidization column and taking measurements
for various positions of the CCD. The displacement of the

CCD with the PS can be programmed. Thus, we
550
*
500 e -
3 450 *
=
k-
2 +*
T 400 v
X . .
350
300
0,085 0,090 0,095 0,100 0.105 0,110 0.115 0,120

width of the field of vision. m
Figure 10. Effect of field of view width on bed height
measurements: h = 157 pixels, w = 142 pix-
els; us = 0.526 m/s; and run time 60 s.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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programmed a cycle in which the center of the field of view
of the camera was aligned with the mark and then the CCD
was moved at a constant speed to several different positions.
The packed bed itself was used as the mark, the readings of
the mark for different positions of the CCD are shown in
Figure 12, so that from the calibration line the following
equivalence may be obtained

1

Application to the relationship between gas
flow and bed height

To assess the effects of gas flow, 0.816 kg of glass ballotini
of 420-500 um in size were fluidized with air at 18°C and gas
flow was kept between 8.09 x 107* and 1.10 x 107> m’/s.
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Figure 13. Changes in FB height over time.
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Table 4. Bed Heights and pm for Several Gas Flows

Bed Height Pattern

Fluidization (pixel) Matching (%)

Run Velocity (m/s) y oy pm Opm
acp 347 0.405 421.69 12.30 98.55 1.41
acp 345 0.429 445.03 18.20 97.74 1.97
acp 342 0.454 464.12 24.39 96.80 2.70
acp 346 0.478 480.12 3141 96.76 2.57
acp 343 0.503 500.70 42.79 96.32 3.26
acp 341 0.527 515.76 52.12 95.62 3.76
acp 344 0.552 532.00 61.22 95.54 3.76

Static bed height from the position of the distributor was
0.234 m. The results of three cases and lines of average val-
ues are presented in Figure 13. To clearly appreciate the phe-
nomenon, a time of 16 s is shown in the figure, though each
experiment lasted 120 s. The results of y and pm are included
in Table 4, which shows that the standard deviation could
probably be used as a measure of the global hydrodynamics
of the bed. Figure 14 shows the fitting of the data.

Conclusions

Our results indicate that a computer vision-based sensor is
suitable for locating the position of a macroscopic interface.
The sensor proposed consists of a CCD camera and a PS
that inspects the interface constantly searching for the flattest
region. A rectangular sensing region moves within the cam-
era’s field of vision, which measures 582 x 752 pixelsz. The
position coordinates of the sensing region (x and y) and the
degree of matching to a given pattern are sampled at 25 Hz
and obtained with a resolution of £ 0.01 pixels. Calibration
of the system is simple, but its high performance depends on
several key parameters that are need to be considered. When
the upper surface of a 2-D FB was used as the interface to
calibrate the sensor, we were able to determine that:

e The rectangular geometry of the sensing region affects
pattern matching. Thus, its two dimensions have critical val-
ues and a minimum exists for its height and a maximum for
its width. Both yield a minimum operation relationship, /i/w.

® The minimum number of measures required to ensure
that a measurement of the interface is reproducible is quite
low. This figure depends on the pattern size and geometry
used, although in general, the measure for pm is stable after
6 s of sampling and for y above 8 s. At 60 s, there is still
some dispersion for x, as might be expected.

e When the area above the interface/area below the inter-
face ratio is 50/50%, a maximum value of pm is obtained.

bed height, pixel

y=T741.48 u; +[12544
400 A R<=0,9963

375

0,38 042 046 0,50 0,54 0,58
fluidization veloaty, m/s
Figure 14. Effects of gas flow on FB height.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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However, considering that y is constant and peaks when the
aforementioned ratio is > 60/40%, we can conclude that the
optimum measurement corresponds to a bed/pattern relation-
ship of 40%.

® To avoid limiting the sensor’s movements, the length of
the interface must be at least 0.108 m.

e The dimensions of the Pixel depend on the configuration
of the device. Here, its width was calculated by varying the
width of the camera’s field of vision and its height by dis-
placing the camera and a Pixel size of 216 um (width) X
208 pum (height) was obtained.

® Increasing gas flow causes an increase in the level of
the bed and the standard deviation from the mean. In this
case, the relationship between height and fluidization veloc-
ity is linear.
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Notation

d, = particle diameter, yum
h = height of the pattern and sensing region, pixel
L = locations to which the camera moves to gauge pixel height, mm
N = number of points sampled
P, = horizontal dimension of the area unit of measure (Pixel), um
P, = vertical dimension of the area unit of measure (Pixel), um
pm = pattern matching of the sensing region, %
Syyp = distribution of regions in the pattern: bed/pattern
ur = fluidization velocity, m/s
vp = velocity at which the PS moves the CCD, m/s
w = width of the pattern and sensing region, pixel
W = width of the field of vision, m
x = abscissa of the sensing region, pixel
y = ordinate of the sensing region, pixel

Greek letters

g, = standard deviation for the bed height
0pm = standard deviation for pattern matching
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