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Summary

As much as 50 % of consumer products and 75 % of the raw materials in the chemi-
cal industry are in the form of powders and granular solids. Gasification, pyrolysis,
coating, granulation, drying, and mixing are examples of processes in which granular
particles contact fluids. Researchers examine the hydrodynamics of these fluid-solid
contactors with pressure signals, acoustics, computed tomography, radioactive parti-
cle tracking, optical fiber measurements, and spectroscopy. Among these techniques,
fiber optic probes are simple, inexpensive, sensitive, with high response rates and
accuracy. Optical probes measure local hydrodynamic properties including particle
velocity, solids fraction, and voids, which are difficult for heterogeneous flow sys-
tems like spouted beds, risers, and turbulent fluidized beds. We discuss the theory,
calibration, applications limitations and sources of uncertainty in optical probe mea-

surements. Sample Matlab codes explain how to process the experimental data. We

KEYWORDS:

1 | INTRODUCTION

Fluidized and spouted bed reactors are fluid-solid contactors
industry applies to gasify and pyrolyze organic substrates and
waste, coat and granulate powders, mix active pharmaceuti-
cal ingredients, and dry slurries and pastes. Heat transfer rates
in fluidized bed systems are an order of magnitude greater
than fixed beds and and they are capable of processing enor-
mous volumes of gases in vessels that reach 50 m at a lower
pressure drop. Moreover, in catalytic reactors mass transfer
rates between the solids and fluid is higher because typical
particle sizes are on the order of 70 pm compared to pellets
that reach 3000 pm.!"3! Although they have many advan-
tages over fixed bed reactor, they are chaotic systems and the
entrance region, cyclones, diplegs, and bulk gulf-streaming
represent operational challenges. To better design reactors,

provide pieces of experimental data as a sample input for each application.

fiber optics, fluidized bed, spouted bed, particle velocity, solids holdup

especially for systems with explosive mixtures, highly exother-
mic and endothermic reactions, cohesive/sticky powders, &
and those that agglomerate easily (like for polymerization), !
researchers build and operate large scale cold flow units (up
to 1/3 the commercial size) and develop numerical techniques
based on computational fluid dynamics (CFD) and discrete ele-
ment methods (DEM). [®l Both Eulerian-Eulerian (two-fluid
model)!®! and Eulerian-Lagrangian (coupled computational
fluid dynamics—discrete element method) %8l are applied
to the micro-scale (particle dimension) and the marco-scale
(diameter of the bed dimension).

Pressure signals, @10 acoustic signals!™!, computed
tomography (CT)!2, radioactive particle tracking (RPT) !
and fiber optics!*14 are examples of invasive and non-
invasive experimental techniques. 1319
methods, the probes lie outside the system while invasive
probes protrude into vessels and contact the fluid and powder,
which msy disturb the hydrodynamics. Fiber optic probes are
invasive devices that are highly accurate, simple, sensitive,

In non-invasive
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with a fast response time and low cost compared to most non-
invasive methods. 19729 Researchers have measured bubble
rise velocity, 1221 bubble diameter, 1221 bubble holdup, 1!
particle velocity, 1#22281 Jocal holdup, H422H24 285331 1ocq)
solids flux,"4! and spout diameter!!*2428-530.5341 ith fiber
optic probes. The fiber diameter (generally in the range of
10 pm to 20 um), should be larger than the particle diameter
to measure particle velocity.!#23l Bubble diameter, local
holdup and spout diameters are much greater than this but
to minimize perturbing the system, the outer probe diameter
shoud be less than 5 mm.

Maurer et al. !> compared bubble diameter and rise veloc-
ity using X-ray tomography and optical probe measurements.
Pugsley et al. ' compared fluidized bed holdup (i.e. voidage)
using CT and fiber optic measurements. Xu et al.32! com-
pared time-averaged particle velocity using optical prope,
RPT and Positron Emission Particle Tracking (PEPT). These
research, 121833 confirmed the high accuracy, less than 10 %
discrepancy in holdup measurements compared to CTHO of
fiber optic measurements. Furthermore, optical measurements
are less expensive compared to the other methods (at least 50 %
cheaper than CT, for example), and more straightforward to
implement %!,

Chemical engineers employ several optical methods, includ-
ing fiber optic measurements*”), Raman spectroscopy 8!,
near-infrared spectroscopy (NIR), phototubes, and laser spec-
troscopy I, in process engineering. These optical methods
are unrelated and each requires a distinct experimental proto-
col. Here, we focus on fiber optic applications in multiphase
systems as part of a series of tutorial reviews on experimen-
tal methods in chemical engineering. ¥ We first introduce the
theory of fiber optic measurements in multiphase contactors
and discuss operational challenges. Furthermore, we demon-
strate how to calibrate probes and process the data for several
applications.

2 | OPTICAL FIBER PROBES

Fiber optic probes are produced in various types and forms,
including two parallel light emitting and receiving optical
fibers, parallel-optical fiber bundle probes, cross-optical fiber
probes, and parallel-optical bundle fibers, which all have their
advantages and drawbacks. %2l Researchers generally classify
these probe types into two groups of transmition and reflec-
tion type probes.!) In transmition type, a gap separates the
illuminating and reflecting fibers, while the reflection type
intermingle illuminating and reflecting fibers into groups of
bundles (a.k.a. channels). Several bundles make up a probe,
while each bundle consists of multiple arrays of fibers, whose

/ \ / Particles Bundle",
{ \ / o \
1

>
-

§7H Emitting fiber
& 8 [ Receiving fiber

! Data Acquisition
- Card (DAC)

FIGURE 1 Schematic diagram of fiber optic probes. H#221
Each bundle consists of several sets of emitting and receiving
fibers. We insert the optical probe into the multiphase bed, so
that the probe tip lies in the bulk of particles. Emitting and
receiving fibers are responsible for the emission of photons and
transmission of the reflected photos from the surface of par-
ticles to a photo transistor. This photo transistor converts the
light into an electrical voltage signal, which is recorded by a
data acquisition card (DAQ).

diameter is about 200 pm. In recent fibre optic designs (reflec-
tion or parallel-optical fiber bundle probes), the arrays send
and receive light alternately.>2! Parallel-optical fiber bundle
probes reduce blind spots regions #11, which are areas that the
light fails to illuminate or fails to return light to the probe.
For other types of probes, a glass window at the tip of the
probe is necessary to reduce blind regions. After receiving the
reflection of the emitted light by the receiving fibers, photo-
multipliers (generally one photo-multiplier for each probe bun-
dle) convert the light signals into electrical signals. 2! Data
acquisition cards save the signals. For simple applications, like
solids holdup measurements, a single bundle in the probe is
adequate, particle and bubble velocities require at least two
light-emitting, -receiving bundles. Taofeeq et al.??! described
several fiber optic probe designs and enumerated their advan-
tages and drawbacks. When the emitting light from the probe
is in the range of visible light, we recommend to block all other
light sources, including sunlight, to minimize its contribution
to the overall signal (baseline shift and possibly noise).
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The experimental setup with parallel-optical fiber bundle
probes, Figure [T} shows a probe inserted in a bed together with
the geometery of the tip. Emitting fibers in each bundle project
light (emit photons) that shine on the particles located in front
of the probe tip. Receiving fibers transmit the reflected pho-
tons from the surface of particles to a photo transistor, which
converts the light signal into an electrical voltage, which is
recorded by a data acquisition card (DAQ). To improve the
spatial distribution, we repeat the experiments at different tip
locations. For example, to determine the radial distribution of
solids holdup in a spouted bed, we collect datasets by changing
the position of the probe tip from the spout to annulus.

To interpret the voltage signals, we calibrate it against
known systems to for local holdup, solids velocity and flux,
bubble holdup, rise velocity and size.

3 | APPLICATIONS

In 2019, Web of Science Core Collection (WoS) indexed
18257 documents that contained fibre optics in a search query
in the field Topic ([@). Fiber optic probes coupled with Fourier-
transform infrared spectroscopy measure the local volume
fraction and gaseous species composition simultaneously in
gas-solid contactors. &3

3.1 | Solids holdup

A single bundle is sufficient to calculate local solids holdup
while for probes with multiple bundles, the holdup is an aver-
age of all the signals from all the bundles. Shabanian et
al.l"! reviewed the optical probe calibration methods includ-
ing solids dropping in a downer, liquid-solid suspension, flu-
idized bed, solids-polymer blocks, and theoretical methods for
holdup. Among these methods, solids dropping in a downer is
the most popular method for gas-solid systems (Figure [3)). The
calibration is based on signals acquired from particle mixtures
with various holdup values. The mixtures comprise various
concentrations of white and black coloured powder that are
used in the experiments (Figure [3).[£8£85) The black par-
ticles represent voids, since the optical probe is unable of
detecting them.

The calibration procedure consists of pouring various con-
centrations of black and white powder through a tube with an
optical probe protruding from the side (Figure [3). To maxi-
mize the signal to noise ratio for visible light experiments, the
entrance and exit are sealed to minimize contributions from
extraneous light. We first pour the particles into the pipe from
above (top valve) and allow the particles to accumulate on the
bottom valve. A few seconds after the solids level rises to the

height of the probe, we open the bottom valve slowly for the
particles to exit the pipe and record the signals from the probe.
This setup simulates loosely packed motion of particles in
front of the probe. 144531 A sample with only black particles
represents a completely empty region, a solids hold up equal to
zero. A sample with only white particles represents a loosely
packed bed close the hold-up of the Scott density or poured
density: M9l solids flow through a series of baffles and collect
in a graduated flask below. The density is simply the ratio of
the mass of solids collected and the volume of the receptical
(Pseorr = M/ V). The solids fraction, « is the ratio of the Scott
density and particle density, pg.o/p, and the void fraction is

e, =1- 50t _ 1 _4 (1)

Pp
Every probe bundle must be calibrated as ¢, depends on geom-
etry and other factors. Consequently, the solids holdup for any
operating condition €, is a function of the packed void frac-
tion, €,, and the signals collected during the experiment, gs,
the signal of an empty bed, Eb, and the signal of the packed

bed S,
Es_gb
€, =€y | ——
Sw - Sb

Generally, the voltage signals varies linearly with concen-
tration of black/unpainted powder (Figure ). In some cases,
however, like when the probe tip is damaged due to collision
with rough particles, this relation becomes non-linear. Figure
[]shows schematics of a typical average voltage - solids holdup
calibration. Using curve fitting, we derive an equation to link
the average voltage and solids holdup for each probe bun-
dle. We use these equations for measuring holdup in the main
experiments in fluidized or spouted beds.

Based on the calibration equations in Figure 4] we present
a sample Matlab code (Appendix [A) to process and convert
experimental signals to solids holdup (experimental data in the
supplementary material). First, the code loads the experimen-
tal data of bundles. Then it divides the data into segments.
The main reason of this segmentation is to remove possi-
ble problematic data sections during the elimination. In other
words, we increase the number of data for the elimination
steps. Then the code converts the data segments into holdup
from the raw voltage signals using calibration curves of each
bundle. Finally, the code removes outliers and calculates the
local holdup by averaging data segments and bundle values.
When we run the code using these data, and input parameters
of ngg = 40 and o' = 3, the code calculates the holdup = 0.203.

@
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FIGURE 2 VOSviewer bibliometric co-citation map of keywords derived from a WoS topic search .

3.2 | Particle velocity

To calculate the particle velocity, v, requires at least two
sending-receiving on the probe. It equals the ratio of the effec-

tive distance between the two bundles, /., and the time delay,
7. A2 6485

v, == 3)

The effective length is approximately equal to the distance
between bundles on the probe but changes when colli-
sions with particles erode the probe tip. We apply a chop-
per disk to calibrate the probe for velocity measurements
(Figure [5). 1£22B4E5] Rather than a circular chopper, we also
apply a belt-driven stepper that moves along a horizonal plane
linearly (Figure|6). 22

Although patterned disks are applied to calibrate velocity
(Figure [5|bottom middle), ## we recommend fixing the actual
particles to the disk surface. 14! Before starting the calibra-
tion procedure, we measure the distance between the center of
disk and the probe tip on the disk, to convert rotating speed to
linear velocity, and use it to calculate effective length of the
probe (Eq.[3). The procedure requires rotating the disk at var-
ious speeds and recording the signal. We choose the highest
rotational speed based on the predicted velocity of particles in
the main experiment. For instance, in a spouted bed, the high-
est particle velocity appears inside the spout zone and is close
to the superficial gas velocity at the inlet. 2! Consequently, the
highest limit of the rotational rotating speed (after converting
to linear velocity), should be slightly higher than the super-
ficial gas velocity in the spout. Since particles pass in front
of the probe tip frequently (depending on the rotating speed),

sections of high and low voltage appear in the signals. Figure/[7]
shows a typical data for three rotations of the disk and a blown
up section of one rotation.

High voltage sections in Figure [7] correspond to particles
passing in front of the probe bundles. A delay (n, in Figure mb)
relates to the real distance between the probe bundles (effec-
tive length, /). A cross-correlation of the signals (Figure [8)
from two bundles gives this delay in data number (n,). Cross-
correlation, also known as sliding inner product, is a measure
of similarity of two signals as a function of the time lag of one
relative to the other. In other words, for different lag numbers
in one of the signals, cross-correlation measures the correla-
tion coefficient of the signals. For discrete time-series (signals)
x; and y;, Equation@calculates the correlation coefficient, 44!

20 =00 =)
R, =21 i 7 )
(N, - 1o,o0,
where o, and o, are standard deviations of x and y sig-
nals, respectively. Once we have the corresponding time delay
(by converting data number, ny, to time delay based on the
sampling frequency) to the maximum correlation coefficient

(Figure[8), Eq. [5]converts it to probe effective length

le=v,7 4)

In this equation, v, is the linear velocity of particles at the
probe tip and for the chopper disk experiment it is the product
of the radial distance of the probe from the centre, r, and the
rotational velocity of the chopper disk, w

Up =rw (6)
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FIGURE 3 Optical probe calibration setup for solids holdup.
Mixtures of various concentrations of black and white powder
are poured into a downer with the probe protruding from the
side through a hole. Valves at the bottom and top of the downer
control the flow rate of the particles. We generate a calibra-
tion curve of the electrical signal and concentration of black
powder, which represents the void fraction.

Researchers choose high sampling frequencies in areas
where the velocities are high, like in the spout, and lower fre-
quencies in the annular region, where velocities can be 1000
times lower. In the main experiments, we calculate the cross-
correlation using time lags in both x and y signals. Finding
cross-correlation using time lags in both signals guarantees
that the motion of particles in both directions is taken into
account. For example, in spouted beds, the dominant motion
directions of particles in the spout and annulus are in the
opposite direction. Once we obtain the cross-correlation in
both directions, cross-correlation values specify the dominant
motion direction, and we apply the maximum time-lag in
the dominant direction for further calculations. Appendix [B]
illustrates a sample Matlab code to process and convert exper-
imental signals to particle velocity.

0.7 -
Bundle2
06 - /@
a, = 0.079E,, + 0.457 / Bundle1
05 - R2=0.99 @
04 - /
o /
0.3 - g
0.2 -
a, = 0.133E,, + 0.177
01 - R?=0.99
0 L ] ] ] ] ]
-5 -3 -1 3 5

Eav (V)

FIGURE 4 Typical solids holdup calibration curve. The
holdup calibration curves relate (generally with a linear rela-
tion) the average voltage of the signals and the holdup values
for each bundle.

First the code asks input parameters from the operator and
reads the data of both bundles. It divides the data of each bun-
dle into several segments using a similar segmentation method
in Appendix [A] Then, the code finds the maximum cross-
correlation coefficients for each data segment. From these
maximum cross-correlation coefficient, Eq. El calculates raw
particle velocity. These raw velocities must pass four veri-
fication steps (elimination steps). In the first, we investigate
the number of data in each segment. If the maximum cross-
correlation occurs at the end of a data segment, the segments
are too short and we should divide the data into a smaller
number of segments (i.e. more data in each segment). The
next elimination step deals with deleting velocities with weak
maximum cross-correlation coefficients. For this purpose, we
define a threshold. If the maximum cross-correlation coeffi-
cient of a segment is smaller than the defined threshold, the
code removes the corresponding particle velocity. Defining
this threshold requires prior knowledge of the experimental
system: In spouted beds, the maximum values of the cross-
correlation coefficient in the spout region are mainly larger
than that of the annulus. The reason is due to the lower solids
holdup in the spout and motion of separate particles, which
makes it easier for the probe to detect them. In the annulus,
however, the particles are packed and they move in bulk, mak-
ing it more difficult for the probe to identify the motion of
single particles. Consequently, the threshold values are larger
compared to the annulus.
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FIGURE 5 Particle velocity calibration experiments using a
chopper disk comprised of black and white particles glued to
the surface. A rotor rotates the disk at a rotational speed . We
place the probe tip orthoganal to the rotating disk at a distance
of I mm to 2 mm.

{-’ i - s

Stepper-Motor 4

Controller USB-Connection

|
Stepper-Motor Device ‘ l
v Sliding Plate

s . o~ r Fiber Optical
/ A - Probe
Covered with

Glued Particles

B

Fiber Optical
Probe

Stepper-Motor
Carriage

\

FIGURE 6 Calibration of fiber optic probe for velocity
measurements of small particles with a belt-driven stepper
motor. 22
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FIGURE 7 Voltage signals from three rotations of the chopper
disk (top) and one rotation (bottom). When the glued particles
pass in front of the probe, voltage signal is highest. Black and
red lines show data of bundles 1 and 2, respectively. The lag,
ny, between the bundles 1 and 2 is the basis to calculate the
effective length, /..

After the elimination of weak cross-correlated values, the
code eliminates the data due to inappropriate sampling fre-
quency. In this elimination step, we check in each segment
whether the maximum value of the cross-correlation coeffi-
cient occurs at the first element. If this is true, the sampling
frequency is too small to capture the real particle velocity.
There is a trade-off between the size of the data file and the
sampling frequency. Larger data files require more memory
and when the files are too large for the computer, this compro-
mises the processing procedure. As a result, we have to select
the sampling frequency at each location of a bed according
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Cross-correlation

FIGURE 8 Cross-correlation curve for velocity calibration.
The maximum cross-correlation occurs at data lag = ny.

to its maximum velocity of particles. Higher particle veloci-
ties require higher sampling frequencies. In the last elimination
step, the code removes the data outliers using their average and
standard deviation. For the case in the supplementary material
the code calculate v, = 0.202m s~ with the input parameters
f =10000, /, = 0.002, R;y = 5000, o' = 3, ny, = 40.

3.3 | Instantaneous solids flux

The local instantaneous solids flux is the product of the solids
holdup (Eq. [2)) and particle velocity (Eq. 3]

G (1) = pya Dy (1) )

3.4 | Spout diameter

The spout diameter, dg,,, is derived from the time-averaged
radial distribution of particle velocity or the time-averaged
radial distribution of solids holdup. 1%2£231 In the case of the
former, dg, is the distance from the centre at which v, = 0
(Figure[9] In the latter, €, it is the inflection point as the solids
holdup goes from close to zero to the packed bed density. In the
case of the example in Figureﬂ dpou 18 at the non-dimensional
distance r/R = 0.4 while it is slightly lower at r/R = 0.4
based on ¢,. 14! To establish the variation of d,,,, with height
requires multiple measurements vertically.

3.5 | Bubble size and rise velocity

The bubble rise velocity and size are interconnected. Consider
a fluidized bed with a single bubble rising from the bottom
(Figure[I0). Initially, the probe is in the emulsion phase (dense

I
Spout | Annulus
I

R
0.7 -

06 -

05 -

Spout Annulus

02 04 06 08 1
R

FIGURE 9 Typical particles velocity (a) and holdup (b) dis-
tributions in spouted beds. r denotes the radial distance from
the spouted bed center.

phase) and the corresponding voltage signal is high (5 for bun-
dle 1 and 4.8 for bundle 2). When the probe is inside the bubble,
the signal drops to below 1 for bundle 1 and to 1.7 for bundle
2. Finally, when the bubble has gone passed the probe, the sig-
nals of the bundles return to the emulsion density value. The
bubble length reported by the probe is not necessarily the max-
imum bubble length. For instance, in Figure b, the probe
reports dy;,, while the maximum bubble lengthis d,,, .. A more
appropriate classification groups the voltage signals into three
phases: bubble (dilute phase), particles (dense solid phase),
and a transition region between these two. This classifi-
cation uses two thresholds to distinguish these three phases.
Signals below the first threshold (with solids holdup below ~
0.2) belong to the bubble phase, signals between these thresh-
olds (with solids holdup between ~ 0.2 and 0.45) belong to
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FIGURE 10 Possible positions of probe tip and a single bubble
in a fluidized bed and corresponding voltage signals: (a) the
bubble below the probe, (b) the probe inside the bubble, and
(c) bubble above the probe. Red and black lines correspond to
bundles 1 and 2, respectively.

the transition phase, and signals higher than the second thresh-
old (with solids holdup higher than = 0.45) show the dense
phase. [47)

The bubble length, dy,, is the product of the bubble velocity,
Uy and the time interval from when the signal drops from a
high level to a low level and then returns to the high level, #, ;,

dbub = UbubTbub (®)

For each bundle, we find a threshold voltage to determine
whether the probe tip is inside or outside a bubble. We esti-
mate these threshold values using the calibration experiments
of solids holdup (Figure [3). Voltage signals inside a bubble
are close to the voltages of calibration with 100 % black par-
ticles, while calibration using 100 % white particles estimates
voltages outside a bubble. We choose the thresholds between
these two limits to the number of data and the correspond-
ing time, the probe spends inside a bubble. When the signal

value is below the threshold, the probe is inside a bubble. Cal-
culation of bubble velocity follows a similar method to the
calculation of v;,. When a bubble reaches the probe (Figure

b), we calculate the time lag between the data of two bundles
with the maximum cross-correlation coefficient and convert it
to velocity. Similar to the particles velocity, calculate the bub-
ble velocity, vy, based on the effective probe length of the
probe [, and time delay, 7

l;e ©))
The same method applies to fluidized beds with several bub-
bles. M8l

Appendix|Clpresents a sample Matlab code to calculate bub-
ble size and rise velocity. First the users enter the required
parameters minimum acceptable bubble size, sampling fre-
quency, the maximum number of data for cross-correlation,
signals thresholds for detection of bubbles for each bundle,
and threshold cross-correlation coefficient for elimination. The
code only considers bubbles larger than the specified minimum
acceptable bubble size. In the next step, the code calculates
the velocities of detected bubbles using the cross-correlation
function in the range of the maximum number of data. In the
elimination steps, the code removes weak cross-correlated val-
ues and checks the sampling frequency, similar to the code for
calculation of particle velocity. Finally, the code calculates the
bubble sizes using Eq. 8]

Ubub =

3.6 | Bubble holdup

Particles may fall inside the bubbles in fluidized beds from
above. ¥ Due to this phenomenon, the holdup of bubbles is
not equal to zero (pure gas), and it generally increases as a
bubble rises inside the bed. Prior to the calculation of the bub-
ble holdup, we need to detect distinct bubbles according to the
method explained in the previous section. Then, for each bub-
ble, we obtain the average value of voltage signal. This average
voltage value converts into holdup, using holdup calibration
curves of each bundle.

4 | UNCERTAINTY

4.1 |

The main sources of error for fiber optic probe measurements
are:

Sources of error

e Light nuisance: For optical probes operating with visible
light requires the experimental setup to be isolated from
external light sources like including sunlight.

e (Calibration uncertainty: A small discrepancy in the cal-
culation of effective length (/,) propagates measurement
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FIGURE 11 Sensitivity analyses on the effects of (a) effec-
tive length of the probe, (b) cross correlation threshold value,
(c) standard deviation elimination threshold, and (d) num-
ber of data segments on particles velocity. We used the code
in Appendix [B] and the corresponding data for the sensitiv-
ity analyses. Error bars show the standard deviation of the

particles velocity.

errors for velocity. Figure [TT}(a) shows a sensitivity
analysis on the effect of the effective length of the probe
on the particles velocity. Average particles velocity lin-
early increases more than 36%, when the effective length
increases from 1.7 mm to 2.3 mm. This shows strong
dependency of the measured particles velocity on the
effective length of the probe. In other words, the probe
calibration for velocity measurements (to obtain /,),
should be performed with high accuracy to ensure the
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correctness of the measured velocities.

e Probe tip erosion: The probe tip is in continuous con-
tact with moving particles, which erodes the probe and
alters the holdup calibration curve and /.. High density
particles like zirconia, totally destroy the probe. To mit-
igate errors due to erosion, we recommend to calibrate

the probe frequently (every 10 h or so of operation).

e Rotation of probe during experiment: During exper-
iments (especially velocity measurements), the probe
should be located perpendicular to the direction of par-
ticle motion (probe bundles locate parallel to the motion

direction of particles, similar to Figure E])

e Disturbance of bed by the probe: The presence of the

probe should not affect the hydrodynamics of the exper-
imental apparatus.

Variable bubble velocities: Bubble velocities increase as
they rise through the bed. We recommend taking the
average of the bubble velocity as it first hits the probe
and when the wake reaches the probe.

Cross-correlation coefficient threshold: Choosing a low
cross-correlation coefficient threshold leads to inclusion
of weak data or loss of acceptable data for average
velocity. Figure [TT}(b) shows a sensitivity analysis
on the effect of cross-correlation coefficient thresh-
old on the particles velocity. Average particles veloc-
ity slightly (4.2%) increases by increasing the cross-
correlation coefficient threshold from 2000 to 8000.
Furthermore, the standard deviation of the measured
velocity decreases with increasing the cross-correlation
coefficient threshold. With increasing this threshold, less
velocity data (with higher cross-correlation coefficients)
pass the elimination steps and consequently, the standard
deviation of velocity decreases.

Standard deviation multipliers in the elimination step:
we recommend that researchers use a standard deviation
multiplier in the range of 3-5.B#%3 Smaller or larger
values may exclude or include outliers. Figure [TT}(c)
shows a sensitivity analysis on the effect of standard
deviation multiplier on the particles velocity. We con-
clude that the effect of standard deviation multiplier in
the range of 2-5 is negligible on the particles velocity.
Using ¢’ = 1 however, leads to smaller standard devia-
tion. The reason is that less data with smaller deviations
from the average value pass the elimination steps.

Sampling frequency: Sampling frequency in the fiber
optic measurements varies according to the system prop-
erties, especially local velocity of particles. Incorrect
sampling frequency leads to inaccurate velocities.

Number of data segments: With increasing the data seg-
ments, the number of data in each segment decreases.
Consequently, we have to choose a number of data seg-
ments that leads to adequate number of data in each
segment. This adequate number of data varies in differ-
ent applications according to the particles velocity. As a
rule of thumb, each data segment should contain at least
signals of motion of 2-3 distinct particles. Figure [T}
(d) shows a sensitivity analysis on the effect of number
of data segments on the particles velocity. Average par-
ticles velocity increases slightly (4.3%) with increasing
the number of data segments from 20 to 60.
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4.2 |

e Fiber optic probes only measure particle and bubble
velocities in the perpendicular direction (perpendicular
to the probe, similar to Figure [5). They are incapable of
measuring other components of particle or bubble veloc-
ity. This limits the application of fiber optic probe to
systems in which the motion of particles or bubbles are
dominant in a single direction.

Limitations

o Fiber optic probes are unable to detect particles smaller
than their fiber diameter.

e Some probe designs are unable to detect transparent
particles like uncolored glass beads.

e Bubble size measurements using fiber optic probe do not
necessarily obtain the maximum bubble size (see Figure

[TO).

S | CONCLUSIONS

About 75 % of the raw materials and 50 % of the products
in the chemical industries are in the form of granular solids.
Chemical, petrochemical, polymer, pharmaceutical, mineral,
metallurgical, food, etc. are examples of the industries deal
with powders and solid-fluid multi phase flows. There are sev-
eral experimental methods for studying the hydrodynamics of
solid-fluid systems, including pressure signals, acoustics, com-
puted tomography, radioactive particle tracking, and optical
fiber measurements. Fiber optic probes are inexpensive, simple
and accurate methods, which measure valuable information in
multi phase systems, including solids holdup, particle velocity,
solids flux, spout diameter, bubble size and rise velocity and
bubble holdup. These wide range of applications make them
a useful experimental method to study the hydrodynamics
of granular systems and fluid-solid contactors. We explained
the theory, the details of each application and required cal-
ibrations, provide sample codes and experimental data for
post-processing and discuss the sources of uncertainty and
applications of fiber optic probes. Researchers can use the
provided Matlab codes to process their experimental data. Sen-
sitivity analyses show the sensitivity of the measure values to
the calibration and data processing parameters.

Nomenclature

dy,, ~ Bubble size

d,.x ~ Maximum bubble size
dgpoue  Spout diameter

E Voltage

S Sampling frequency

G, Solids flux

I, Effective length of probe

m Mass of particle

n Data number

Mg Number of data segments

ny Delay in data number

N, Sample size

R Spouted bed radius

r Distance between probe tip projection and the disk
center

R,, Correlation coefficient

R;y Acceptable cross correlation threshold value

S Signal

foubbe Bubble time interval in front of the probe

|4 Volume

v Velocity

V, Volume of container

z Axial co-ordinate (height)

Greek letters

a Solids fraction

€ Void fraction

0} Rotational velocity

Density

Standard deviation

Standard deviation elimination threshold
Time delay

Subscripts and superscripts

8 9 9™

X,y Sample signals
av Average

b Black

bub Bubble

c Container

p Particle

S Sample

w White
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APPENDIX
A SOLIDS HOLDUP

Listing 1: Sample Matlab code for calculation of solids holdup

1 ToloT0%070 07070707070 070707070 0 0 0707070 0 0 0 07070 0 0 0070 e o o0 Yo To o 0 0T 7o Jo oo o To oo o oo To

2 %% Author: Shahab Golshan, 2021 %%
3%% A sample Matlab code for processing solids holdup %%
4%% measurements . %%
5 %% %%
6%% Before running the code, data from two probe %%
7%% bundles should be saved as experimentl.mat and %%
8 %% experiment2.mat in the same folder as the main %%
9%% code . %%
10 %% %%
11%% Inputs: data (time—series) from two probe bundles %%
12%% (experimentl .mat and experiment2.mat) %%

070
13 XV I XTI T 7T T T 7o T T Te %o T T T 7o T T e %o T T e %o T T e %o T Te 7o Te T Te %o Te T Te %o %e T T %e%e T Te %e%e T Te%e

14

15 cle

16 clear all

17 close all

18

19% Loading experimental
data are saved in
1 and 2 are stored as

20% and experiment?2

21 load (" experimentl .mat’);

2 load (’experiment2 . mat’);

23

4% Segmentation of signals

25 n_segments input(’Please enter
segments ' ,’s’);

26 n_segments = str2num (n_segments);

27

28% Standard deviation elimination threshold

29 std_elimination_threshold input(’Please enter
standard deviation elimination threshold ’,’s

30 std_elimination_threshold str2num (
std_elimination_threshold);

data. Here it is assumed that
.mat format and data from bundle
experimentl

number of data

)

31
32 data_number_in_segment = floor (length (
voltage_signal_bundlel) / n_segments);

33 for i =1 n_segments

34 bundlel_segment(:,i) = voltage_signal_bundlel (((i —
1) % data_number_in_segment + 1) : i =*
data_number_in_segment) ;

35 bundle2_segment(:,i) = voltage_signal_bundle2 (((i —
1) % data_number_in_segment + 1) : i =*
data_number_in_segment) ;

36 end

37

8% Average voltages of bundlel and bundle2

9 for 1 =1 n_segments

40 average_voltage_bundlel (i) = mean(bundlel_segment
eo))s

41 average_voltage_bundle2 (i) = mean(bundle2_segment
Gco))s

42 end

43

4% Using calibration equataion to obtain local holdups

from bundlel and bundle2
45 for i = 1 : n_segments
46 local_holdup_bundlel (i) = 0.133 =
average_voltage_bundlel (i) + 0.177;

47 local_holdup_bundle2 (i) = 0.079 =
average_voltage_bundle2 (i) + 0.457;

48 end

49

50% Elimination of outliers

s1 local_holdup_bundlel = local_holdup_bundlel (find (abs(
local_holdup_bundlel — mean(local_holdup_bundlel))
< std_elimination_threshold =* std(
local_holdup_bundlel)));

52 local_holdup_bundle2 = local_holdup_bundle2 (find (abs (
local_holdup_bundle2 — mean(local_holdup_bundle2))
< std_elimination_threshold * std(
local_holdup_bundle2)));

53

54% Local holdup is the average of these two values (
bundles 1 and 2)

ss bundle_local_holdupl mean (local_holdup_bundlel);

s6 bundle_local_holdup2 mean (local_holdup_bundle2);

57 local_holdup (bundle_local_holdupl +
bundle_local_holdup2) / 2;

58
so disp (" The local holdup
60 disp (local_holdup);

B PARTICLE VELOCITY

is:

RE

Listing 2: Sample Matlab code for calculation of particle
velocity

1 %9699 %% %% %% %% %% T T e %% %o %% %% T T T e %o %o %e%e%e%e %% % T e % %o %o %e%e%e e %% T T e %% %e%e

2 %% Author: Shahab Golshan, 2021 %%
3%% A sample Matlab code for processing particles’ %%
4%% velocity measurements . %%
5 %% %%
6%% Before running the code, data from two probe %%
7%% bundles should be saved as experimentl.mat and %%
8%% experiment2.mat in the same folder as the main %%
9%% code . %%
10 % %%
11%% Inputs: data (time—series) from two probe bundles %%
12%% (experimentl .mat and experiment2.mat) %%

0707
13 %9967 %9V Te 7TV 76T T e Te T T T Te T T %o %I T %o Te T Te %o %e T e %o %e T e %o %I Te %o %e I Te %o Te T e %o %e T Te%e

14

15 cle

16 clear all

17 close all

18

19% Sampling freuqnecy

20 sampling_frequency
frequency ’,’

21 sampling_ frequency

2

in experiment
input(’Please enter

s

sampling

str2num (sampling_frequency);
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13

23% Probe equivalent bundle distance

24 probe_equivalent_length input(’Please enter probe
equivalent length ’,’s’);

25 probe_equivalent_length str2num (

probe_equivalent_length);
26
27% Cross—correlation elimination threshold
8 cross_correlation_threshold = input(’ Please enter

acceptable cross correlation threshold value ’,’s
)

29 cross_correlation_threshold str2num (
cross_correlation_threshold);

30
31% Standard deviation elimination threshold
32 std_elimination_threshold input(’Please enter

standard deviation elimination threshold ’,’s’);

33 std_elimination_threshold = str2num (
std_elimination_threshold);

34

35% Number of data segments

36 n_segments = input(’Please enter number of data
segments ' ,’s’);

37 n_segments = str2num(n_segments);

38

9% Loading experimental data. Here it is assumed that
data are saved in .mat format and data from bundle

1 and 2 are stored as
4% and experiment2

41 load (“experimentl

experimentl

.mat’);

42 load (’experiment2 .mat’);
43
4% Segmentation of signals
45 data_number_in_segment = floor (length (
voltage_signal_bundlel) / n_segments);
46 for 1 =1 n_segments
47 bundlel_segment(:,i) = voltage_signal_bundlel (((i —
1) % data_number_in_segment + 1) : i =*
data_number_in_segment);
48 bundle2_segment(:,i) = voltage_signal_bundle2 (((i —
1) % data_number_in_segment + 1) : i =*
data_number_in_segment);
49 end
50
51% Obtaining cross correlation curves for each data
segment
s2for 1 =1 n_segments
53 [c,lags] = xcorr(bundle2_segment(:,i) ,
bundlel_segment (:,i));
54 maximum_number (i) = find (¢ == max(c(:)));
55 maximum_time (i) = lags (maximum_number(i)) ./
sampling_frequency ;
56 cross_correlation_value (i) = c(maximum_number(i));
57
58 if maximum_time(i) ==
59 error (’Maximum cross correlation occured at
time 0O, inappropriate data’);
60 end
61 end
62
63% Converting time lag to local average velocity of
particles
64 for i =1 n_segments
65 raw_particle_velocity (i) = probe_equivalent_length
./ maximum_time (i) ;
66 end
67
8% Elimination of inappropriate data because of data
segment size
0] = 1;
70 for i =1 length (raw_particle_velocity)
71 if abs(lags(maximum_number(i))) == length(

1))

bundlel_segment (:

72 fprintf (’data segment size is too short, you
can consider decreasing the number of data
segments \n’);

73 else

74 raw_particle_velocity_eliminationl (j) =
raw_particle_velocity (i);

75 j=]+ 1

76 end

77 end

78

79% Elimination of weak cross—correlation values

0] = 1;

81 for i =1 length(raw_particle_velocity_eliminationl)

82 if cross_correlation_value (i) >

cross_correlation_threshold

83 raw_particle_velocity_elimination2(j) =
raw_particle_velocity_eliminationl (i);

84 ji=]+ 1

85 end

86 end

87

88% Elimination of inappropriate data because of sampling

frequency

80j = 1;

9 for i =1 length (raw_particle_velocity_elimination2)

91 if abs(lags (maximum_number(i))) ==

92 fprintf (’sampling frequency is not acceptable ,
you can consider increasing the sampling
frequency \n’)

93 else

94 raw_particle_velocity_elimination3 (j) =
raw_particle_velocity_elimination2 (i);

95 j=]j+ 1

96 end

97 end

98

9% Elimination of outliers

10 raw_particle_velocity_elimination3
raw_particle_velocity_elimination3 (find (abs (
raw_particle_velocity_elimination3 — mean(
raw_particle_velocity_elimination3)) <
std_elimination_threshold * std(
raw_particle_velocity_elimination3)));

101

102% Local particle velocity is the average of different
segment values

103 particle_velocity = mean(

raw_particle_velocity_elimination3);
104
105 disp ('The local wvelocity
106 disp (particle_velocity);
107 disp(’ m/s’);

C BUBBLE SIZE AND RISE VELOCITY

is:

)3

Listing 3: Sample Matlab code for calculation of bubble size
and rise velocity

1 996% 997 %% T % %% T % %69 Te % %I T % eI T % %I T % %D %o %I T %o %I e %o %I e %e %I %o %e%eTe % %e%e

2 %% Author: Shahab Golshan, 2021 %%
3%% A sample Matlab code for calculation of bubble %%
4%% size and rise velocity. %%
6%% Before running the code, data from two probe %%
7%% bundles should be saved as experimentl.mat and %%
8%% experiment2.mat in the same folder as the main %%
9%% code . %%
10 %% %%
11%% Inputs: data (time—series) from two probe bundles %%
12%% (experimentl .mat and experiment2.mat) %%

070;
13 9T T T T T T T T T T T T T e Te T T e TeTe T e %o T T Te %o T Te T TeTe e %o Te T Te %o Te T Te %o %o Te e %o %e T e %o %e T e

14
15 cle



14 Golshan ET AL
16 clear all 68 i=]j+ 1
17 close all 69 end
18 70
19% Loading experimental data. Here it is assumed that 71 if mydata(i,2) < bubble_signal_threshold2
data are saved in .mat 72 p=p+ 1;
20% format and data from bundles 1 and 2 are stored in 73 else
columns 1 and 2 of the 74 rawdata2 (1) = p;
21% experiment.mat file , respectively 75 p = 0;
2 mydata = load (’experiment.mat’); 76 1 =1+ 1;
23 77 end
24% Probe equivalent bundle distance 78 end
25 probe_equivalent_length = input( Please enter probe 79
equivalent length ’,’s’); 80% Finding bubbles larger than minimum acceptable bubble
26 probe_equivalent_length = str2num ( size
probe_equivalent_length); sik = 1;
27 82 for i =1 length (rawdatal )
28% Minimum acceptable bubble size 83 if rawdatal (i) >= bubble_length_minimum_data_number
29 minimum_bubble_size = input( Please enter minimum 84 bubblel (k) = rawdatal (i);
acceptable bubble size > , ’s’ ); 85 k =k + 1;
30 minimum_bubble_size = str2num (minimum_bubble_size) ; 86 end
31 87 end
2% Sampling freuqnecy in experiment 88
33 sampling_frequency = input(’Please enter sampling sok = 1;
frequency * , 's’ ); 9 for i =1 length (rawdata2)
34 sampling_frequency = str2num(sampling_frequency); 91 if rawdata2 (i) >= bubble_length_minimum_data_number
35 92 bubble2 (k) = rawdata2 (i);
36 % Maximum number of data for searching maximum cross 93 k =k + 1;
correlation 94 end
37 bubble_velocity_search_domain = input( Please enter 95 end
maximum number of lags for cross—correlation 96

function ’, ’s’ );
33 bubble_velocity_search_domain str2num (
bubble_velocity_search_domain);

39

4% Signal threshold for detection of bubbles for bundlel

41 bubble_signal_thresholdl input(’Please enter bubble
signal threshold for bundlel. Signals below this
threshold are considered as a bubble ', ’s’ );

42 bubble_signal_thresholdl str2num (
bubble_signal_thresholdl);

43
4% Signal threshold for detection of bubbles for bundle2
45s bubble_signal_threshold2 input(’Please enter bubble

signal threshold for bundle2. Signals below this
threshold are considered as a bubble ’, ’s’ );

46 bubble_signal_threshold2 = str2num(
bubble_signal_threshold2);

47

4% Defining minimum acceptable cross—correlation value

for elimination

49 cross_correlation_threshold = input(’ Please enter
acceptable cross—correlation threshold value ° ,
s’ )

50 cross_correlation_threshold = str2num (
cross_correlation_threshold);

51

52% Converting minimum acceptable bubble size to data

number using sampling frequency
53 bubble_length_minimum_data_number

minimum_bubble_size

* sampling_frequency;
54
s55% Defining a few counters for calculations
s6j = 13
ssn = 0;
sl = 1;
sop = 03
60
61% Finding bubbles
6 for i =1 length (mydata)
63 if mydata(i,l) < bubble_signal_thresholdl
64 n=mn+ 1;
65 else
66 rawdatal (j) = n;
67 n = 0;

time
sampling_frequency;

97% Converting to
9s t1 = bubblel ./

99 t2 = bubble2 ./ sampling_frequency;
100
101 % Finding data positions attributed to detected bubbles

12 accepted_data_locations1 find (rawdatal >=
bubble_length_minimum_data_number) ;
103 accepted_data_locations2 = find(rawdata2 >=

bubble_length_minimum_data_number) ;

104

105 if length(tl) < length(t2)

106 time = tl;

107 accepted_data_locations = accepted_data_locationsl;

108 signall = mydata(:,1);

109 signal2 = mydata(:,2);

110 rawdata = rawdatal + 1;

111 cumulative_rawdata = cumsum(rawdata);

12 else

113 time = t2;

114 accepted_data_locations = accepted_data_locations2;

115 signall = mydata(:,1);

116 signal2 = mydata(:,2);

17 rawdata = rawdatal + 1;

118 cumulative_rawdata = cumsum(rawdata)

119 end

120

121% Calculation of cross—correlation for bublle rise

velocity

12 for 1 =1 length (accepted_data_locations)

123 signalpl = signall (cumulative_rawdata (
accepted_data_locations (i)—1)—
bubble_velocity _search_domain:
cumulative_rawdata(accepted_data_locations (i))
+bubble_velocity_search_domain);

124 signalp2 = signal2 (cumulative_rawdata (
accepted_data_locations (i)—1)—
bubble_velocity_search_domain:
cumulative_rawdata(accepted_data_locations (i))
+bubble_velocity_search_domain);

125

126

127 [c, lags] = xcorr(signalp2 , signalpl);

128 maximum_number (i) = find( ¢ == max (¢ (:)));
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