MISSOURI

Missouri University of Science and Technology

&I Scholars' Mine

Chemical and Biochemical Engineering Faculty Linda and Bipin Doshi Department of Chemical

Research & Creative Works and Biochemical Engineering
01 Feb 2022

Flow Regimes in Gas-Solid Fluidized Beds Via Micro-Foil Heat Flux
Sensor

Haidar Taofeeq
Sebastian Uribe

Muthanna H. Al-Dahhan
Missouri University of Science and Technology, aldahhanm@mst.edu

Follow this and additional works at: https://scholarsmine.mst.edu/che_bioeng_facwork

b Part of the Biomedical Engineering and Bioengineering Commons, and the Chemical Engineering

Commons

Recommended Citation

H. Taofeeq et al., "Flow Regimes in Gas-Solid Fluidized Beds Via Micro-Foil Heat Flux Sensor," Chemical
Engineering and Technology, vol. 45, no. 2, pp. 220 - 229, Wiley; Gesellschaft Deutscher Chemiker;
Gesellschaft fiir Chemische Technik und Biotechnologie, Feb 2022.

The definitive version is available at https://doi.org/10.1002/ceat.202000559

This Article - Journal is brought to you for free and open access by Scholars' Mine. It has been accepted for
inclusion in Chemical and Biochemical Engineering Faculty Research & Creative Works by an authorized
administrator of Scholars' Mine. This work is protected by U. S. Copyright Law. Unauthorized use including
reproduction for redistribution requires the permission of the copyright holder. For more information, please
contact scholarsmine@mst.edu.


http://www.mst.edu/
http://www.mst.edu/
https://scholarsmine.mst.edu/
https://scholarsmine.mst.edu/che_bioeng_facwork
https://scholarsmine.mst.edu/che_bioeng_facwork
https://scholarsmine.mst.edu/che_bioeng
https://scholarsmine.mst.edu/che_bioeng
https://scholarsmine.mst.edu/che_bioeng_facwork?utm_source=scholarsmine.mst.edu%2Fche_bioeng_facwork%2F1057&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/229?utm_source=scholarsmine.mst.edu%2Fche_bioeng_facwork%2F1057&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/240?utm_source=scholarsmine.mst.edu%2Fche_bioeng_facwork%2F1057&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/240?utm_source=scholarsmine.mst.edu%2Fche_bioeng_facwork%2F1057&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.1002/ceat.202000559
mailto:scholarsmine@mst.edu

Chemical Engineering  Research Article 220

Technology

Haidar Taofeeq'?
Sebastian Uribe>
Muthanna Al-Dahhan®*

Flow Regimes in Gas-Solid Fluidized Beds
via Micro-Foil Heat Flux Sensor

The flow regime transitions in a gas-solid fluidized bed were studied for the first
time using a micro-foil heat flux sensor. The time series of heat flux signals was
analyzed by statistical and state space methods. The experimental measurements
were performed in a lab-scale gas-solid fluidization column. Four different flow
regimes, i.e., fixed-bed flow regime, bubbling-flow regime, slugging-flow regime,
and turbulent-flow regime, and three intermediate transition velocities, i.e., mini-
mum fluidizing velocity or minimum bubbling velocity, minimum slugging veloci-
ty, and minimum turbulent velocity, were successfully identified. The method
based on the analysis of heat flux sensor measurements allowed to determine

accurately the different flow regimes and the transition velocities.
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1 Introduction

Gas-solid fluidized beds (FBs) are multiphase reactors, where
fine solids particles are suspended and fluidized by the upward
flow of the gas phase at high velocities. This characteristic mul-
tiphase flow and interaction phenomena allow these reactors to
have high mass and heat transfer rates due to the high gas-solid
contact and intense solids mixing, as well as nearly isothermal
temperature distributions even for highly exothermic reactions,
and low pressure drops [1, 2]. In fact, the high heat transfer rate
is considered one of the most important characteristics of gas-
solid fluidized beds, which makes these systems highly desir-
able and recommended for industrial applications.
Nevertheless, a deep understanding of the hydrodynamics
and heat transfer on the gas-solid fluidized bed is still a major
challenge. To a great extent, the lack of a deeper knowledge of
the local-scale phenomena on FBs lies in the complexity of the
multiphase and multiscale interactions, and the recognized
scale dependency of these systems [2,3]. Remarkably, it has
been reported in the literature that the gas-phase dynamics are
strongly scaled dependent and are deeply affected by textural
characteristics of the bed, such as the column diameter to aver-
age solid particle diameter ratio (DC/dp)l), the solid particles
material and size, and the presence of internal structures, or
even the walls of the vessel [4-7]. This disadvantageous charac-
teristic of the hydrodynamic behavior of FBs affects important
design parameters, such as bubble size, bubble rise velocity,
bubble trajectories, and bubble growth, hence, altering the radi-
al dispersion of the bubbling gas phase [3]. For reactive fluid-

1)  List of symbols at the end of the paper.
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ized beds, these phenomena in the gas phase will influence the
mass transfer of reactants from the bubbling gas phase to the
disperse solids phase, thus, affecting the reactor throughput
and its thermal behavior [2].

In other words, the gas and solid flow patterns are impacted
by several complex and intricate interactions inside the bed,
which end up altering the flow regime, and thus, the transition
velocities. Therefore, further research efforts to understand the
influence of the interaction phenomena between the solids, gas,
immersed internals, and the wall of the vessel over the flow re-
gimes and their transition velocities in gas-solid fluidized beds
are yet required.

In this context, Taofeeq and Al-Dahhan [8] reviewed several
techniques used to estimate the flow regimes in gas-solid fluid-
ized beds, such as pressure transducer, high-speed camera,
optical fiber probe, y-ray densitometry, and fast X-ray tomog-
raphy. They analyzed the factors that influence the flow regime
in such systems, such as design parameters, physical properties
of gas and solids, and operation conditions. Also, they com-
pared different methods of analysis that can be applied to the
collected data from these techniques to estimate the flow
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regimes and transition velocities, such as flow regime mapping,
time-domain analysis, frequency domain analysis, and state
space analysis. In this broad review [8], the authors were able
to identify the effect of the presence of vertical internals of two
different diameters (0.0127 and 0.0254 m) that mimicked heat
exchangers, as well as the effect of different particle materials
(glass beads and aluminum oxide) with different physical prop-
erties, over the flow regimes and their transition velocities. The
identification of the different flow regimes was conducted by
investigating the pressure fluctuations collected from a differ-
ential pressure transducer, using state space analysis (Kolmo-
gorov entropy) and time-domain analysis (standard deviation).

Several other works found in the literature regarding the ap-
plication of different experimental and analysis techniques can
be highlighted. Kalo et al. [9] studied the flow regime in a coni-
cal gas-solid fluidized bed using mono and binary solid par-
ticles. The flow regimes were identified using the Kolmogorov
entropy approach applied to the time series of radioactive par-
ticle tracking (RPT) technique data. Zhou et al. [10] paired
acoustic emission and a pressure transducer to explore the flow
regime transition process in a circulating gas-solid two-phase
fluidization system.

Hamidifard et al. [11] studied the flow regime and hydro-
dynamics phenomena of a fluidized bed packed with Geldart B
sliver oxide nanoparticle agglomerates through experimental
and numerical methods. The experimental measurements were
carried out in a bench-scale Plexiglas fluidized bed of 0.06 m
inside diameter. They applied optical fiber probe and pressure
transducer techniques to study the hydrodynamic behavior and
flow regime. To investigate the fluidizing system numerically,
they implemented a Eulerian-Eulerian model (TFM) and found
a reasonably good agreement between the simulated and exper-
imentally determined different flow regimes (fixed bed,
bubbling, slugging, and turbulent flow regime) and the hydro-
dynamics behavior of the system.

Zhu et al. [12] studied the flow regime of a magnetized fluid-
ized bed with GeldartB particles using visual observation in
terms of camera and multichannel pressure transducers. Boon-
prasop et al. [13] investigated the flow regime in a circulating
fluidized-bed system, using pressure sensors at eight different
points along the riser section of the bed. The pressure fluctua-
tion signals were collected and analyzed to present a new flow
regime diagram, which considers the effects of both the design
parameters and operating conditions.

Yang et al. [14] identified the transition velocities in a vertical
pneumatic conveying by analyzing the acoustic and electrostatic
signals along with a pressure sensor. From their results, they
were able to obtain two flow regime maps, which accounted for
the relation between acoustic energy and pressure drop, and be-
tween electrostatic accumulation and pressure drop.

As can be noted, the identification of the flow regimes transi-
tions strongly relies on the analysis of the pressure fluctuations
and other invasive techniques, such as the application of optical
fiber sensors. The main drawback of relying on the analysis of
pressure fluctuations is that the absolute and differential pres-
sure transducers are usually located in ports mounted on the
vessel wall along with the column height, which means that the
measurements correspond to limited locations found away
from the core of the fluidized bed. Thus, to obtain detailed

Chem. Eng. Technol. 2022, 45, No. 2, 220-229

© 2021 Wiley-VCH GmbH

insights into the effect of internal structures, such as heat
exchange tubes, over the flow regimes in fluidized beds, there is
still a need to develop a different methodology to capture the
gas and solids interactions with the internal walls.

Considering such needs, the objective of the present study is
to use a micro-foil heat flux sensor for the first time to identify
the flow regime transitions in a laboratory-scale gas-solid fluid-
ized bed. This micro-foil sensor is flush-mounted on a wall of
the internals in a non-invasive way and can measure the time-
wise heat flux and surface temperature at such a specific loca-
tion. Accordingly, the present methodology is based on analyz-
ing the micro-foil sensor’s voltage signal using the time domain
method (standard deviation) and the state space method
(Kolmogorov entropy).

2 Experimental Setup

The details of the experimental setup used in this work have
been reported in the authors’ previous contributions [8, 15-18].
The lab-scale fluidized-bed setup consists of a 0.14-m inside
diameter column of 1.84 m in height made of Plexiglas. The
plenum section under the column was built from aluminum,
which was placed on a stainless-steel base. Compressed air at
room temperature was fed to the plenum through a sparge
tube. The T-shaped sparge tube has 14 holes facing downwards
to improve the air distribution in the plenum section. The
plenum and the column sections were connected with a porous
polyethylene sheet with a pore size of around 15-40um. To
minimize electrostatic-charge effects, the column was electri-
cally grounded with a copper wire mesh, and to minimize the
mechanical vibrations, the column was placed on a rigid metal-
lic structure. A schematic diagram of the experimental setup
can be seen in Fig. 1, and Fig. 2 presents a picture of the experi-
mental setup on our facilities. Further details of the construc-
tion can be found elsewhere [8, 15-18].

The gas phase introduced through the sparge tube was com-
pressed air. Industrial-scale compressors installed in the facili-
ties, which reach up to 1.38 MPa, were used. Pressure stabiliz-
ers were used to regulate the inlet pressure to the flowmeters
that control the air inflow to the column, and which are cali-
brated at 0.69 MPa. With the described configuration, the air
inflow to the plenum was found close to atmospheric pressure
and room temperature.

The experimental measurements were conducted at super-
ficial gas inlet velocities between 0.35 and 1.1 ms™". The range
of superficial gas inlet velocities was selected to ensure that the
bed operates at different flow regimes (fixed-bed, bubbling,
slugging, and turbulent-flow regime) as identified by Taofeeq
[6] and Taofeeq and Al-Dahhan [8, 16].

The heat transfer measurements were acquired at the center
of the bed, corresponding to the radial position of #/R = 0, and
at an axial position of H/D = 1.5 above the gas distributor. Such
location represents the middle region of the fluidized-bed
column. To place the micro-foil heat flux sensor, a rod was
inserted from the top of the column, representing a vertical
internal.

Geldart B glass beads of an average diameter of 365pm,
sphericity of 0.9, and a density of 2500 kg m™ were used in the
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micro-foil sensor has a dimension
of 0.0254 m in width and a length

iﬂ'—.‘:

i : of 0.095m, which allows it to be

! : flush-mounted on different sur-
—— faces in a non-invasive way. The

—.— - Vertical I —
Compressed Internal

Air Inlet

Heat Transfer

Flow Meters ‘ Probe

— y v

Distributor
Plate

Sparger
Tube

I

heat transfer probe enables to
locally measure in a non-invasive
way with high accuracy the local
heat flux and surface temperature.
It allows recording fast response
time series fluctuations of such
measurements. Details of the heat
transfer probe on the internal rod
can be seen in Fig. 3.

The heat transfer probe tech-
nique has been used to determine
the local heat transfer coefficient in
several multiphase flow systems,
such as gas-solid fluidized beds,
bubble columns, and other heat
transfer systems [19-25]. In these
works, the measured heat flux and
surface temperature obtained from
the heat transfer probe were used
to determine the local heat transfer
¥ coefficient and its local variations,
such as axial and radial profiles.

To mimic the phenomena occur-
ring in a heat exchanger tube, a
heating  cartridge (Chromalox,
___ . model CIR-1012) was placed inside
the brass cylinder on the vertical
internal rod. The heat flux was sup-
plied by the heating cartridge and
transported through the brass

1.84 m

0.35 m

Plenum
Section

0.14 m

Figure 1. Schematic diagram of 0.14 m inside diameter bench-scale fluidized-bed column used  cylinder, and the brass cylinder sur-

in the present work.

experimental study. The actual particle size was found to have
a distribution between 300 and 430 um. The column was ini-
tially packed to a static bed height of 0.35 m.

Under similar conditions, using the same experimental setup
and solid particles, in a previous study, the minimum fluidizing
velocity was measured to be 0.4 m -5 [6,16]. Such experiments
were conducted with a differential pressure transducer. Such
minimum fluidizing velocity remained the same for this study
since the same solid particles, static bed height, and column
diameter were employed. Further details regarding the mini-
mum fluidizing velocity measurement can be found in Taofeeq
and Al-Dahhan [16].

3 Advanced Heat Transfer Probe
Technique

To measure the heat flux voltage signals, a brass cylinder, where
a heat transfer probe was flush-mounted, was placed on an
internal vertical rod. Such a rod was inserted in the FB column
in the center of the column, as demonstrated in Fig.1. The
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face temperatures were simulta-

neously measured by the sensor. A
voltage amplifier (JH Technology, Inc., model JH4300) was
used to pre-process the micro-volt response measured by the
sensor. The amplified signal was then received by a data acqui-
sition system (DAQ, model NI-9205). Heat flux measurements
were recorded for 100s at a 100-Hz sampling rate, using
LabVIEW. All experiments were repeated three times to ensure
the reproducibility of the results and to determine error bars.
The deviations between the repetitions were found to be less
than 5 %.

4 Data Analysis Methods
4.1 Statistical Analysis (Standard Deviation)

One of the most common methods to identify the different
flow regimes in FBs is the analysis of standard deviations
[9, 12, 26-28]. In this method, the standard deviation of a
timewise sampled metric at different superficial gas inlet veloc-
ities is estimated. Then, the change of the standard deviation
against increasing superficial inlet velocity is observed. In this

www.cet-journal.com
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Figure 2. Photos of the fluidized-bed column with metallic structure and copper wire mesh.

series, local maximums in the standard deviations are identi-
fied, which indicates that such superficial gas inlet velocity cor-
responds to a transition velocity [29].

To apply the standard deviation method in the current meth-
odology, the measured heat flux by the sensor can be consid-
ered as the metric. The standard deviation of the heat flux
signal at different superficial inlet velocities was estimated to
identify the different transition velocities and flow regimes. In
this way, the estimated standard deviation in the measured heat
flux response signal will increase when raising the superficial
gas inlet velocity until it reaches a local maximum. After such a
local maximum, the estimated standard deviation will decrease,
and then at higher superficial gas inlet velocities it will increase
again until another local maximum is found, which will corre-
spond to a new flow regime transition or to another flow struc-
ture within the same flow regime. In a previous contribution,
the same behavior was observed when analyzing the pressure
fluctuation signals measured by a differential pressure trans-
ducer [18].

The standard deviation (SD) of the heat flux time series was
calculated according to the following equation:

(1

where x; represents each timewise measurement, N is the total
number of the data points (which is 10 000), and x is the mean
of the time series, calculated according to Eq. (2):

2
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4.2 State Space Analysis (Kolmogorov Entropy)

FBs have been recognized as systems of chaotic dynamic
behavior, which arise from the intricate multiphase interac-
tions, and the effect of the surroundings over the gas-phase
dynamics, such as wall effects from the gas-wall interactions, or
the interaction with internal surfaces. Consequently, the degree
of disorder in the system is a function of vast multiphase
hydrodynamic parameters, such as the phases holdups and
velocities, turbulence variables, as well as bubble dynamics
parameters (bubble size, frequency, and velocity).

To characterize such chaotic behavior of FBs, several meth-
odologies have been proposed and applied in literature, such as
attractor reconstruction, correlation dimension, entropy, and
the Kolmogorov entropy (KE). Among these methodologies,
the KE analysis has been recognized as one of the most insight-
ful methodologies to characterize the chaotic behavior of FBs,
according to Van Ommen et al. [29, 30]. Thus, KE was selected
in this work for estimating the chaotic degree in the studied
FB.

KE was calculated based on the maximum likelihood estima-
tion of entropy, as described by Schouten et al. [31] and
Nedeltchev et al. [32, 33]:

KE = —f,In [1 - bi] (3)

M
where b, = ﬁ > by, f; is the signal frequency (Hz), and b; is

the number of 1s_elquential pairs of points in the timewise heat
flux response signal. For the analysis of the collected experi-
mental measurements, the selected initial pair of points was the
starting pair. Then, the following pair is selected after a length
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Stainless-Steel
Tube

Brass Cylinder
with inlet Heat
Cartridge

heat flux through the tested wide range of
superficial gas inlet velocities, from 0.35 to
1.1ms™". A maximum local value of the
standard deviation indicates a transition
velocity, as reported by Johnson et al. [26]
and Van Ommen et al. [29], while for the
KE analysis, a local minimum of the heat
flux oscillation indicates a transition veloci-
ty [32,34]. In other words, the KE increase
when raising the superficial gas inlet veloci-
ty implies that the system disorder or the

2
o
el
5
g

chaotic behavior of the system is incre-

Micro-Foil
Sensor with
Built-in
Thermocouple
and Heat Flux
Sensor

Figure 3. Photo and schematic of the heat transfer probe.

of I, (maximum interpoint distance); I, is estimated as
I, = 3ADD, where ADD is the average absolute deviation of the
timewise signal. Further details regarding the application of the
maximum likelihood method to calculate the KW have been
reported in the literature and can be found in Schouten et al.
[31]. Toukan et al. [40] developed the algorithm and its pro-
gram in our Multiphase Reactors Engineering and Applications
Laboratory (mReal). More details about Kolmogorov entropy’s
calculation on our FB systems can be found in Taofeeq and
Al-Dahhan [6, 8].

5 Results and Discussion

The experiments were conducted at a wide range of superficial
gas velocities to cover the operating condition of different flow
regimes (fixed-bed, bubbling, slugging, and

1
turbulent-flow regime), as indicated by
Taofeeq and Al-Dahhan [8]. The experi- 0.9
ments exhibited good reproducibility when ;2
comparing the measured heat flux voltage 2
signals measured in the three repetitions & 07
on each tested condition. The result data -g 06
values were almost identical in each repeti- ~ §
tion with differences below 5%. The five § 0o
repetitions are also allowed to determine & 04
the error bars shown in the following & 03
- U.
results figures. 5 Packed
& 02
Bed
. oge O'l
5.1 Flow Regime Transitions
0
0:2 03

Figs. 4 and 5 illustrate the results of the
standard deviation and KE obtained by

menting. KE will reach a maximum local

value, which indicates an unstable flow
regime or a transition regime between the
different flow regimes. With a further
increase of the inlet velocity, the KE
decreases to a local minimum, which
implies that the gas-solid interactions are
more organized.

As indicated in Figs. 4 and 5, four differ-
ent flow regimes have been identified by
both methods of heat flux oscillations anal-
ysis (fixed bed, bubbling regime, slugging
regime, and turbulent regime). These flow regimes are separat-
ed by three transition velocities: minimum fluidized velocity
(Ume), which also corresponds to the minimum bubbling veloc-
ity (Upmb), then the minimum slugging velocity (Uyg), and the
turbulent transition velocity (U,). For Geldart B-type solid par-
ticles, the minimum fluidization velocity is equal to the mini-
mum bubbling. However, in other kinds of particles, such as
Geldart A type, these two transition velocities are different [33].

Fig. 5 shows that the KE tends to rise when the superficial
gas inlet velocity increases. Such tendency indicates an incre-
ment in the chaotic and disordered gas-solid interaction phe-
nomena, which is expected. With higher gas flow rate, more
vigorous gas-solid interactions are expected. This tendency of
the KE to increase is disrupted by the local minimum values at
the transition points. In such local minimum points, the gas-
solid flow patterns are found to be more ordered.

Bubbling
Flow Regime

Slugging Turbulent
Flow Regime | Flow Regime

¥

04 0.5 0.6 0.7 08 0.9 1 11 12

Superficial Gas Velocity (m/s)

analyzing the measured time series of the  Figure 4. Standard deviation of heat flux oscillations vs superficial gas velocity.

Chem. Eng. Technol. 2022, 45, No. 2, 220-229

© 2021 Wiley-VCH GmbH

www.cet-journal.com

95LB01 7 SUOLULLOD dAIIE.1D) 3[cfed ! ddte Uy Aq peuenob ae e VO ‘85N JO 3N o} Akeiq18UIIUO A8 ]I LD (SUONIPUOD-PUE-SWLBIALI0O" A3 | 1M Afe.djBu [UO//ScY) SUONIPUOD Pue S 18U 89S *[£202/20/2Z] Uo AriqiTauliuo A|IM '80Ueds JO AISIBAIUN LINOSSIIA A 655000202 1889/200T 0T/I0p/L0d" A3 | 1M Afe.q 1 jBul Uoy/Sciy Woly papeojumod ‘Z ‘220z ‘SZTrTZST



Chemical Engineering  Research Article 225
Technology

- presence of internals. Therefore, the exis-
tence of a single internal does not affect the
a5 % hydrodynamics of the system and its flow

= { % % regime transitions.
) % According to Nedeltchev et al. [32], most
§ 3 % of the industrial applications of FBs are
) % operated at bubbling or at turbulent flow
£ 25 § § % regimes. Hence, it is important to identify
3 § 1 the two transition velocities between these
gn ) § § § regimes, i.e., the mi.n.imum ﬂu%dized veloci-
35 ty (Ung) and transition velocity (U.). The
2 . P Bubbling Slugging Turbulent p}roposed method of' analyzing the heat ﬂux
Bed Flow Regime | Flow Regime Flow Regime signals allowed to identify both velocities
by different analysis methods. For verifica-
1 ¥ tion of the determined transition velocities
02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 11 12 in the experimentally studied FB, correla-

Superficial Gas Velocity (m/s)

Figure 5. Kolmogorov entropy of heat flux oscillations vs superficial gas velocity.

Figs. 4 and 5 demonstrate the ability of both of the used
analysis methods, i.e., standard deviation and KE, for identify-
ing different flow regimes and the transition velocities from the
data of heat flux oscillations. Furthermore, it should be noted
that the results obtained by both methods are in good agree-
ment with the measurements gained in our previous contribu-
tion analyzing the pressure fluctuation signals measured by a
differential pressure transducer [18]. The transition velocities
within the range for each flow regime for the two data analysis
methods and the comparison of present transition velocities
with the work of Taofeeq and Al-Dahhan [8] are listed in
Tab. 1.

It is clearly shown in Tab. 1 that the current data are in good
agreement with the work done by analyzing the pressure fluc-
tuation. This was expected, as the same operating conditions
and design parameters were used. These results show that there
is no effect of the used internal with built-in heat transfer probe
on the flow pattern and transition velocities since the work of
Taofeeq and Al-Dahhan [8] was performed in FBs without the

tions found in reported literature were used
to calculate such transition velocities, and
their predictions were compared against
our experimentally determined values. The comparison of
these predictions is presented in Tabs. 2 and 3.

It is worth mentioning that the selection of these correlations
from the literature has been based on the recommendation of
Arnaldos and Casal [35], in which these correlations are con-
sidered highly accurate for predicting U,,,r and U, for Geldart B
particles. As indicated in Tabs. 2 and 3, most of the transition
velocities are in good agreement with the values predicted by
the correlations available in the literature.

5.2 Heat Flux Oscillations

The heat flux oscillations at different flow regimes are dis-
played in Fig. 6. Four different superficial gas inlet velocities
were selected for each flow regime (0.35-fixed bed, 0.55-bub-
bling, 0.75-slugging, and 0.95-turbulent ms™). It is clearly
shown that the oscillation of heat flux voltage signal increase
when the superficial gas inlet velocity is increased. Such

Table 1. Transition velocities and the superficial gas velocity within the range of each flow regime for both types of data analysis and

the comparison with the work of Taofeeq and Al-Dahhan [8].

Conditions Present work Work of Taofeeq and Al-Dahhan % Relative error with
(8] respect to [8]
Data analysis method SD KE SD KE SD KE
Minimum fluidized velocity Uy,s [m s 0.4 0.45 0.4 0.4 0 11.11
Minimum slugging velocity Ugj,g [m s 0.7 0.65 0.7 0.65 0 0
Transition velocity U, [m s 0.9 0.85 0.95 0.95 5.26 10.52
Packed-bed velocity range [ms™'] <04 <045 <04 <04 11.11 0
Superficial gas velocity within the range of bubbling regime 0.4-0.7 0.45-0.65 0.4-0.7 0.4-0.65 0 0
[ms™']
Superficial gas velocity within the range of slugging regime  0.7-0.9 0.65-0.85 0.7-0.95 0.65-0.95 20 20
[ms™]
Superficial gas velocity within the range of turbulent flow >0.9 > 0.85 >0.95 >0.95 20 0

regime [ms']
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Table 2. Comparison between minimum fluidized velocity
Um¢ (Ms™) measured by this work and the minimum fluidized
velocity predicted from the available correlations in the litera-
ture.

Conditions Minimum fluidized
velocity

Data analysis method (SD and KE) 0.4, 0.45

Reps = 0.000955A7"% [36] 0.42

Rems = 1/(27.2)% + 0.04084r — 272 [37) 42

% Relative error of SD and KE with respect 4.76, 6.67

to [36]

% Relative error of SD and KE with respect ~ 4.76, 6.67

to [37]

behavior is identified for all flow regimes, which is in agree-
ment with the results of other researchers who examined the
flow regimes in gas-solid fluidized beds [26,27,29]. The mean
(u) and the standard deviation (0) of the heat flux oscillations
were estimated. The mean represents the amplitude, while the
standard deviation stands for the frequency of the measured
timewise response signals.

Fig. 6 clearly demonstrates that the values of the standard de-
viation of the heat flux voltage signals rise when increasing the
superficial gas inlet velocity (flow regime transfer from one to
another). The increment of the standard deviation value with

a) §=2.32, 6=0.002
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Table 3. Comparison between transition velocity U, (ms™)
measured by this work and that predicted from the available
correlations in the literature.

Conditions Transition velocity
Kolmogorov entropy (KE) 0.85
Standard deviation (SD) 0.9
" 0.86
U, K (P *Pf)
c — |PDEXP T wheren =027

V gdp dp Ps

and Kpg = 0.00367 (for free bed) [38]

% Relative error of KE with respect to [38] 1.1
% Relative error of SD with respect to [38] 44
Re, = 0.57A1"* [39] 1.01
% Relative error of KE with respect to [39] 15.8

% Relative error of SD with respect to [39] 10.9

the raising of superficial gas inlet velocity indicates a higher
system turbulence and interaction between gas and solids and
the wall of the vessel or the immersed surfaces inside the bed
[16]. Additionally, the change of heat transfer oscillation sig-
nals in terms of amplitude (mean) and frequency (standard
deviation) is a function of system hydrodynamics such as bub-
ble and solids characteristics inside the bed. Hence, increasing
the system oscillation would improve the local and overall heat

p=2.39, 0=0.32
35
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1
05
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Time (sec)

p=1.84, 6=0.79
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Figure 6. Heat flux signals at different flow regimes. (a) Heat flux signal at a gas velocity of 0.35ms™" (packed bed flow regime), (b) heat
flux signal at a gas velocity of 0.55ms™' (bubbling flow regime), (c) heat flux signal at a gas velocity of 0.75ms™' (slugging flow regime),
(d) heat flux signal at a gas velocity of 0.95m ™' (turbulent flow regime).
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transfer and mass transfer phenomena inside the bed since the
heat and mass transfer phenomena highly depend on the solids
and bubbles dynamics.

6 Conclusions

The flow regimes and their transition velocities were success-
fully identified in a lab-scale gas-solid fluidized bed of 0.14 m
inside diameter. The experimental data of the micro-foil sensor
in terms of the time series of heat flux was analyzed using the
standard deviation and Kolmogorov entropy method. Four dif-
ferent flow regimes (fixed bed, bubbling, slugging, and turbu-
lent) were detected with the range of superficial gas velocity
used in the present study (0.35-1.1 ms™"). Correspondingly, the
three transition velocities (minimum fluidizing velocity, mini-
mum slugging velocity, and minimum turbulent velocity) were
obtained from the two methods of time-series analyses.

The two major transition velocities (minimum fluidizing
velocity and minimum turbulent velocity) estimated by the
present work were compared with the most used predicated
correlations in the literature. A good agreement was obtained
between the two values. These results indicate that the analysis
of the heat flux signals is a promising technique to identify the
flow regime in a fluidized bed in a non-invasive way. Further-
more, given that the micro-foil sensor is flush-mounted on an
internal wall, the prediction of the flow regime is based on
information of the hydrodynamics of the core region of the
fluidized bed, rather than on the measured phenomena in the
near-wall regions, such as is the case when using absolute or
differential pressure transducers.
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Symbols used

Ar [-] Archimedes number of the solid
particles

d, [um] particle mean diameter or average
particle diameter

g [ms™] acceleration gravity

N [-] total number of data points

Re, [-] Reynolds number of solid particles at

transition fluidized velocity (U)

Re,¢ [-] Reynolds number of the solid particles at
minimum fluidized velocity (U,yy)

U [ms™] transition velocity or turbulent transition
velocity

Unb [ms™] minimum bubbling velocity

Upns [ms™] minimum fluidization velocity

Usiug [ms™] minimum slugging velocity
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Greek letters

P [kgm™]  density

ps [kgm™]  fluid density

Pp [kg m™>]  solid particle density or solid density
2 [-] sphericity factor

Sub- and superscripts

c minimum turbulent fluidization
f fluid

mb minimum bubbling

mf minimum fluidization

p particle

slug minimum slugging
Abbreviations

KE Kolmogorov entropy

SD standard deviation
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