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ABSTRACT

Dual fluidized bed systems are indispensable for future energy systems that require solids cycling between
different atmospheres. However, controlling the residence time of solids in the reactor, which is crucial for
controlling the heat and mass transfer of the fuel, is a significant challenge. This study investigates four
experimental techniques to quantify the horizontal flow of solids fluidized under bubbling conditions: integral
mass accumulation; differential mass accumulation; thermal tracing; and magnetic solids tracing. Integral mass
accumulation entails collecting bed material using a defluidized box within a given time period. Differential mass
accumulation measures the material accumulation rate in a section of the bed that is monitored using pressure
measurements. Thermal tracing calculates the solids flow rate by solving the heat balance to match the tem-
perature field captured by a thermographic camera. Magnetic solids tracing involves injecting a batch of mag-
netic tracer solids into the reactor and then measuring the residence time distribution using impedance coils.

The experiments were conducted under down-scaled conditions that resemble large-scale operations with a
length scaling factor of 0.12. For this study, three operational parameters were varied: the fixed bed height; the
volumetric flow rate of the conveying air; and the fluidization velocity in the bed. The horizontal solids circu-
lation rates achieved ranged from 1.7 x 10~* to 10 kg/m-s, corresponding to 1.2 x 10~ to 70 kg/m-s on a hot up-
scaled basis, which is a relevant range to indirect biomass gasification in an industrial setting.

The three selected operational parameters led to increases in the horizontal solids flow. While all four methods
replicated the trends, quantitative variations in the measured circulation rates occurred due to the inherent
characteristics of the methods. High circulation rates resulted in a continuous decrease in the solids inventory,
leading to an underestimation of the circulation rate when using the integral mass accumulation method. The
accuracy of the differential mass accumulation method relied on transient pressure measurements, which were
less-effective at low solids flow rates. Conversely, the accumulation time required for pressure measurements was
reduced at high circulation rates, resulting in uncertainties in the analysis. The accuracy of the thermal tracing
method decreased drastically with higher solids circulation, resulting in an overestimation of the circulation rate.
Moreover, low circulation rates adversely affected the accuracy of the magnetic solids tracing by producing
barely discernible tracer concentration gradients.

1. Introduction

fluidized beds between which solids circulate. DFB systems are gaining
attention because applications that require solids circulation or cycling
between different atmospheres are anticipated to play an essential role
in the development of the future energy system. These applications

Since the 1920s, the fluidized bed technology has been applied in
numerous industrial applications, including coal and biomass combus-
tion and gasification, fluid catalytic cracking, polymerization, food
processing, and chemical synthesis [1].

Dual fluidized bed (DFB) systems consist of two interconnected
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include indirect gasification or pyrolysis [2], chemical [3] and calcium
[4] looping processes, and thermal and thermochemical energy storage
in granular media [5]. The most-extensive operational experience with
these energy-related applications has been gained with indirect
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Nomenclature

A Cross-sectional area [m?]

C Concentration [kg/ms]

Cpr Specific heat capacity of gas [kJ/kgK]

Cps Specific heat capacity of solid particles [kJ/kgK]
D Equivalent bed diameter [m]

Ds ¢ Solids’ lateral dispersion coefficient [m?/s]
ds Particle diameter [pm]

F* Normalized solids circulation rate [kg/m's]
Fr Froude number [-]

g Gravity constant, 9.81 [m/s?]

Gs Solids’ circulation rate [kg/mz's]

Ah Differential height [m]

H Bed height [m]

H, Expanded bed height [m]

k Calibration factor of inductance [-]

L Length [m]

m Mass [kg]

m Mass flowrate [kg/s]

Ap Differential pressure [Pa]

PSD Particle size distribution [-]

Rer Reynolds number [-]

t Time [s]

T Temperature [K]

AT Temperature difference [K]

Uo Fluidization velocity [m/s]

ur Gas velocity [m/s]

Ug Solids’ velocity [m/s]

x Horizontal position [m]

V4 Background inductance of the coil [H]
Zo Measured inductance with the tracer material [H]

Greek letters:

& Bed voidage [-]

P Bulk density [kg/m?]

Pr Density of gas [kg/m?]

Ps Density of solid particles [kg/m>]

Up Gas viscosity [Pa’s]

y Effective thermal tracing conductivity [W/m'K]
@ Particle sphericity [-]

gasification, which entails converting a solid fuel (typically biomass)
into combustible gases with high heating value [6].

DFB systems offer flexibility in that each of the fluidized beds com-
bined can be operated under circulating or bubbling conditions, i.e.,
with or without significant vertical entrainment of solids. The presence
in a DFB system of a circulating fluidized bed (CFB) implies the use of
vertical entrainment to achieve and control the circulation of solids in
the system, which has been exploited in different DFB designs to date.
Paisley [7] developed the Battelle biomass gasification process (50
MWe,)), which comprises a steam CFB gasifier interconnected with an air
CFB combustor. Rauch et al. [8] demonstrated indirect gasification in a
plant in Giissing (8 MWgy)) that is based on a steam-fluidized bubbling
fluidized bed (BFB) gasifier and generates biogas and an air-fluidized
CFB combustor, supplying the heat required for gasification through
the circulating bed material. The Twin IHI Gasifier (TIGAR), which
combines a CFB combustor and a BFB gasifier, is proficient at producing
high-calorific syngas from low-grade coal and biomass fuels (up to a
feeding rate of 30 t/day of dry biomass, i.e., roughly 15 MWy,) [9]. A
similarly designed plant was built at Chalmers University of Technology
[10] where an existing 8-12-MWy, CFB boiler was added to a 2-4-MW,
indirect BFB gasification section, with horizontal solids flow observed
across the latter section. Pfeifer et al. [11] developed a pilot plant (0.1
MWyt for hydrogen-rich syngas production from a fast-internally CFB
combustor interconnected with a steam BFB gasifier. Developed by ECN
[12], the MILENA technology uses a riser for gasification and a BFB for
combustion (0.8 MWy,).

While DFB systems typically contain at least one CFB reactor, which
drives the circulation of solids within the system, the BFB/BFB remains a
less-intensely investigated configuration despite its potential for
increased compactness and operational simplicity, mainly due to the
limited experience acquired with the conveyance of solids under
bubbling conditions. Matsuoka et al. [13] utilized such an indirect
gasification system that was characterized by identical internal di-
ameters (0.08 m) of the gasifier and the combustor, and a height be-
tween the gasifier and the top of the cyclone of 1.8 m. Foscolo [14]
developed a DFB system for air gasification of low-density biomass that
consisted of two interconnected BFBs, producing a low-calorific-value
fuel gas (4-5 MJ/Nm?> dry). Wee et al. [15] developed a syngas pro-
duction system that consisted of a fluidized bed with two air-blown BFBs
- a combustor and a gasifier (i.d. 0.484 m and height 1.8 m).

Establishing appropriate solids circulation remains the main chal-

lenge in the design and operation of DFB systems, as these parameters
strongly impact the mass and heat balances of each reactor. Therefore,
there is interest in investigating means to measure and control the solids
circulation in DFB systems. Typically, the magnitudes of the solids cir-
culation rates attained in industrial-scale fluidized bed boilers is are in
the range of 5.5-112 kg/m-s, contingent upon the boiler’s capacity,
which can range from 12 to 235 MWy, [16-20]. The determination of
solids circulation rate has, consequently, almost exclusively been stud-
ied for single-CFB systems, wherein solids circulate through a primary
cyclone with inflow from the upper part of the CFB reactor, and after
cyclone capture, they flow through a solids return system that feeds
them back into the lower part of the CFB reactor. While various mea-
surement techniques have been employed in the literature, they have in
common that the solids flow rate is measured in the solids return system.
In the study of Karamanev et al. [21], a particle flowrate-measuring
device was used, consisting of a butterfly valve positioned between
the riser column and a storage vessel, which measured the particle
accumulation time via a valve switch mechanism equipped with an
indication of pressure change. Matsuda [22] used an optical mouse
sensor to measure the descending velocity of the solid particles in the
downcomer of the CFB system. A butterfly valve composed of an air
plenum and a porous plate was used by Djerf et al. [23] to measure the
external solids circulation rate in a CFB cold flow model. Dietrich et al.
[24] used alternating activation/deactivation of screw conveyors and
loop seals to calculate the circulation rate of solids returning from the
cyclone separator into the CFB unit’s riser. Kim et al. [25] used an
impact probe for measuring the downflow motion of solid particles in a
gas-solids suspension; the probe was placed in the downcomer of a CFB
system and the measurements were then correlated to the differential
pressure. Schiewe et al. [26] used a combination of a laser Doppler
anemometer and capacitance probes to measure the velocities of tracer
particles in the gas phase and the local solids volume fraction in a
downward vertical gas-solid flow. Guio-Pérez et al. [27,28] used the
tracking of fluid-dynamically similar ferromagnetic tracer particles to
determine the solids circulation rate in a CFB/CFB system [29]; the
measurements were based on the impedance change induced in coils
located at different positions in the unit. Wang et al. [30] studied the
hydrodynamics of a gas-solid system in a CFB riser using an acoustic
emissions detection device with a waveguide. Spenik et al. [31] calcu-
lated the solids circulation rate in a CFB riser by capturing the particle
impingement rate with a piezo-electric pressure transducer probe.
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Table 1 compares the solids circulation rates assessed in previous
experimental works, utilizing diverse measurement techniques. How-
ever, the comparability of such results may be impeded by the differ-
ences in various interdependent variables, such as reactor design,
operating conditions, measurement principles, and bed material prop-
erties, which may influence the outcomes. Within the context of CFB
systems, vertical entrainment is most often the mechanism responsible
for solids transport. Accordingly, to establish a standardized and
consistent basis for a comparative analysis, a normalization process
based on the hydraulic diameter of the riser has been incorporated into
the values obtained from the selected articles.

Furthermore, computational fluid dynamics (CFD) simulations can
serve as a complementary tool for studying the gas-solids flow. In their
investigation, Nguyen et al. [37] utilized measurements of particle rising
time in a transparent downcomer to evaluate the solids circulation rate
and solids holdup in a DFB reactor, while a CFD simulation based on an
Eulerian model was employed to solve the governing equations of the
system. Hanchate et al. [38] employed experimental data on solids
circulation rates in a cold-flow DFB to develop a multiphase Eulerian
model. Despite these advances, methods for quantifying the flow rates of
conveyed solids under bubbling conditions remain under-developed,
and this currently limits the development of DFB applications in the
BFB/BFB configuration.

The primary objective of this study is to present and assess the
suitability levels of four methods for the experimental determination of
solids circulation rates under bubbling conditions. A novel aspect of this
study is the development of techniques for measuring solids flow rates in
this context, an area that has not been covered in the literature, which
instead has focused on measurements in circulating conditions and/or
downcomers. Furthermore, it should be emphasized that the scope of
this study is restricted to the exploration of the fluidization behaviors of
group-B solids under the bubbling regime (fluidization number < 4),
with solids lateral circulation being constrained to approximately 100
kg/m?s on an upscaled basis. The work uses a fluidized bed with a
closed loop of horizontal forced solids circulation operated under
bubbling conditions. The unit is designed and operated according to
scaling laws to simulate the large-scale conditions associated with
biomass gasification. The performances of the four experimental
methods assessed are evaluated under different conditions by varying
the three key operational parameters: bed height; gas flow rate in the
solids-conveying zone; and fluidization velocity in the bed.

2. Experimental work
2.1. Fluid-dynamic scaling

Fluid-dynamic downscaling offers the possibility to operate smaller
models at room temperature, which means that they resemble the gas-
solids flows established in larger geometries under hot conditions.
Cold flow models provide increased operational and geometrical flexi-
bilities, reduce restrictions related to implementing diagnostic tools and
yield safer and cheaper experimental procedures. The simplified set of
scaling laws proposed by Glicksman [39], which was applied to design
and operate the scaled-down model used in this work, involves keeping
constant the following dimensionless numbers:

2
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The experimental unit utilized in this study was designed with a
length scaling factor of 0.12, which was determined based on the Froude
number using Eq.(1). This scaling factor was selected to correspond to
the experimental conditions of hot (air/flue gas at 750°-800 °C) and
cold (air at 24 °C).
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The simplified set of scaling laws [39,40] is an experimentally vali-
dated tool [23,39,41] that substitutes the Reynolds number with the
ratio: ug/uye. Thus, while indirectly accounting for the similarity in the
fluid-particle interaction, greater flexibility is offered in relation to the
choice of length scaling, as this depends on the combination of solids and
gas used (as seen from Eq. (1)). Finally, the dimensional analysis yields
[M] = 2=4[1]* (3.309 in this work, resulting from the solids densities used

Phot
—see Table 2), considering the conservation of Froude number together

with constant gravity yields [T] = /[L] (thus, 0.346 in this work).
Specifically, it should be mentioned that while the solids circulation
in CFB units is typically normalized to the cross-sectional area of the
riser (thus yielding units kg/m?'s), the forced lateral circulation of solids
within the framework of a BFB is normalized to the width of the solids-
conveying region, yielding F'* (in kg/m's). Using dimensional analysis,
the scaling factor for F'* results in:
 Fcow M)

= =0.138 (2
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2.2. Experimental setup

The cold flow model (CFM) used (see Fig. 1) operates under bubbling
conditions and consists of a closed horizontal loop for the solids, which
is created by the presence of a central rectangular solid region (“centre
box” in Fig. 1). The unit has a total cross-section of 0.5 m x 0.4 m and a
height of 0.5 m. Essentially, this design is intended to house a conveyed
lateral flow of fluidized solids under bubbling conditions. A conveying
zone (the detailed geometry of which is not relevant for this work) forces
a lateral flow of solids, which is conveyed along the loop in a clockwise
direction through four so-called ‘transport zones’ around the center box.
The width of transport zone 2 (Wyq4 = 0.052 m) is used to dimension the
cold flow model, as it corresponds to the down-scaled value for the
width of the connection channel in the design of an industrial DFB
system (Who = 0.43 m). Note that these values are related via the length
scaling factor, [L] [Eq. (1)].

All five different zones have their plenum and airflow controllers. In
this work, the airflow to the conveying zone is varied independently of
that of the transport zones operated with the same fluidization velocity
for a given test run. The operation of the CFM involves a hybrid
approach of manual control and software-enabled control. While the
rotameters are adjusted manually, the mass flowmeters can be regulated
and manipulated through the software. Moreover, pressure transducers
are utilized to monitor pressure levels in the system, thereby providing
valuable information regarding the solids’ behaviors within the system.

Flow and temperature fluctuations are inherent to the fluidized bed
technology. Measurement accuracy is not affected by these fluctuations,
since the calibrations and/or determinations of different parameters
measured in this work (pressure, temperature, impedance, etc.) are
performed on the basis of time-averaging and/or filtering.

2.3. Test matrix

The test matrix includes variations of the fixed bed height, the
fluidization number (FN) in the transport zones, and the airflow pro-
vided to the solids-conveying zone. The first two parameters were varied
to investigate the sensitivity of the experimental method to the fluidized
bed properties (height and voidage). Variation of the airflow provided to
the solids-conveying zone was aimed at achieving different solids flow
rates. The operational ranges investigated in this work correspond to the
operational conditions considered relevant for indirect biomass gasifi-
cation on an industrial scale. Furthermore, experimental constraints,



Table 1

Comparative analysis of solids circulation rates reported in the literature.

Reference Configuration Particle characteristics Operating conditions Measurement technique Solids circulation rate range
(kg/m - s)
Medrano et al. [32] CFB (concentric, internally circulating) Glass/Sand/Activated alumina Medium Air Particle extraction 0.078 0.48
H 22m Ps 2,500/2,600/1,135 kg/m> Upnf 0.21 m/s Particle image velocimetry 0.084 0.46
War 0.07 m ds 250-500/460/510 pm Upr 1.2-2.0 up,s m/s Pressure transducers 0.18 0.78
Wggr 0.07 m UaAR 13-24 upy¢
m/s
Rahman et al. [33] DFB Sand Medium Air Thermal tracing 2.45 3.06
(Combustion)
H 6.28 m Steam (Gasification) Butterfly valve 1.53 2.75
D 0.08 m URiser 6.3-7.3 m/s Pressure balance 2.45 3.37
Dinh et al. [34] DFBG Sand Medium Air Mass accumulation 1.98 5.74
H 5m P8 1,515 kg/m® Unnf 0.21 m/s
Dcrp 0.1m PSD 149-595 pm Ucrp 21.4-28.6 Ups
m/s
Wggs 0.18 m Uprp 1.9-2.6 Uy
m/s
Monazam et al. [35,36] CFB Cork Medium Air Rotating spiral vane 0.2 5.67
H 15.3m Ps 189 kg/m® Unnf 0.17 m/s
D 0.3m PSD 500-1,500 pm URiser 17.7-58.8 tpe
m/s
Guio-Pérez et al. [27-29] DCFB Bronze Medium Air Magnetic tracing 0.59 5.12
H 1.56 m Ps 8,730 kg/m? U 0.017 m/s Mass accumulation 0.79 5.70
Drr 0.054 m ds 68 pm UpR 47.3-106.5 Uy
m/s
Dar 0.05 m UaR 82.8-248.5 Uy
m/s
Matsuda [22] CFB Sand Medium Air Optical mouse 1.38 2.75
H 4m P 1,239/1,322 kg/m® Uiser 1.5-3.7 m/s
Dbwncomer 0.05m ds 191/354 pm
Driser 0.024 m
Kim et al. [25] CFB Sand Medium Air Impact probe 0.39 3.14
HRiser 7.6 m Ps 3,120/2,582 kg/m* Upnf 0.01/0.05 m/s
Driser 0.1m ds 101/240 pm Upurging 3.6-7.2m/s
Hpwncomer 4.8 m
Dpwncomer 0.1 m
Spenik et al. [31] CFB Polyethylene Medium Air Piezo-electric transducer 5.57 49.18
H 15.4 m Ps 864 kg/m3 URiser 0.47-0.65 m/s Spiral vane 5.25 37.70
Driser 0.31m ds 900 pm

‘ID 32 DYIDA W
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Table 2

Main parameters used in the fluid-dynamically scaled model.
Parameter Units Hot unit Cold model
Temperature °C 750-800 24
Gas density (py) kg/m?® 0.359 1.187
Gas viscosity (uz) m%/s 1.4 x 107 1.54 x 1075
Bed geometry m Lyor 0.12 - Lyor
Particle density (pg) kg/m® 2650 8770
Mean particle diameter (ds) pm 950 125
Gas superficial velocity (ug) m/s Uy HOT v0.12u0 gor
Minimum fluidization velocity (uys) m/s 0.31 0.108
Solids circulation rate (F') kg/m's F’ror 0.138 - F'yor

such as air supply capacity limits and too-vigorous splashing of solids,
yielding solids losses, were also considered while designing the testing
matrix.

The FN in the transport zones was limited within a range of 1.8-4,
the fixed bed height was varied within the range of 80-100 mm
(0.67-0.83 m on a hot up-scaled basis), and the flow rate of air in the
conveying zone was restricted to the range of 95-8551,/min
(0.013-0.119 m%/s on a hot up-scaled basis). By combining the inter-
mediate values of these ranges, 105 cases were examined for each of the
four measurement methods. Each setup was repeated three times,
resulting in 1,260 tests.

3. Methods for the measurement of solids circulation

This section describes the four measurement methods, their working
principles, and how they were implemented in the experimental setup.

3.1. Integral mass accumulation

This approach, schematized in Fig. 2, utilizes enclosures (Boxes 1 and
2) to accumulate the conveyed bed material over a specific time period,
from which the average solids flow rate can be calculated. The purpose
of Box 1 is primary collection of bed material for the evaluation of the
solids flow rate and, thus, it is easily removed from the system. Box 2
(placed beneath Box 1) is intended to collect solids leakages through the
gap between Box 1 and the unit walls (thus, it is placed very tightly
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against the unit walls and is more-difficult to remove). The box system is
positioned in direct connection to the conveying zone. Initially, Box 1 is
empty and bed material is prevented from entering it by vertical sliding
walls on each of the two ends (interfacing with the convection zone and
transport zone 2, respectively; see Fig. 2). After an initial period (30 s) of
bed stabilization, the sliding wall in contact with the conveying zone is
removed, allowing bed material to be conveyed and accumulated in the
box system. Bed material is accumulated until the solids inventory in
Box 1 reaches a height level corresponding to 3.5 kg, i.e., the time length
of each test, At, varies inversely to the solids-conveying rate. At this
point, the sliding wall in connection to the conveying zone is set down
once again, Box 1 is retrieved, and the accumulated bed material is
weighed to determine the solids circulation rate. The bed material that
has leaked and accumulated in Box 2 is weighed after each of the rep-
etitions in each experimental case and is thereby accounted for in the
calculation of the solids flow rate.

Thus, having collected a certain mass of conveyed solids in Box 1,
Am, the normalized (time-integrated) solids circulation can be calcu-
lated as follows:

,om Am

L AL ®

Regarding the limitations of this method, it should be noted that this
measurement method is non-steady, i.e., a continuous decrease of the
inventory of fluidized solids yields variable fluidized bed heights, which
in turn affect the conveyed solids flow rate (Section 4.2). Thus, a balance
needs to be found between the measurement duration and its impact on
the solids flow rate. The shorter the duration of the measurement, the
less-robust the statistics of the mass of bed material collected will be.
Fig. 3 illustrates this trade-off by plotting experimental curves of the
mass of solids collected against the measurement duration (solids
accumulation time in Box 2), for different conveying air flow rates. As
seen, the curves tend to adapt to a lower gradient (lower solids flow rate)
as time elapses. In contrast, longer times typically provide a lower
standard deviation of the mass of solids collected (marked by the bars in
each marker). It should be noted that a significant proportion (roughly
10%) of the conveyed solids does not end up in either of the collection
boxes but leaks through gaps, which introduces some uncertainty into
the measurements. Furthermore, the solids circulation rate is to some

(b)

Fig. 1. Fluid-dynamically down-scaled model used for the experiments, where a clockwise solids circulation is forced in the conveying region. (a) Photograph of the
top-view, indicating the different regions defined in this work. (b) Photography from the side-view.
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Fig. 2. Experimental setup used for integral mass accumulation method. (a) Top-view of the unit setting. (b) Box-block arrangement used in transport zone 1.
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Fig. 3. Impact of collection time on the measurements performed with the
integral mass accumulation method. Data for different conveying air flow rates
(Iy/min), FN = 2.53 and Hp, fixeg = 100 mm.

extent affected by the length of the circulating loop due to the impact of
variable bed-wall friction. Thus, shorter loops caused by the presence of
the accumulation box yield lower pressure drops, which means that
some overestimation of the solids flow rate is expected. On the other
side, it is noteworthy that the solids inventory in the fluidized section
decreases as bed material accumulates in the box system; this yields a
lower bed and, thus, a constantly decreasing solids flow rate (see Fig. 3).

3.2. Differential mass accumulation

This measurement method employs a sliding wall that can, upon
achievement of steady-state conditions with solids circulation, be
rapidly inserted vertically along the guide rails positioned at the
boundary between transport zones 1 and 2, as depicted in Fig. 4. This
insertion establishes an accumulation chamber within transport zone 1
(blue section in Fig. 4a), while the remaining section of the bed (green
section in Fig. 4a) empties.

Consequently, the pressure increase in the accumulating zone (and/

or decrease in the emptying zone) can be converted into a solids accu-

mulation rate, i.e., the flow rate of the conveyed solids:
. dm _ dP-A
T L dtlL  drgL

(4

Pressure is sensed at three different levels on both sides of the sliding
wall (accumulating and emptying zones): one in the air plenum, and two
at distances of 5.25 cm and 7.5 cm from the perforate plate in the
bubbling bed. The pressure values measured depend not only on the
height but are also observed to vary with the distance to the sliding wall,
as a gradient of the bed height is generated within each bed section.
However, the distances from the pressure probes to the sliding wall [8
cm, (accumulating zone) and 12 cm (emptying zone), in this setup] (see
Fig. 4b) are deemed to be inconsequential in relation to the derived solid
flow rates from the signals, as the time derivative is utilized instead of
the absolute value.

Fig. 5 exemplifies the pressure transients obtained from the six
pressure measurements used in this work. Transient pressure curves
tend to flatten out after a certain time (in Fig. 5, this occurs approxi-
mately 50 s after the separating wall is slid down), suggesting a
maximum capacity for material accumulation, after which a steady state
is reached. The accumulating zone has a smaller cross-section and, thus,
a more-substantial pressure variation given the same mass flow rate, as
compared to the emptying zone. Furthermore, while the accumulating
section is fluidized from a single air plenum, thereby ensuring homo-
geneous fluidization conditions, fluidization of the emptying section
involves several air plenums, which entails more-heterogeneous fluid-
ization conditions. Based on this, the transient pressure signals in the
accumulating zone are selected for calculating the flow rate of the
conveyed solids by taking the average of the time derivatives from the
pressure signals at three different height levels. The time interval chosen
for the evaluation of the temporal gradient is that for which the variation
in the pressure signal deviates from a linear trend (yielding times that
are always longer than 10 s).

A primary advantage of this method is its relatively simple imple-
mentation. However, the accuracy of the pressure measurements be-
comes critical, especially at low solids flow rates, since the accumulation
is too slow to produce an appreciable change in the pressure. Although
minor leakage of materials from the accumulating zone into the
emptying zone across the wall-separator gaps are observed at high solids
convection rates, it is assumed (based on visual estimation) that this
does not significantly impact the results.
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Fig. 4. Experimental setup used for the differential mass accumulation method. (a) Top-view of the unit setting. (b) Wall separator used between transport zones 1

and 2, creating the accumulating and emptying zones.

3.3. Thermal tracing

In this method, as schematized in Fig. 6a, the circulating solids are
heated by hot (80 °C) fluidization air as they flow through transport
zone 1 (Cheating zone’), and they are cooled in the other zones, fluidized
with ambient air. The resulting temperature field describing the cooling
of the solids flow is used to determine the solids flow rate. This is ach-
ieved using the energy equation [42,43], which, if one assumes plug
flow pattern for the solid phase and cooling by the fluidization gas, reads
as [44]:

dr _d { dT T

A
(pseus+(1 — €g)~Cp,s)-E = la] + (pF'uF'CPaF)'E )

where the effective thermal conductivity of the bed, 1, and the solids
velocity, us are unknowns. Thus, upon determination of the effective
thermal conductivity, if the temperature profile along the solids flow
direction is determined from measurements, the solids velocity can be
solved using Eq. (5). The methodology described by Martinez et al. [44]
[see Egs. (2) and (3) in the reference] entails the use of the effective
thermal conductivity for the dispersive transfer of heat, which is

governed by the dispersive mixing of the solids ahead of the gas mixing
and the static thermal conductivity. Note that the assumption of plug
flow for the solids phase is needed to allow consideration of a single
value for the solids lateral velocity, u;. The imprecision of this assump-
tion is considered the main drawback of this method, given that a ve-
locity profile is likely to be established in the transversal direction of the
solids flow due to friction between the bed and wall.

Furthermore, the heat balance in Eq. (5) is only representative for the
whole bed if the temperature at any location x is representative of the
whole bed height. To examine this assumption, a set of thermocouples
was installed in the measuring zone, 3 cm and 7.5 cm from the perfo-
rated plate, to validate experimentally the uniformity of the vertical
temperature profile established within the bed in the measuring zone.
The values obtained from the thermocouples were compared to the
captured surface temperature profile, and they exhibited very similar
values (with a measurement error range of +0.29 K). In this work, a 1D
steady-state, finite volume method is used to solve T(x) in Eq. (5). Note
that the measured temperature field is 2D and must be integrated along
the y-direction (Fig. 6b), to provide an experimental 1D temperature
profile that can be compared with the 1D temperature profile modeled
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Fig. 5. Differential mass accumulation method. The conditions utilized in the plot were: FN, 3; bed height, 80 mm; and solids-conveying air flow rate, 855 l,,/min. ‘A’
denotes the accumulation section, ‘E’ denotes the emptying section, and ‘P’ denotes the plenum box. (a) Pressure probe locations within the unit. (b) Transient

pressure profiles.
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Fig. 6. Experimental setup used for thermal tracing. The temperature scale used is °C. (a) Top-view of the unit setting. (b) Temperature field in the measuring zone

captured by the thermographic camera.

using Eq. (5). The Dirichlet boundary conditions are then set using the
measured temperature values at the boundaries, Tp and T;. One un-
known in this equation is the effective thermal conductivity of the bed
‘2’, which relates mainly to the solids lateral dispersion coefficient [44],
Ds 1a, according to Eq. (6).

i
(1= ) Gty

A thermographic camera (FLIR E53), with a thermal resolution of
240 x 180 pixels ranging in temperature from —293.15 K to 923.15 K,
was used to capture the 2D temperature field over the bed surface in
transport zone 2 (‘measuring zone’). The camera has a thermal sensi-
tivity of 40 mK. Calibration of the thermographic camera involved
adjusting the emissivity factor with the help of simultaneous measure-
ments from the thermocouples. This process is crucial for obtaining
accurate temperature measurements, as the camera signal varies under
different conditions and includes reflections from the walls, flow fluc-
tuations, etc.

Choosing the appropriate data domain for analysis is crucial in the
thermal tracing method. The thermographic profile (240 x 180 pixels)
captured by the infrared camera is analyzed by dividing the field into
transversal (?) and longitudinal (X) slices. Transversal slices exhibit
varying results due to the unit’s corner geometry, unwanted backflow,
and dead zones, which can likely be attributed to the limited length of
the measuring zone. Conversely, it is essential to consider wall friction
when inspecting the longitudinal slices, as the temperature values close
to the wall are significantly lower and yield lower solids flow rates than
those acquired at the center of the sampled domain. Therefore, consid-
ering all the factors discussed, the analysis domain was selected
(Fig. 7a). Integration of the measured 2D temperature field along the y-
direction yields a 1D experimental temperature representation that can
be compared with the temperature profile modeled using Eq. (5).

For each experimental case, the value of the dispersion coefficient,
Dg jqt, is determined in a preliminary experimental run without solids
convection. A vertical sliding wall is inserted between the solids-
conveying zone and the heating zone, to prevent the macroscopic con-
vection of solids within the system. Thus, in the absence of macroscopic
convection, i.e., us=0 in Eq.(5), 4 becomes the only unknown, which
allows its determination by fitting the modeled temperature profile to
the experimental one. The solids lateral dispersion coefficient in the
conveyed flow is assumed to remain the same as that measured under
stationary conditions (i.e., in the absence of a net circulation of solids)
for the given fluidization velocity and bed height. An example of such a

Dsju = (6)

fitting providing the solids dispersion coefficient is given in Fig. 7b.
Having determined the thermal tracing conductivity of the bed, 1 [Eq.
(6)1, the solids velocity, ug, is determined by fitting the modeled tem-
perature profile given by Eq. (5) to the measured profile with conveyed
solids, as exemplified in Fig. 7c. The temperature profile presented in
this example corresponds to a high circulation rate. Depending on the
solids velocity, a different temperature gradient will be achieved. This
fitted value of ug is then used to determine the normalized solids
circulation:

F = ﬂ = us-py(l

5 —e,)H, @)

The bed voidage, ¢, [45] is calculated [as in Eq. (8)] for each set of
operational conditions utilizing the measurements of the vertical pres-
sure drops sampled inside the bed (6-8 cm from the perforated plate):

AP

ps*g*Ah

g =1

It is important to note that the solids circulation rate is calculated
using the expanded bed height, H,, associated with a given fluidization
condition [Eq.(7)].

To mitigate the effects of flow and temperature fluctuations on the
thermal measurements, the following approaches have been utilized for
this study: system stabilization; appropriate measurement techniques;
and employing assumptions. Stabilizing the system necessitates con-
trolling the fluidization velocity in the solids-conveying zone, avoiding
changes to the ambient conditions, and ensuring uniform heating or
cooling of the system. The accuracy of the thermal tracing method re-
lates to the magnitude of the temperature gradients established in the
x-direction of the measuring zone. The thermal sensitivity of the ther-
mographic camera (0.04 K) must be compared to the observed tem-
perature difference along the measurement zone, AT, which is 0.1 K for
the highest solids flow rate (17.88 kg/m-s) and up to 3 K for the lowest
solids flow rate (5.07x10~3 kg/m-s). Thus, the thermal method becomes
less-accurate for high solids flow rates given the limited thermal sensi-
tivity of the temperature measurement. Due to thermal inertia, the wall
friction effects, unit geometry, and the degree of inaccuracy increase as
the solids circulation rate increases. High fluidization velocities have the
potential to introduce uncertainties into the temperature measurements,
which are attributed to bubble eruption that subsequently alters the
surface temperature and emissivity of the fluidized bed particles.
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Fig. 7. Thermal tracing method. (a) Sampled temperature field, and longitudinal experimental and modeled temperature profiles in the absence/presence (b/c) of
macroscopic solids convection. Experimental conditions set at: FN, 3; bed height, 80 mm; and flow rate of conveying air, 855 1,/min. The temperature scale used is

in °C.
3.4. Magnetic solids tracing

A small batch (200 g) of tracer material mimicking the physical
properties of the bulk solids (see Table 3) is introduced 14 cm upstream
of coil 1. The injection is made by means of a special probe, designed to
inject tracer material along the bed height. This is intended to yield an
axially mixed injection pulse of bed material that is well-mixed in the
vertical direction. The transient concentration of the tracer at different
locations is monitored using impedance coils, from which the rate of
solids conveyance can be derived. The setup in this work (Fig. 8) uses
four rectangular coils, each framing the entire cross-section passed by
the solids flow at different locations along transport zone 2 ("measuring
zone’). The detection method is based on changes in impedance induced
in the coil due to the high permeability of the magnetic tracer solids
(details of the detection method can be found in [28]). Since the tracer
concentration is sampled over time (100 Hz), the residence time distri-
bution of the tracer material between the different coil locations can be
calculated, and from there, the corresponding solids circulation rate can
be derived.

A check for signal uniformity within the coil cross-section was per-
formed prior to the experiments. The tracer concentration, C, is calcu-
lated from the impedance signal, Z, based on Eq. (9):

(Z-12)

C =k 220

9
Z 9

where k is the calibration factor of inductance, which depends on the
relative permeability of the tracer material used and on the extent to

Table 3
Comparison of the materials used in the bed and magnetic tracer.
Parameter Unit Bed Tracer
Material - Bronze FeSi 68 HQ
Particle density (pg) kg/m® 7,988.3 8,770
Bulk density (pp,u) kg/m> 5,522.1 4,520
Particle size distribution
doo pm 79.83 24.78
dso pm 112.06 68.69
dio pm 132.45 122.83
Mean particle diameter (ds) pm 125 93
Chemical composition, % Cu 90 Fe >25
Sn 10 Si0, >1
Ni 0.1-0.99
Co 0.1-0.25

which the mixture of bed material and tracer fills the geometry of the
coil. This parameter was determined through a separate set of calibra-
tion experiments performed for the FNs applied to the transport zones.
The data sampling occurs sequentially along the different coils on a one-
at-a-time basis, to avoid signal cross-interference..

Table 3 summarizes the comparison of the bed material and mag-
netic tracer used in the experiments.

Since the experimental configuration used for this method allows
solids circulation, the tracer injected at a specific location will be
conveyed through the coils several times. The first coil passage will yield
a sharp increase in the signal (often in the form of a peak). The increased
signal will decline with increasing number of passages until the tracer
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Fig. 9. Example of an analysis based on the magnetic solids tracing technique. Experimental conditions are set at: FN, 1.83; bed height, 100 mm; and volumetric flow
rate in the conveying zone, 855 1,,/min. (a) Transient concentration profile. (b) Derived solids velocity values.

concentration is distributed evenly across the bed in a steady-state
condition, producing a constant signal from the coils. Afterwards, the
tracer material is removed from the bed using a permanent magnet, to
conduct the next experiment.

An average solids velocity, us, is calculated based on the time delay
of the tracer concentration peaks (exemplified in Fig. 9a) observed from
the four coils and the distances between them. As displayed in Fig. 9b,
the variations in velocity values obtained at different positions of the
four coils placed in the measuring zone for the same run are generally
consistent (6 ~ 0.0018 m/s). From this solids velocity, the normalized
solids circulation can be calculated using Eq. (7). In this case, similar to
the thermal tracing method, it is imperative to consider the value of the
bed voidage, &,.

The main limitations of this method are the time-consuming sepa-
ration of the magnetic tracer from the bed material and the limited
choice of available tracer materials with physical properties comparable
to the bed material. For the specific case of the results presented here,
the accumulation of tracer material at the corners of the unit, i.e., tracer
segregation, was observed to some extent. Furthermore, low rates of
solids circulation produce coil signals with less-distinct gradients of
tracer concentration, reducing the method’s accuracy.

10

4. Results and discussion
4.1. Bed voidage

The value for the bed voidage is required in both the thermal tracing
and magnetic solids tracing methods. The bed voidage for each FN
applied to the transport zones is calculated from the pressure differences
between two probes located at different heights inside the bed. The
probes (located at 7-8 cm) are above the perforated plate, to avoid
disturbance of the pressure measurements by acceleration effects.
Fig. 10 shows the increase in bed voidage with FN due to the increased
frequency and size of the bubbles [45]. Thus, for the operational con-
ditions considered in this study, the bed height increases with fluidiza-
tion velocity.

4.2. Solids circulation rate

Fig. 11 compares the solids circulation rates calculated with the four
methods. The error bars indicate the range of values obtained for each
experimental condition over the repetitions. That these bars, in most
cases, are very small indicates the statistical robustness of the data. In
general, all four methods capture the same qualitative trends regarding
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Fig. 10. Measured bed voidage as a function of the fluidization number.

how the three operational variables affect the solids flow rate (an in-
crease in any of the variables yields an increase in the solids flow rate).

The plots in Fig. 11 demonstrate that the two mass accumulation
methods - integral and differential — produce similar values of the solid
flow rate, with the latter being slightly higher. For both methods,
leakages of bed material from the confining volumes result in an un-
derestimation of the calculated solids flow rate, due to the decreased bed
inventory. Both methods lack accuracy in relation to measuring low
rates of solids conveyance. The integral method fails to reflect differ-
ences in circulation rates at low solids-conveying rates. In contrast, the
differential method displays variations in pressure signals with an

Fuel 348 (2023) 128515

amplitude comparable to ambient noise. However, this can be reduced if
the accumulation interval is sufficiently long.

The thermal tracing method consistently yields significantly higher
solids circulation rates than the other methods, exceeding by factors of
2.8, 2.5, and 1.4 those provided by the integral mass accumulation,
differential mass accumulation, and magnetic solids tracing methods,
respectively. The potential overestimation of the solids flow rate by the
thermal tracing method is, to some extent, due to the selection of the
analysis region. Choosing a central location within the measured
domain eliminates wall effects and, thereby, gives a better fit with the
modeled temperature profiles. The central location also provides higher
solids flux rates than areas closer to the walls. Furthermore, Fig. 11 in-
dicates that the thermal tracing method shows inaccuracies at high
levels of solids conveyance, due to the lower temperature gradients
established in situations of increased thermal inertia.

The magnetic solids tracing method typically yields solids flow rate
values intermediate to those yielded by the thermal and mass accumu-
lation methods. The lateral solids dispersion is expected to add some
level of inaccuracy (by diluting the peak in solids concentration), as well
as some degree of overestimation (by displacing in time the peak in the
coil-measured signal). This effect is enhanced for situations with low
solids-conveying rates and conditions in which dispersion can be ex-
pected to be high, such as a high fluidization velocity in the transport
zones and/or a high bed height. However, given the good stability of the
signal, the magnetic solids tracing method is assumed to be the most
robust and accurate method in general terms.

It is essential to highlight that the present study aims to evaluate
measurement methods and indicate how they can help provide a general
understanding of the parameters that influence the horizontal solids
circulation rate in coupled beds. Consequently, optimization of the
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Fig. 11. Normalised solids flow rates measured using the four different methods assessed under different operational conditions. FN, fluidization number in the
transport zones; BH, fixed bed height. The bars at each marker indicate the standard deviation of the repetitions.
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Table 4

Standardized effect sizes of the parameters obtained for the four methods evaluated.

Fuel 348 (2023) 128515

Method Standardized effect size
Bed height (mm) Fluidization number in the transport zones (-) Volumetric flowrate in the solids-conveying zone (l,/min)
Integral mass accumulation 40.66 9.80 64.00
Differential mass accumulation 36.07 14.37 52.38
Thermal tracing 21.90 21.82 56.60
Magnetic solids tracing 36.42 19.93 48.88

solids-conveying mechanism has not been addressed. The results for
solids flow rates obtained in this study can be refined, further mitigating
the limitations associated with using specific techniques. With this un-
derstanding of the pros and cons of the methodologies used, a regression
analysis was conducted to determine how the impacts of the operational
parameters on the measured solids flow rates varied across the four
methods. The experimentally obtained values in this study range up to
10 kg/m's, while the previous literature with on solids circulation forced
by vertical entrainment (see Table 1) exhibit a spectrum of 7.8 x
1072-4.9 x 10" kg/m’s.

Table 4 reports the standardized effect (SE) size statistics, which is a
measure used to evaluate how big or small an effect is when the units of
measurement are not intuitive, so they can help compare results across
studies (i.e., measurements in this case). The SE measures the statistical
significance and magnitude of the measurement data from each method,
examined for the three parameters used in the regression modeling (see
[46] for details In factorial design, the SE size (also known as Cohen’s d,
please find calculation details in [46]) for each of the parameters used in
a correlation is used to determine the relative influences of different
factors on the response variable. The analysis of these data can yield
valuable insights for designing future experiments and for informed
decision-making.

Consequently, an analysis of the direction of the effects is conducted
by constructing the main effects plot, as shown in Fig. 12, to determine
the relative impacts of the three input parameters on the solids circu-
lation rate. Although the trends are the same (as discussed previously),
the statistical analysis indicates differences with respect to their impacts.

Compared to the other two methods, the integral and differential
mass accumulation methods exhibit reduced effects of the three opera-
tional parameters, due to increased bed material leakage at higher solids
flow rates. For these mass accumulations methods, the air flow rate in
the solids-conveying zone has the strongest impact on the solids circu-
lation rate (SE of 64 vs. 52), followed by the fixed bed height (SE of ~
37.5), and the FN in the transport zones (SE of ~ 12). For the thermal
tracing method, the magnitude of the effect of the fluidization flow rate
in the solids-conveying zone on the solids circulation rate is the highest

(SE of ~ 57). At the same time, the fixed bed height and FN in the
transport zones show similar impacts (SE of ~ 22). As this method
captures the surface temperature profile, which incorporates splashing
and wall effects together with the acquired solids circulation rate, the
general trend seen using this method is comparatively amplified. A
similar pattern is observed using the magnetic solids tracing method,
although it is slightly less-pronounced. This method is affected signifi-
cantly by the flow rate in the solids-conveying zone (SE of ~ 49), fol-
lowed by the fixed bed height (SE of ~ 36), and the FN in the transport
zone (SE of ~ 20).

The present study is limited in that the assessment regards mea-
surement techniques applied to a cold laboratory-scale (albeit fluid-
dynamically down-scaled) unit. Implementation under industrial con-
ditions will present additional challenges for each of the methods
assessed here, and alternative — but less accurate — methods, such as
macroscopic heat balance, may eventually become better options for
monitoring the solids flow.

5. Conclusions

A cold flow model, which was designed and operated according to
Glicksman’s simplified set of scaling laws, was used to assess four
experimental methods for measuring the horizontal circulation of solids
under bubbling conditions. Based on the results of this study, the mag-
netic solids tracing method is recommended as the most-suitable method
for measuring horizontal solids circulation under bubbling conditions,
due to its robust signal measurement capabilities. However, caution
must be exercised when measuring low solids circulation rates, as the
tracer concentration gradients may be difficult to discern. The thermal
tracing method consistently provides higher solids circulation rates,
although is it not accurate due to cropping of the analysis domain to a
region that fits the theoretical assumptions, thereby ignoring flow lim-
itations that are coupled to wall friction effects and unit geometry. The
integral and differential mass accumulation methods yield lower solids
circulation rates than the other methods, especially for conditions with
high rates of solid conveyance, due to bed material leakages, a reduction
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Fig. 12. Plots of the main effects of bed height, fluidization number, and airflow in the conveying zone (Qony) on the solids circulation rate, for the four

methods assessed.
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of the measurement time suitable for analysis, and the inevitable
reduction of the inventory during performance of the measurements.

Furthermore, it is essential to note that the solids circulation rate
increases when the following three operational parameters are varied:
the air flow used for conveying the solids; bed height; and fluidization
velocity in the bed (in order of their impacts on the rate of solids cir-
culation established).

Future investigations should include evaluations of different con-
figurations and mechanisms for conveying solids in systems under
bubbling conditions, as well as explorations of the solids hydrodynamics
(study of the bed-wall friction) and mixing characteristics (analyses of
the combined convection-dispersion mechanisms).
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