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ABSTRACT

This study investigates the impact of temperature on the fluidization behavior of a bench-scale deep
fluidized bed using Group B silica sand particles as the material. Covering a temperature range of 200 °C
to 800 °C, the experiments employed a transparent cold flow rig for visualizing bed behavior and a
bench-scale bubbling fluidized bed reactor for pressure drop measurements at elevated temperatures.
Pressure differentials over the distributor plate and bed were measured at two different bed aspect
ratios (3.33 and 4.83). Results show that increasing temperature from ambient to 800 °C led to a sig-
nificant reduction in the minimum fluidization velocity (Uns), by 27% for 200 g and 35% for 300 g bed
materials. Bed aspect ratio had negligible effects on Ups but notably influenced bed pressure drop.
Experimentally determined Archimedes (Ar) and Reynolds (Re) numbers differed from empirical cor-
relations, highlighting the need for further investigation into temperature effects on fluidization hy-
drodynamics. A new correlation for Un¢ prediction, based on experimental data, exhibited a low average
error of 7.4%. These findings, along with detailed material characteristics, offer insights for future
research on temperature effects in narrow-deep bubbling fluidized beds, particularly at low Re. The
experimental data serve as a benchmark for verifying, validating, and optimizing numerical models and
scaling studies.

© 2026 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
All rights are reserved, including those for text and data mining, Al training, and similar technologies.

1. Introduction

gasifier (BFBG) stands out as a particularly versatile configuration,
where the bed and feedstock particles are suspended and mixed by

The expanded utilization of syngas, alternatively referred to as
producer gas and primarily composed of hydrogen-rich synthetic
gas, has the potential to reduce both greenhouse gas emissions and
particulate matter emissions from power generation and trans-
portation [1,2]. Furthermore, syngas finds applications in various
chemical production processes. Syngas can be obtained through
thermo-chemical conversion processes such as gasification,
involving diverse feedstocks like biomass [3—5], coal [6], or
municipal waste.

Fluidized-bed reactors are widely used because of their supe-
rior mixing and high heat transfer capabilities compared to other
reactor types [7,8]. Among these, the bubbling fluidized bed
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an upward flow of fluidizing gas [9]. Aside from its cost-effective
operation and maintenance, BFBG also demonstrates versatility
in accommodating a broad spectrum of feedstock types and par-
ticle sizes [10,11].

In order to achieve an effective gasification process within a
BFBG, it’s essential to adjust operational parameters to achieve the
optimal fluidization quality. Therefore, understanding the hydro-
dynamics of fluidization is critical for enhancing the efficiency of
gasification operations in BFBGs. A significant number of variables
affect the fluidization hydrodynamics in addition to the fluidizing
gas velocity (Ug). One of the critical parameters involves the bed
aspect ratio, defined as the ratio of the bed height (Hp) to the bed
diameter (Dp). This parameter impacts temperature gradients,
residence time of the fluidizing fluid, particle mixing, and chemical
reaction time. Particle size, sphericity, and density of both the bed
and feedstock materials also play pivotal roles. For instance,
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Geldart [12] identified that particles falling within Group B of their
classification, characterized by a size distribution of 150 to 500 pm
and densities ranging from 1400 to 4000 kg-m >, exhibit favorable
fluidization behavior. Moreover, process temperature affects the
fluid viscosity and temperature [13], the inter-particle attraction
force [14], heat transfer rates [13,15], etc., therefore it affects both
the fluidization hydrodynamics and chemistry.

However, equations and correlations governing fluidization
behavior are primarily derived from measurements conducted at
ambient conditions, often referred to as “cold flow” studies. These
conditions significantly differ from the high-temperature flow and
chemical processes occurring inside a BFBG, particularly under
actual operational conditions and at the microscales relevant for
process optimization and scaling. Moreover, temperature fluctu-
ations inherent to the gasification process must be considered in
calculations due to their non-negligible impact [16]. The presence
of conflicting assertions within academic literature regarding the
influence of temperature on fluidization hydrodynamics high-
lights the complexity surrounding this phenomenon. For instance,
Lin et al. [17] investigated agglomeration behavior in a straw-fired
laboratory-scale fluidized bed combustor and found that elevated
temperatures reduce defluidization time due to the formation of
potassium-rich molten ash coatings on sand particles. This
increased stickiness accelerates agglomeration and raises the
minimum fluidization velocity (Unf) above theoretical predictions
at high temperatures. The study clearly demonstrated that the
onset of sintering effects plays a critical role in modifying fluid-
ization behavior. Similarly focusing on temperature effects, Patti-
pati and Wen [18] measured the Uy of sand particles in a 13.2 cm
diameter hot fluidized bed with a bed aspect ratio of less than 1,
and found that Uys decreases with increasing temperature for
small particles (<2 mm) due to reduced gas density and viscosity.
In contrast, Upf increases with temperature for larger particles
(>2 mm). They also confirmed that Wen and Yu’s correlation re-
mains valid at elevated temperatures, although the experimental
data showed no consistent monotonic trend across all particle
sizes. These studies were supported and extended by Botterill et al.
[19], who conducted high-temperature fluidization experiments in
a 188 mm diameter bed, using a wide range of sand particle sizes
from Geldart Groups B and D. While the exact static bed height
was not reported, pressure transducer taps were spaced
14—23 mm apart vertically, implying a fluidized region of appre-
ciable height. The authors found that Uy decreases with
increasing temperature for smaller Group B particles due to
reduced gas viscosity and density. In contrast, larger Group D
particles showed an initial increase in Upy¢ with temperature due to
dominant turbulent flow and gas density effects. At even higher
temperatures, Unpf began to decrease again as the flow transitioned
to laminar. The study highlighted the critical influence of
temperature-dependent voidage and Reynolds (Re) number re-
gimes, and emphasized that most standard Uy correlations are
inaccurate unless corrected for temperature effects. Similarly, Al-
Farraji and Taofeeq [20] experimentally investigated the effect of
temperature and particle size on Upf in an atmospheric bubbling
fluidized bed with bed aspect ratios of 0.5 and 1, using silica sand
in the 300—710 pm range and operating up to 850 °C. They
observed that Upr decreased with temperature up to about 700 °C,
beyond which it plateaued. They also found that particle size had a
direct positive effect on Uy, while bed height had no measurable
impact. Common empirical correlations failed to predict Upf
accurately at high temperatures, leading them to propose a new
correlation with a mean relative deviation below 5.5%.

Across all these studies, a recurring issue is the poor predictive
performance of classical Unyf correlations, particularly at elevated
temperatures. Anantharaman et al. [21] analyzed this issue and

conducted a comprehensive review of more than 100 Upyf corre-
lations and concluded that large discrepancies in predictions—up
to six orders of magnitude—are common, especially for Geldart
Group A and B particles. The study emphasized that most corre-
lations are based on limited empirical datasets and often include
parameters such as voidage and sphericity that introduce
nonphysical trends. The authors concluded that a universal
mechanistic correlation is currently intractable and called for the
development of better-informed and data-driven models, partic-
ularly under non-ambient conditions. Yates [22] presented a
literature synthesis showing that temperature effects are highly
system-specific, with both increasing and decreasing trends
reported.

These discrepancies highlight the complex relationship be-
tween thermal, geometric, and material factors influencing fluid-
ization. However, several aspects remain insufficiently addressed
in the literature, particularly the combined effect of temperature
and bed aspect ratio in deep narrow beds, and the validity of
traditional empirical Uys correlations under high-temperature,
low-Re conditions. The present study aims to fill these gaps by
providing experimental insight into the temperature-dependent
fluidization behavior of Group B silica sand in a deep bubbling
fluidized bed up to 805 °C.

The main aim of this research is to examine how temperature
affects fluidization hydrodynamics in a bench-scale (narrow) deep
bed and to compare these observations with some of the estab-
lished correlations in the literature. Additionally, this research
endeavors to contribute valuable empirical data to the existing
body of literature in the field. To accomplish this objective, two
different experimental setups were utilized. The first involved a
cold-flow rig designed with geometry and dimensions identical to
those of the bench-scale BFBG. This setup aimed to examine the
correlations between parameters such as the pressure drop across
the distribution plate, pressure drop across the bed, minimum
fluidization velocity, and bed aspect ratio, among others [23]. The
second experimental setup, the bench-scale BFBG, was designed
for high-temperature operation (approximately 800 °C) to assess
the temperature effect on the aforementioned correlations when
using biomass, coal, or biomass-coal mixtures as feedstock
materials.

2. Methods
2.1. Minimum fluidization velocity

As noted earlier, the Ups holds significant importance in
determining the minimum fluidization state and regulating the
fluidization characteristics within the BFBG. Numerous correla-
tions that forecast Unys are based on factors such as the average
particle size and sphericity of the binary mixture material. The
Ergun equation [24], for instance, establishes a correlation be-
tween the pressure drop across a packed bed of non-spherical
particles and various characteristics of the fluidizing gas and bed
particles:

APpeq 150(1 —e)® pelUy  1.75(1 — &) prU2
H — &3 2 &3 od (M
(¢dp) P
The pressure drop along the bed height (APpeq) is determined
by several parameters, including H (bed height), £ (bed voidage), ur
(fluidizing gas viscosity), d, (mean bed particle diameter), pr (gas
density), and ¢ (average bed particle sphericity). Bed voidage ()
represents the proportion of the total volume occupied by voids
between bed particles relative to the overall bulk bed volume:
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here, p;, represents the bulk density, calculated as the ratio of the
mass (my,) to the volume (V})) of the bulk material. Additionally, p
denotes the bed skeletal density, defined as the density of the bed
material excluding any porosity.

When the superficial gas velocity (Ug) equals the Upy the
pressure drop across the bed (APpeq) equals the pressure drop at
minimum fluidization (APyf), where the subscript “mf” denotes
values at the minimum fluidization condition. A control volume
analysis assumes that the mass of the bed material (W) is equal to
the product of the APpeq and the cross-sectional area of the bed at
minimum fluidization. Additionally, it is assumed that fluidization
of the bed occurs due to the summation of drag forces acting on
individual bed particles, with the total drag force (D) equating to
the W:

D=AP A=W (3)

W =mg=AH ¢ (1 - E'mf) (pp - pg)g (4)
1

D= "Dp;=>" jCD,ingéiAp‘i (5)

here, D represents the total drag force acting on the bed particles;
APps denotes the pressure drop across the bed; A signifies the
cross-sectional area of the bed; m represents the mass of the bed
material; g denotes the acceleration due to gravity; Hy s represents
the height of the bed and epr signifies the bed voidage under
minimum fluidization conditions; p, represents the particle den-
sity; pg signifies the density of the fluidizing gas; Dp; represents
the drag force exerted on particle i; Cp; denotes the drag coeffi-
cient for particle i; Ug; represents the local velocity of the fluid-
izing gas; and Ap;; signifies the characteristic area of particle i.

To determine Uy practically, bed pressure and flow rate mea-
surements are commonly used, employing graphical methods.
This involves plotting APheq against Ug, as shown in Fig. 1, where
Unr is identified at the intersection of the slope of bed pressure
under fixed-bed conditions and the constant bed pressure drop for
full fluidization. Initial fluidization velocity (Ujf) and complete
fluidization velocity (Ucr) mark the points of fluidization initiation

mf =~

AP, bed

Uy Ut

Fig. 1. lllustration of the graphical method for determining Up, Uir and Ugy.

and full development, respectively. Ujr represents the minimum
gas velocity, which starts deviating from the linear trend of the
fixed-bed state. U represents the minimum required gas velocity
where the transition from fixed-bed state to complete fluidization
is completed, and the pressure drop value is almost constant. Ujs
and Ur can be determined graphically using the intersection point
of the pressure drop value with the gas velocity at the APpeq versus
Ug graph, as shown in Fig. 1. The initial state of the bed (voidage
and packing pattern) has been taken into account.

Moreover, Eq. (1) can be reformulated to align with the mini-
mum fluidization condition:

2
pi(pp — pr)edd  150(1—eme) (peUcds 175 (piUnmedp
uf Pem He Pemp\ M

(6)

Furthermore, various investigations have established correla-
tions between Ups and dimensionless Archimedes (Ar) and Rey-
nolds (Re) numbers. The choice of Ar and Re is motivated by their
ability to represent the competing forces governing fluidization. Ar
reflects the ratio of buoyancy and gravitational forces to viscous
forces, while Re expresses the ratio of inertial to viscous forces.
Both quantities depend on gas density and viscosity, which vary
with temperature. As temperature increases, gas density decreases
while viscosity increases, leading to lower Ar and Re values and
reducing Ups Therefore, using Ar and Re provides a physically
meaningful framework for generalizing fluidization correlations
under different thermal conditions. The definitions of Ar and Re are
as follows:

I CROIC) ™

Mg
peUpyed

_ f'LrLr;f p (8)

These relationships allow Eq. (1) to be expressed as a function
of Ar and Re:

Remf

150(1 — ey 175
Ar=—— "/ Re ¢+ —->Re? (9)
$eme el ™

Many empirical correlations have been formulated utilizing Eq.
(8) to forecast the Upy. Table 1 presents selected correlations from
the literature that relate Ar and Re for silica sand Geldart Group B
particles, allowing for comparison with the results obtained in this
study.

2.2. Cold and hot fluidization experiments setups

As previously outlined in the Introduction, this study employed
two distinct experimental setups to comprehensively investigate
fluidization hydrodynamics. This section provides detailed de-
scriptions of these setups and the methodologies employed.

Fig. 2 and Table 2 provide a detailed overview of the cold flow
testrig and its specifications. Most components are made of acrylic
for visual monitoring of various phenomena like bed heights,
bubble formation, and particle behavior. Air served as the fluid-
izing medium, with the flow rate controlled by a mass flow
controller. The distributor plate, made of 316L stainless steel,
featured a 10-um pore size and 39% total porosity.

Nine vertically aligned pressure tabs, positioned from just
below the distributor plate to just below the transition cone,
monitored pressures within the rig during experiments. Pressure
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Table 1 Table 2
Selected correlations for determining U for silica sand. Cold flow rig dimensions.
Abbreviation Correlation Author(s) Parameter Value
0.5 .
Al Re = (25.462 + 0.0382Ar) — 2546 Bourgeois and Grenier Diameter/mm 38
[25] Height/mm 406
A2 Re — (0.000822Ar)°'94 Leva [26] Transition cone height/mm 25
05 Freeboard diameter/mm 76
A3 Re — (30.282 1 0.0464Ar) ~ —30.28 Paudel and Feng [27] Freeboard height/mm 254
A4 Re = Ar/1502 Subramani et al. [28]
0.5 .
A5 Re = (31.62 + 0.0425Ar) 316  Thonglimp et al. [29]
05 . . . .
A6 Re = (33_72 +0_0408Ar) 137 Wen and Yu [30] cpnﬂrmed that no 51gn1ﬁ.ca.1r.1t differences existed between repeti
05 tions, ensuring reproducibility of the results.
A7 Re = (30-852 +0»0379AT) — 3085 Wu and Baeyens [31] Fig. 3 depicts the experimental setup for the bench-scale BFBG.
0.5 i 1 1
AS Re — (]8_752 +0_03]25Ar) ~18.75 Zhu et al [32] The BFBG reactor is made of Inconel and has the same dimensions

taps 1 and 2 measured pressure drop across the distributor plate,
while taps 2 to 8, spaced at intervals of 38 mm, allowed pressure
measurements at different heights within the bed. A pressure
transmitter and seven additional pressure transducers were
employed for data collection, with a sampling rate of 10 Hz,
interfaced with the data acquisition system. High-speed images of
the bed behavior were captured using a Photron FASTCAM SA5
camera (Japan). Images were recorded at a resolution of
1024 x 1024 pixels and a sampling frequency of 100 frames per
second. Each image was then cropped to extract only the column
region, resulting in column images of 128 x 1024 pixels.
Representative snapshots (see Fig. 6) were selected based on
the clarity and representativeness of the observed bed behavior.
Because bubble formation was not always equally visible at all gas
velocities, the chosen frames correspond to conditions where
bubble formation was most clearly observed through the acrylic
wall of the cold flow rig. In some cases, it was not fully visible. For
bed expansion, snapshots were taken when the bed height reached
a quasi-maximum value, representing near-maximum expansion
but not necessarily the absolute maximum. The fluidizing gas flow
rate was gradually increased in 1 standard L-min~' increments
(equivalent to approximately 0.0146 m-s~! in superficial velocity),
and high-speed images were recorded at each step above the
minimum fluidization condition. Each test was repeated three
times, with recordings of at least 30 s, and statistical analysis

and sections as in the cold flow rig. The test rig utilizes a furnace
that can reach temperatures up to 1500 °C. Temperature measure-
ments in the bench-scale BFBG reactor were performed with K-type
thermocouples (Omega™) positioned at the middle of the outer
reactor wall and just above the bed material, connected to the same
data acquisition system with a sampling frequency of 10 Hz. Pres-
sure measurements were made using the same transducers and
data acquisition system as in the cold flow rig test stand. Pressure
tabs are positioned at the same intervals as in the cold flow rig along
the bed height. Additionally, 0.5 pm filters are installed in the
product gas and pressure transducer lines to prevent particle
entrainment. Experimental conditions and sand properties are
summarized in Table 3, with pressure measurements taken for at
least 30 s at each flow rate after allowing for stabilization.

2.3. Material analysis and preparation

The bed material selected for this study was silica sand (com-
mercial grade fine sand, Quikrete, USA), sieved in a range of
300 um to 500 um to achieve Geldart Group B requirements. After
the sieving, dynamic image analysis (Model QICPIC, Sympatec
GmbH, Germany) was used to measure silica sand particle size and
shape distribution. Fig. 4(a) is typical of the images used for the
analysis, which showed that 90% of the sand particles had a
sphericity distribution between 0.85 and 0.95, and an average
sphericity of 0.86. The analysis further revealed that 90% of the
particles are within the size range of 309 um to 461 pum, with an
average size of 368 um. Fig. 4(b) and (c) show the particle size

Fig. 2. Cold flow experimental setup: (a) high speed imaging, (b) cold-flow test rig of fluidized bed.
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Fig. 3. BFBG experimental setup.
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Fig. 4. (a) Image of silica sand Geldart Group B particles; (b) silica sand particles size distribution; (c) silica sand particles sphericity distribution; (d) sphericity change with
particle size.



A.C. Sivri et al. / Chinese Journal of Chemical Engineering 94 (2026) 280—290 285

3.0

Sand U, ~0.091 m-s™

U ~0.084 m-s"!
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T
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Fig. 5. Relationship between bed pressure drop and superficial air velocity at ambient
temperature for silica sand masses of 200 g and 300 g, respectively.

distribution and sphericity, respectively. Fig. 4(d) presents how
sphericity changes with the particle size. The details of sphericity
and size distributions are provided in Table S1 of the Supple-
mentary Material. Also, sand particle skeletal density was
analyzed with a gas pycnometer.

3. Results and Discussion

This section showcases the experimental findings obtained
under ambient conditions within the cold flow rig, and up to
temperatures of 800 °C in the bench-scale BFBG. Uys was deter-
mined using the graphical methodology. In addition, dimension-
less Ar and Re numbers were calculated for each experimental
condition, enabling a comprehensive comparison of the results
with established correlations found in the literature.

3.1. Pressure drop and fluidization behaviors of cold flow

Fig. 5 illustrates the relationship between bed pressure drop
and air velocity, with only sand used as the bed material in these

(a)
Sand 200 g
33.0F
279
228

17.8

Bed height/cm

12.7

7.6

0.059 0.088 0.117 0.146 0.175 0.207

U /ms™

Table 3
Experimental conditions and sand properties.

Experimental condition Hot flow  Cold flow

Temperature/°C 200—800 Ambient temperature
Fluidizing gas Air Air

Material mass/g 200,300 200, 300

Gas velocity, Ug/m-s~! 0-0.4 0-0.2

Sauter mean diameter/pm 368

Average of sphericity 0.86

Average bulk density of static bed/kg-m—> 1430

Voidage of static bed/% 46.02

Skeletal density/kg-m > 2640

Geldart Group B

experiments. The corresponding bed aspect ratio (static bed
height/bed diameter) for 200 g and 300 g of sand were Hp/
Dy = 3.33 and 4.83, respectively. These measurements indicate
that the bed bulk density rose by approximately 3.5% when the
sand mass increased by 50%, from 1380 to 1430 kg-m >, for 200 g
and 300 g of sand, respectively. Additionally, at the minimum
fluidization condition, the bed aspect ratios were measured as 3.66
and 5.33 for 200 g and 300 g, respectively. By employing Eq. (2),
the bed voidage was determined to be 0.53 and 0.51 for the bed
masses of 200 g and 300 g, respectively.

Fig. 5 suggests that the transition to fluidization was smooth for
the bed aspect ratio of 3.33, supported by the almost constant bed
pressure drop after reaching this state. Upnr and APpeq at the min-
imum fluidization for Hp/Dy, = 3.33 were 0.084 m-s~!and 1.54 kPa,
respectively. The theoretical APpeq at Uns calculated with Eq. (2)
was higher at 1.72 kPa, due to the narrow particle size distribution
and high sphericity in the experiment.

Larger wall effects and increased bed bulk density associated
with the increase in the bed aspect ratio affected the transition to
fluidization, as seen in Fig. 5. Moreover, larger wall effects were the
reason why the pressure drop kept increasing linearly with U,
albeit with a smaller slope after entering the fluidization state. Up,¢
and the corresponding APheq for Hy/Dp = 4.83 were 0.091 m-s !
and 2.37 kPa, respectively. Again, theoretical APpeq at Unys calcu-
lated with Eq. (2) was higher at 2.58 kPa compared to the
measured value. In addition, the same Ar value of 3065 was ob-
tained for both bed aspect ratios but different Re numbers (1.8 and
2, for 200 g and 300 g sand, respectively).

Fig. 6 illustrates the fluidization behavior of a mono-
component bed consisting of silica sand with masses of 200 g

—
~
oe

Bed height/cm

0.059 0.088 0.117 0.146 0.175 0.207
U/jm-s™

Fig. 6. Illustration depicting the fluidization behavior of (a) 200 g and (b) 300 g of the mono-component bed using silica sand.
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Fig. 7. Changes in bulk density and bed voidage with respect to superficial gas velocity for (a) 200 g and (b) 300 g of silica sand.
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(Fig. 6(a), Case I, Hp/Dp = 3.33), and 300 g (Fig. 6(b), Case II, Hy/
Dy, = 4.83), depicting the variation with increasing fluidizing gas
velocity. Minimum fluidization was achieved at a superficial gas
velocity of 0.084 and 0.091 m-s~! for Cases I and II, respectively,
as shown in Fig. 5. Initial expansion of the bed occurred
concurrently with the elutriation of small sand dust particles
from the bed surface for both cases. For Cases I and I, initial bed
expansion was observed during the transition from a superficial
gas velocity of 0.088 to 0.103 m-s~ !, as seen in Fig. 6(a) and (b). In
Case I, as the gas velocity increased further, smooth bubbling and
bubbling regimes were observed until the gas velocity reached
0.146 m-s~\. Later, by increasing the gas velocity more, slugs were
being formed close to the bed surface. Superficial gas velocities
higher than 0.175 m-s~! caused flat slugs for Case I. For Case II, at
the gas velocity of 0.117 m-s~!, the bubbling regime was reached
with the wall slugs close to the bed surface. Continued escalation
in gas velocity led to the formation of slugs and bed segregation,
resulting from potent interparticle forces and wall effects. In Case
II, a high bed aspect ratio of 4.83 promoted the fast slug forma-
tion. Particle carryover was not observed even at the highest gas
velocity of 0.207 m-s~ .
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Fig. 10. The change in bed pressure drops with fluidizing gas velocity at different
temperatures.

Additionally, Fig. 7 illustrates the alterations in bulk density (pp)
and bed voidage (¢) for both Case I (sand, 200 g) and Case II (sand,
300 g). In both cases, bed voidage increases with the superficial gas
velocity, and bulk density decreases accordingly. In Case II, ¢ in-
creases rapidly and attains higher values than in Case I at the same
superficial gas velocities, consistent with an earlier transition to
the slugging regime in Case II. In Case |, after the onset of slugging,
the decrease in p, with increasing gas velocity becomes more
apparent.

3.2. Impact of temperature on distributor plate pressure drop

In the Introduction, it is highlighted how the pressure drop
across the bed and the uniformity of gas flow distribution above
the porous disc surface are affected by the momentum flux of the
flow leaving the distributor plate. This momentum flux is strongly
influenced by the thermal expansion of the fluidizing gas. As
temperature increases, viscosity rises and gas density decreases.
Monitoring the pressure drop across the distributor plate is
essential for understanding subsequent changes in bed pressure
and fluidization quality.

Fig. 8 illustrates the pressure drop across the distributor plate,
depicted as a function of temperature for various flow rates
(Fig. 8(a)) and fluidizing gas velocities (Fig. 8(b)). Although the
fluidizing gas flow rate had a linear influence on the distributor
plate pressure drop, the temperature had a significant impact,
especially at high flow rates.

In fluidized bed applications, achieving a uniform distribution
of fluidizing gas above the distributor plate is paramount. The ratio
of Ryyf, defined as the pressure drop across the distributor plate to
the pressure drop across the bed at minimum fluidization

Table 4
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Fig. 11. Derivation of the new correlation, Re versus Ar.

conditions, serves as a crucial parameter for maintaining consis-
tent operation of the fluidized bed. In the case of bed masses of
200 g and 300 g, the Ry values experienced a change from 0.19 to
0.25 and from 0.34 to 0.37, respectively, as the temperature rose
from ambient to 800 °C (Fig. 9). These Ry values fall within the
ranges suggested by Zuiderweg [33] (Eq. (10)) and Siegel [34] (Eq.
(11)) for ensuring stable and adequate operation.

Table 5
The comparison between the theoretical predictions of Re and the experimental
Reexp.

200 g 300 g
T/°C 798 602 400 200 25 805 616 395 196 25
Ar 225 355 639 1452 3065 224 343 650 1481 3065
Reep  0.18 024 047 106 179 0.17 020 045 092 199
Al 0.17 026 047 1.07 220 017 026 048 1.09 220
Error/% 47 123 05 06 234 27 266 74 188 106
A2 020 031 055 1.8 238 020 030 055 120 238
Error/% 159 331 155 113 335 184 504 233 314 196
A3 017 027 049 1.09 226 017 026 049 111 226
Error/% 2.6 147 27 30 268 06 293 98 217 136
A4 015 024 043 097 204 015 023 043 099 2.04
Error/% 151 01 100 89 143 134 129 38 77 24
A5 015 024 043 096 200 015 023 043 098 2.00
Error/% 145 08 97 93 119 127 136 35 71 02
A6 014 021 038 087 181 014 021 039 088 181
Error/% 23.0 92 186 182 12 214 23 130 34 94
A7 014 022 039 088 1.83 014 021 040 090 1.83
Error/% 219 79 175 171 24 202 38 118 21 83
A8 019 029 053 117 240 019 028 053 120 240
Error/% 57 244 111 106 344 7.9 402 187 306 9.0
A9 0.17 026 044 096 195 017 025 045 098 195

Error/% 60 81 6.0 9.1 9.3 40 221 04 73 2.1

Summary of the temperature effect on the parameters (Unf, APms Rems, and Ar) investigated.

200 g, Hp/Dy = 3.33

300 g, Hp/Dy = 4.83

Temperature/°C APpeq-me/kPa Umg/m-s~! Ar Repm¢ Temperature/°C APped-mf/kPa Ung/m-s~! Ar Remf
25 1.54 0.086 3065 1.80 25 2.37 0.096 3065 2.00
200 1.55 0.100 1452 1.06 196 2.48 0.085 1481 0.92
400 1.63 0.080 639 0.47 395 2.55 0.075 650 0.45
602 1.63 0.061 355 0.24 616 2.46 0.054 343 0.20
798 1.61 0.063 225 0.18 805 2.50 0.062 224 0.17
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Fig. 12. The variation of the predicted and experimental Rey¢ values with the increasing Ar for silica sand masses of (a) 200 g, and (b) 300 g.
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Fig. 13. The variation of the predicted and experimental Uns values with the
increasing temperature for silica sand masses of 200 g and 300 g.

APy =(0.2 —0.4)APpeq (10)
AP,
> 0.14 (11)
APpeg

3.3. Temperature influence on bed pressure drop and minimum
fluidization velocity

The relationship between the pressure drop within the bed of
the BFBG reactor and the superficial velocity of the fluidizing gas
(air velocity) is shown in Fig. 10. The data is presented for tem-
peratures up to 805 °C and two different bed material masses of
200 g and 300 g.

Throughout the fixed-bed phase, there was a consistent linear
increase in bed pressure across all temperature variations. The
transition from the fixed-bed state to fluidization was smooth in
every scenario, attributed to the uniformly packed bed and the
narrow size distribution of the silica sand particles. However, upon
achieving complete fluidization, the bed pressure began to rise
gradually with increasing Ug due to pronounced wall effects
caused by strong particle-wall adhesion, and it exceeded the

theoretical bed pressure drop value (APpeq = mg/A) of 1.72 kPa and
2.58 kPa for Case I and Case II, respectively. This departure from
the ideal plateau after complete fluidization is consistent with the
hydrodynamics of a narrow-deep bubbling fluidized bed due to the
higher wall shear stress and particle—wall interactions. The higher
bed aspect ratio resulted in a sharper increase in pressure drop,
which is consistent with this observation. Similar trends in pres-
sure drop were observed in studies by Olatunde et al. [35] and
Srivastava and Sundaresan [36].

Contrarily, Fig. 10 also demonstrates that an increase in tem-
perature led to a reduction in Uy for both bed aspect ratios. This
decline was ascribed to the elevated drag coefficient linked with
lower Reynolds numbers at higher temperatures [19]. Observa-
tions showed that the range between the complete and initial
fluidization velocities decreased as the temperature rose. Tem-
perature had an impact on the bed voidage [37], interparticle
forces [38], and viscosity of the fluidizing gas, which led to an
increase in the bed pressure drop. The increase in the bed voidage
was attributed to the intensified interparticle forces in the absence
of flow in the bed by Formisani et al. [37].

The variations in APnyf, Unyf, Ar, and Re with temperature are
summarized in Table 4. These parameters are sensitive to tem-
perature alterations, which are impacted by the viscosity and
density changes of the fluidizing gas. Ar and Re values were
computed to compare the experimental Upyf against theoretical
forecasts. Observations revealed that APy increased by 5% from
ambient conditions to the maximum temperature of 805 °C.
Conversely, Unyf, Ar, and Reps decreased by 27%, 93%, and 90%
respectively for 200 g of sand. Similarly, for 300 g of sand, although
AP increased by the same 5% from the minimum to the
maximum temperature, Uy, Ar, and Reyr decreased by 35%, 93%,
and 92% respectively.

3.4. Comparative analysis with existing literature correlations

There have been numerous correlations derived to predict Ups
since the earliest applications of fluidized beds. However, very few
research studies accounted for the temperature effect. In this
study, empirical data acquired under ambient and hot conditions
were all evaluated together. In addition, the bed aspect ratio was
also considered an important factor that affects the Uy at higher
temperatures than ambient. In this section, some correlations
found in the literature with our experimental findings were
compared. Furthermore, a recently formulated correlation was
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utilized to compute the Uy and compare it with the experimental
data.

As seen in Fig. 11, Re increases with the increase of the Ar (see
Table 4). The trend line of the Re obtained from the experimental
data for both 200 g and 300 g shows almost a linear increase with
Ar. A new correlation (mentioned as A9 in Table 5) shown in Eq.
(12) has been derived according to the trend line obtained from
the experimental data. The accuracy of the new correlation is
represented by the error percentage (Error, %) for each total mass
(bed aspect ratio). Error is calculated with Eq. (13) and the
experimental data as the nominal value.

Re, = 0.001Ar%-9438 (12)

Error:TA‘x 100% (13)

Table 5 summarizes the experimental Reexp at each temper-
ature for the 200 g and 300 g beds and compares these values
with predictions from literature correlations (A1—A8) and the
newly developed correlation A9. For clarity, the predicted Re are
presented with two decimal places, whereas the error values
were calculated using the original (unrounded) predictions to
ensure accuracy. For each correlation, the table reports both the
prediction and the error (%) values relative to the experimental
Reexp.

The newly derived correlation (A9) could predict the minimum
fluidization velocity with average errors of 7.7% and 7.2% for 200 g
and 300 g silica sand, respectively. In the pool of correlations
analyzed, the one proposed by Thonglimp et al. (A5) [29]
demonstrated the closest agreement with the experimentally
determined Re. This correlation exhibited average relative errors of
9% and 7% for Case I and Case II, respectively, showcasing its
effectiveness in predicting Re across varying conditions. On the
other hand, the correlation derived by Leva (A2) [26] had higher
relative errors, reaching a maximum of 22% for Case I and 29% for
Case II. Noteworthy predictions were also made by Subramani et al.
(A4) [28], with average relative errors of 9.7% for Case I and 8% for
Case II, respectively. Fig. 12 provides a visual representation of the
changes in both predictions of Re and experimental Re with respect
to the Ar, considering total masses of 200 g (Fig. 12(a)) and 300 g
(Fig. 12(b)). Fig. 13 presents the change in the predicted and
experimental Upf values with increasing temperature. The error
percentages exhibited similarities to those depicted in Table 5, as
Unr is dependent on the Re.

4. Conclusions

This study investigated the hydrodynamics of a narrow-deep
bubbling fluidized bed from ambient temperature up to 805 °C.
Two separate experimental setups (a transparent cold flow rig and
a bench-scale bubbling fluidizing bed reactor with dimensions
similar to the cold flow rig) were utilized to measure the pressure
drop variations through the distributor plate and across the bed at
two bed aspect ratios (3.33 and 4.83) and various fluidization ve-
locities. The bed material was Geldart Group B silica sand with
high sphericity. The main conclusions are summarized as:

(1) The temperature rise resulted in a decrease in the minimum
fluidization velocity.

(2) An increase in the bed aspect ratio did not significantly
affect Uy, irrespective of the bed temperature. However, the
bed aspect ratio affected the bed pressure drop and the
corresponding transition from bubbling bed to turbulent
bed.

(3) There were significant differences between the non-
dimensional Ar and Re numbers calculated using the data
from this study and those derived from established empir-
ical correlations in the literature, which support the need for
further investigations.
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