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Abstract

Pressure loss across the primary-air distributor influences the hydrodynamic performance of circulating
fluidized-bed (CFB) systems. This study experimentally compared conventional and innovative bell-
type air-caps based on their pressure-drop responses and bed behavior under cold-flow conditions.
Experiments were conducted in a rectangular fluidization column using silica sand and low-rank coal at
initial bed heights of 30 and 40 cm and superficial gas velocities of 7.94-38.25 cm/s. The apparent
minimum fluidization velocity (Up,) of silica sand was identified from the transition in the pressure-
drop-velocity (A P-U) curve, supported by the observed bed expansion, and was approximately 30.67
cm/s at both bed heights. Low-rank coal exhibited only localized particle movement at higher gas
velocities; no stable pressure-drop plateau or full-bed fluidization was observed within the tested
velocity range. At U,,y, the innovative bell-type air-cap reduced the measured pressure loss by 11.9—
16.6% across the four pressure-drop measurement locations (A P1—A P,) relative to the conventional
design. This reduction indicates lower flow resistance and suggests the potential to reduce the
pressure requirement of the air-supply system, although airflow uniformity and energy savings were
not measured directly. The Wen-Yu correlation provided the closest prediction of U,, r, with a relative
error of 12.7%, whereas the Basu and Ergun-based calculations produced errors of 33.4% and 80.1%,
respectively. These results demonstrate that air-cap geometry affects pressure loss, while the accuracy

of theoretical correlations depends strongly on particle and bed characteristics.
Keywords: Fluidized Bed, Air-cap, Bell-type, Air Distribution, Pressure Drop.

1. Introduction

Circulating fluidized-bed (CFB) boilers are widely
applied in energy-conversion systems because of their fuel
flexibility, effective gas—solid mixing, and relatively high
combustion efficiency. Their hydrodynamic performance is
strongly influenced by the distribution of primary air at the
distributor level. Inadequate air distribution can promote
channeling, localized pressure gradients, poor gas—solid
contact, and unstable bed behavior, which may subse-
quently impair combustion performance and increase pol-
lutant formation [1,2]. Therefore, air-cap geometry is an
important design parameter because it affects the pressure
drop (AP), gas delivery into the particle bed, and stability
of the transition from the fixed-bed to the fluidized-bed
regime.

Previous studies have investigated various air-
distributor and bell-type air-cap configurations using nu-
merical simulations and experimental methods [1-3].

However, direct experimental comparisons of conventional
(Figure 1(a)) and modified bell-type air-caps under iden-
tical cold-flow conditions (Figure 1(b)) remain limited,
particularly when bed materials with distinctly different
particle sizes, densities, and fluidization characteristics
are considered. Consequently, additional experimental ev-
idence is required to clarify how air-cap geometry affects
pressure loss and bed behavior for Geldart B silica sand
and Geldart D low-rank coal.

This research hypothesizes that the innovative bell-
type air-cap produces a lower pressure loss and a more
even hydrodynamic response than the conventional design.
Its modified internal passage and outlet configuration are
expected to reduce contraction and turning losses and to
alter the way gas is discharged into the particle bed. Be-
cause local gas-velocity profiles and nozzle-jet penetration
were not measured directly, the performance of the two
designs was evaluated using the measured pressure-drop
responses at four pressure-tapping locations, observed bed
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Figure 1. The air-caps used in this study: (a) conventional bell-type air-cap and (b) innovative bell-type air-cap. All geometric
dimensions are presented in millimeters (mm) to ensure reproducibility. The innovative design is characterized by modified
geometry to enhance air distribution uniformity and reduce localized jet penetration.

expansion, and the apparent onset of fluidization [2].

The novelty of this study lies in the direct experimen-
tal comparison of conventional and innovative bell-type
air-cap geometries using the same cold-flow apparatus
and operating conditions. The comparison was conducted
with Geldart B silica sand and Geldart D low-rank coal
at different initial bed heights. In addition to quantifying
the pressure-loss differences between the two designs, the
study examines material-dependent bed behavior and com-
pares the experimentally identified apparent minimum
fluidization velocity with predictions from established cor-
relations.

This research aims to evaluate the influence of bell-
type air-cap geometry on pressure loss and bed behavior
under cold-flow conditions. Specifically, it quantifies the
pressure-drop reduction produced by the innovative de-
sign, determines the apparent minimum fluidization veloc-
ity (Uny) of silica sand, characterizes the partial particle
movement observed in the low-rank-coal bed, and assesses
the applicability of the Wen-Yu, Basu, and Ergun-based
correlations. The findings provide experimental hydrody-
namic evidence for the further development of primary-air
distributors in CFB systems.

2. Material and Method

2.1. Material

The materials used in this study were silica sand and
low-rank coal. The composition of silica sand was SiOs
99.2%-wt, with an average size of 706 um, and it was
obtained from a commercial supplier. The low-rank coal
was obtained from coal stockpiles in Serang City-Banten.
The coal size was reduced according to the SNI ASTM
C136-2012 method.

2.2. Preparation of Material

The bed materials, silica sand and low-rank coal,
were prepared and stored separately in labeled containers
to prevent material mixing and moisture contamination.
The coal was classified into the required particle-size frac-
tions using a sieve shaker, and each fraction was stored
in a separate container with information on material type
and particle size. Furthermore, the silica sand and coal
bed materials were weighed alternately according to the
variation in the bed height. This preparation ensures
reproducibility of particle size distribution and uniform
initial bed conditions, which are critical for determining
minimum fluidization velocity (U,,s) and pressure drop
(AP).

2.3. Experimental Setup

The experiment was conducted in a box-shaped flu-
idization column (32 cm x 32 cm x 200 cm) equipped
with a forced draft (FD) fan, an air-cap distributor, a U-
tube manometer, a Variable Frequency Drive (VFD) in-
verter operating at 10-50 Hz, and an anemometer in-
stalled inside the air-supply pipe. The bed material was
loaded at initial heights of 30 cm and 40 cm. Airflow was
supplied by the FD fan and regulated by adjusting the fan
frequency using the VFD inverter. For each frequency set-
ting, the air velocity inside the supply pipe was recorded
using the anemometer, and the corresponding volumetric
airflow rate was calculated by multiplying the measured
pipe velocity by the internal cross-sectional area of the
pipe. The superficial gas velocity (U) in the fluidization
chamber was subsequently determined by dividing the
calculated volumetric airflow rate by the cross-sectional
area of the fluidization column. Over the FD-fan frequency
range of 10-50 Hz, the resulting superficial gas velocity in
the fluidization chamber ranged from 7.94 to 38.25
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Figure 2. Experimental equipment setup used in this study; all dimensional specifications are expressed in millimeters (mm).

cm/s. The onset of fluidization was identified based on
the observed bed expansion and changes in pressure drop
represented by the (AP — U) curve.

Pressure drops across the distributor and the gas—
solid bed was measured using both U-tube and digital
manometers. The U-tube manometer determines the static
pressure difference between two gas-phase pressure taps
through the hydrostatic balance of the manometric liquid.
Because the pressure taps communicate with the inter-
stitial gas phase, the measured value represents the gas-
phase pressure loss generated by the distributor and the
gas—solid bed rather than the particle pressure itself. The
digital manometer provided direct differential-pressure
readings and was used to support verification of the U-tube
measurements. Time-averaged readings were recorded
under each airflow condition to represent the bulk gas—
solid hydrodynamic response and to reduce the influence
of short-term pressure fluctuations. Pressure drop and bed
height were documented systematically to maintain data
consistency and experimental repeatability. The experi-
ments were conducted sequentially for the air-silica sand
system (Geldart group B) and the air—coal system (Gel-
dart group D), to evaluate their behavior in the fixed-bed,
transition, and fluidization regimes.

2.4. Minimum Fluidization Velocity (U, +)

The minimum fluidization velocity (Uy,r) was es-
timated using several empirical correlations to provide
a comparative theoretical framework for evaluating ex-
perimental results under different particle systems. The
minimum fluidization velocity was first estimated using
the Wen-Yu correlation, which relates the Reynolds num-
ber at minimum fluidization (Nge,,,) to the Archimedes
number (NN 4,.) or Galileo number (Ng,). This correlation
is widely used because it provides a generalized estimation

of U, s based on particle diameter, gas density, gas viscos-
ity, particle density, and gravitational acceleration [4].

3 — :
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The value of C; and C, are 33.7 and 0.0408 respectively.
This formulation assumes spherical particles and homoge-
neous distribution within the bed.

In addition, Basu [5] proposed an empirical corre-
lation from the Wen-Yu correlation for estimating U,,,
with constants C; and Cy of 30.28 and 0.046, which is
widely applied in industrial fluidized bed systems due to
its robustness in handling a wide range of particle sizes
and densities. These constants originate from regression
analysis of extensive experimental datasets and represent
the balance between viscous and inertial forces during flu-
idization. The Ergun equation is also used to estimate the
pressure drop at the onset of fluidization [6]. This equa-
tion provides a fundamental relationship between pressure
drop and superficial gas velocity in packed and fluidized
beds, representing both viscous and kinetic energy losses.

2
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The first term represents the viscous contribution to pres-
sure loss and is proportional to the superficial gas velocity.
This contribution is particularly important at relatively
low gas velocities and in densely packed particle beds,
where fluid resistance is predominantly governed by gas
viscosity and interstitial flow through the void spaces. The
second term represents the inertial contribution and is pro-
portional to the square of the superficial gas velocity. Its

(2)
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influence becomes increasingly significant as the gas veloc-
ity increases. The onset of fluidization is identified when
the pressure drop approaches a nearly constant value or
plateau, indicating that the gas drag force has become
sufficient to support the effective weight of the bed. Thus,
the Ergun equation provides the theoretical basis for in-
terpreting the pre-fluidization pressure-drop behavior and
estimating the minimum fluidization condition.

2.5. Uncertainty Analysis

Uncertainty analysis was conducted using a Type
A approach based on duplicate pressure-drop measure-
ments. Experimental uncertainty represents the random
variation observed among repeated measurements and is
distinct from systematic error associated with persistent
instrument bias, calibration error, or deficiencies in the
measurement procedure. Repeated observations provide
a statistical basis for estimating experimental repeatabil-
ity and the uncertainty of the reported mean [7]. This
treatment is also consistent with the general uncertainty
framework of Kline and McClintock [8], which requires
the uncertainty associated with each measured variable
to be identified before the reliability of an experimental
result is assessed.

For each operating point j, two pressure-drop mea-
surements, AP; ; and AP, ;, were obtained under iden-
tical conditions of material, initial bed height, blower
frequency, and pressure-tapping position. Therefore, the
number of repeated measurements at each operating point
was n = 2. A total of N = 20 paired operating points was
evaluated for each material-bed-height group.

The mean pressure drop for the jth operating point
was calculated as:

APy, + AP,
AP = Sl TO0Ry

5 €))

The absolute difference between the duplicate measure-
ments was determined from:

The sample standard deviation of the duplicate pressure-
drop measurements was calculated as:

1
2

>, (AP, - AP;)”
n—1

)

SAPj =

The Type A standard uncertainty of the pairwise mean was
calculated according to Young (1962):

us (BP;) = Sﬁﬁ 6)

The relative Type A standard uncertainty was expressed
as:

AP;
Ur, A (Apj)zw

x 100% @2
J

The relative percent difference was calculated as:

x 100% 8)
AP,

For a duplicate pair, Equations (6)—(8) give the following
relationship: -
RPD] = 2UT’A (APJ) (9)

For each material-bed-height group, the arithmetic mean
of a pairwise parameter Y; was calculated from the N = 20
operating points as:

1 N
Y:N;Yj (10

where Y; represents AP;, dap,j, Sap,j, of ua (AP;). Con-
sequently, the mean pairwise Type A standard uncertainty
reported in Table 3 is the arithmetic mean of the 20 in-
dividual pairwise uncertainty values and should not be
interpreted as the standard uncertainty of a single grand
mean.

The median and maximum relative Type A standard
uncertainties were determined as:

Up, 4 = median [ty a4,1, Ur A2, Ur, AN 1D

Up, A, max = MAX [Up A1, Up A2, - Ur, A,N] (12)

Similarly, the median and maximum RPD values were
calculated as:

RPD = median [RPD,, RPD>,...,RPDy]  (13)

RPDyay = max [RPDy, RPD,,... . RPDy]  (14)

Because only two repeated measurements were obtained
at each operating point, each duplicate pair provides
one statistical degree of freedom. The resulting Type
A standard uncertainties should therefore be interpreted
as repeatability-based estimates of random experimental
variation with limited statistical confidence [7].

3. Results and Discussion

3.1. Material Bed Characterization

The physical properties of silica sand and low-rank
coal, as summarized in Table 1, show significant differ-
ences that affect fluidization behavior, particularly mini-
mum fluidization velocity (U, ;) and pressure drop (AP).
Silica sand exhibits a higher bulk density (1420 kg/m?),
while coal shows a lower bulk density (640 kg/m?), de-
pending on its moisture content [9,10]. These differences
strongly affect drag force balance and fluidization onset,
where higher density particles generally require higher
superficial gas velocity (U) to achieve fluidization.

The two materials also differed substantially in
particle-size distribution. Silica sand had an average parti-
cle size of 706 um and a comparatively narrower distribu-
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Table 1. Characteristics of the bed material used in this study.

Material bed Bulk Density Particle Size Distribution (PSD)
(kg/m3) (mesh) (%-wt)

20 8.62

s -20 + 35 29.06
Silica Sand 1420 -35 +30 10.94
-30 51.38

<4 0.06

4-5 0.10

5-7 0.50

Low-rank Coal 640 710 14.01
10-20 81.57

> 20 3.75

tion, which favors a more consistent hydrodynamic re-
sponse. Low-rank coal had a larger average particle size
of approximately 1470 ym and a broader distribution.
These characteristics can produce unequal particle en-
trainment, size segregation, and localized bed movement
because particles of different sizes experience different
drag forces [11]. Consequently, the coal bed may require
a higher superficial gas velocity than the silica-sand bed
to approach fluidization.

Particle-size distribution and packed-bed structure
influence the local void fraction (¢), gas-flow resistance,
and pressure-drop—velocity (AP — U) response. In the
fixed-bed regime, these effects are represented by the vis-
cous and inertial contributions of the Ergun equation [12].
Therefore, differences in material properties must be con-
sidered when comparing the measured pressure-drop re-
sponses of the two air-cap designs.

Silica sand is commonly used in fluidized-bed stud-
ies because its comparatively regular particles and rela-
tively narrow particle-size distribution generally produce
a reproducible transition from fixed-bed to fluidized-bed
conditions [6,12,13]. In the present study, these character-
istics were consistent with the identifiable pressure-drop
transition and observable bed expansion obtained for silica
sand. The results should not, however, be interpreted as
direct evidence of spatially uniform airflow because local
gas-velocity profiles were not measured.

Low-rank coal presents additional cold-flow chal-
lenges associated with its broad particle-size distribution,
irregular particle characteristics, and moisture-related in-
terparticle forces [14]. Smaller particles may begin to
move before larger particles, resulting in localized move-
ment, channeling, or segregation rather than simultaneous
full bed fluidization [15]. Under the tested superficial-gas-
velocity range, only partial particle movement was ob-
served, and no stable pressure-drop plateau was obtained.
Therefore, an experimental U, for low-rank coal could
not be determined reliably.

Variations in particle size, particle-size distribution,
and packed-bed density can alter gas—solid hydrodynamics

in CFB systems [16]. The narrower particle-size distribu-
tion of silica sand supported a more consistent bed re-
sponse, whereas the broader distribution and interparticle
forces of low-rank coal hindered collective bed movement.
Accordingly, the performance of an air-cap should be eval-
uated for the intended bed material rather than inferred
solely from tests conducted with an ideal or single particle
system.

The bed-material characterization results demon-
strate that bed-material properties strongly influence the
pressure-drop response and the transition toward fluidiza-
tion. Silica sand exhibited a clearer and more reproducible
transition because of its smaller average particle size and
narrower particle-size distribution. In contrast, low-rank
coal was more difficult to fluidize because of its larger
average particle size, broader distribution, and moisture-
related interparticle forces. These differences provide the
basis for interpreting the material-dependent AP — U
responses presented in the following sections.

3.2. Fluidization Characteristics Curve of Silica Sand

The pressure-drop response of the silica-sand bed
was evaluated using conventional and innovative bell-type
air-caps at initial bed heights of 30 and 40 cm, as shown
in Figure 3. In the fixed-bed region, the measured pres-
sure drop (A P) increased with superficial gas velocity (U)
because of the increasing resistance to gas flow through
the packed particles. An apparent minimum fluidization
velocity (U,,s) of approximately 30.67 cm/s was identi-
fied from the change in the slope of the AP — U response,
supported by the observed bed expansion. Above this tran-
sition, the pressure drop tended to level off or decrease
slightly, indicating that the gas drag had become suffi-
cient to support and mobilize the silica-sand bed. This
trend is consistent with the transition from packed-bed
flow described by the Ergun equation to the fluidized-bed
regime.

At the apparent minimum fluidization velocity of
30.67 cm/s, the innovative bell-type air-cap produced a
lower measured pressure loss than the conventional de-
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Figure 3. Fluidization characteristics curve of silica sand using conventional air-cap bell type at initial bed heights of (a) 30 cm
and (b) 40 cm and the innovative air-cap bell type at initial bed heights of (¢) 30 cm and (d) 40 cm. The symbols represent
measurements at the four pressure-tapping locations (AP1-AP,), and the vertical dotted line indicates the apparent minimum

fluidization velocity of approximately 30.67 cm/s.

sign. The reduction ranged from 11.9% to 16.6% across
the four pressure-tapping locations (A P,—-AP,). This re-
sult demonstrates that the modified air-cap geometry re-
duced the measured resistance to gas flow under com-
parable operating conditions. For the initial bed height
of 40 cm, the silica-sand bed expanded to approximately
42.5 cm, supporting the identification of the transition
to fluidization. However, the lower pressure drop alone
does not directly demonstrate improved spatial airflow
uniformity because local gas-velocity distributions were
not measured.

The observed pressure-drop trend is consistent with
previous studies showing that air-cap geometry influences
distributor resistance and gas delivery into fluidized beds
[1-3]. As shown in Figures 3(c) and 3(d), the innova-
tive air-cap generally produced lower AP values than the
conventional configuration. The responses recorded at
the four pressure-tapping locations may indicate a more
even overall hydrodynamic response; nevertheless, this
interpretation remains indirect because neither local gas
velocity nor jet penetration was measured in the present
experiments.

The observed bed expansion provides additional ev-
idence that the silica-sand particles transitioned from a
packed condition to a mobile fluidized state [13]. For
the 40 cm initial bed, the increase in bed height to ap-

proximately 42.5 cm occurred near the apparent U, ;.
When considered together with the change in the AP — U
response, this expansion confirms the onset of fluidiza-
tion. The simultaneous occurrence of bed expansion and
lower measured pressure loss indicates that the innovative
air-cap achieved particle mobilization with less pressure
resistance than the conventional design, although the de-
gree of gas—solid contact uniformity was not quantified
directly.

The measured pressure-loss reduction of 11.9-16.6%
indicates that the innovative air-cap required a lower pres-
sure difference to reach the apparent fluidization condition
of the silica-sand bed. In a practical air-supply system, a
lower pressure requirement at a comparable volumetric
flow rate may provide an opportunity to reduce blower
duty. However, actual energy savings cannot be quantified
from the present results because blower efficiency and
electrical power consumption were not measured. There-
fore, the demonstrated advantage of the innovative design
is limited to its lower measured pressure loss under the
tested cold-flow conditions.

3.3. Fluidization Characteristics Curve of Coal

The pressure-drop response of the low-rank-coal bed
differed substantially from that of silica sand, as shown in
Figure 4. For both air-cap designs, the measured pressure
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Figure 4. Fluidization characteristics curve of coal using conventional air-cap bell type at initial bed heights of (a) 30 cm and (b)
40 cm and innovative air-cap bell type at initial bed heights of (¢) 30 cm and (d) 40 cm. The symbols represent measurements
at the four pressure-tapping locations (AP;-AP,). The vertical dotted line indicates the maximum superficial gas velocity

tested rather than the onset of fluidization.

drop (AP) increased continuously with superficial gas
velocity (U) over the tested range of 7.94-38.25 cm/s.
No stable pressure-drop plateau or sustained full-bed ex-
pansion was observed. Therefore, the coal bed remained
predominantly in the fixed-bed regime, although localized
particle movement was visually observed at the higher gas
velocities. Because full-bed fluidization was not achieved,
an experimental minimum fluidization velocity (U, )
could not be determined for low-rank coal.

The absence of full fluidization within the available
velocity range indicates that the U,,; of the low-rank-coal
bed, if attainable under the present conditions, would ex-
ceed the maximum tested velocity of 38.25 cm/s. This
value should therefore be interpreted only as a lower ex-
perimental limit and not as the coal U,,s. Figures 4(c) and
4(d) show that the innovative air-cap generally produced
lower measured pressure drops than the conventional de-
sign. However, the results do not directly demonstrate
improved airflow uniformity because local gas-velocity dis-
tributions were not measured. Furthermore, the modified
air-cap did not produce a stable pressure-drop plateau or
full-bed fluidization.

The difficulty in fluidizing low-rank coal may be asso-
ciated with its larger average particle size, broad particle-
size distribution, irregular particle characteristics, and
moisture-related interparticle forces [17,18]. These prop-

erties can cause particles of different sizes to respond
differently to the applied gas drag, resulting in localized
movement, channeling, or temporary clustering rather
than collective bed suspension. Because the experiments
were performed under cold-flow conditions, the observed
behavior should not be attributed to thermally induced
ash agglomeration. The continuously increasing AP re-
sponse in Figure 4 confirms that the available airflow was
insufficient to establish a stable fluidized-bed regime.

The results indicate that a higher superficial gas ve-
locity would be required to overcome the resistance and
interparticle forces within the coal bed. However, the
additional velocity and pressure requirements necessary
to achieve full fluidization cannot be quantified from the
present data because the experimental system did not
reach the coal U, ;. Although the innovative air-cap pro-
duced lower measured pressure losses at several pressure-
tapping locations, this observation provides only indirect
evidence of a different hydrodynamic response. It does
not confirm the elimination of localized high-pressure re-
gions or flow maldistribution without direct local-velocity
measurements.

Coal agglomeration further contributes to bed in-
stability and makes homogeneous fluidization difficult to
achieve [20]. Although the innovative air-cap improved
air distribution, the dominant limitation remained the in-
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Table 2. Comparison of experimental and theoretical U,,; values.

Material Height Uy (em/s) Absolute Relative Error (%)
Bed (cm) .
This work  Wen-Yu Basu Ergun Wen-Yu Basu Ergun
. 30 30.67 34.56 40.91 6.12 12.7% 33.4% 80.1%
Silica Sand
40 30.67 34.56 40.91 6.12 12.7% 33.4% 80.1%
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Figure 5. Fluidization characteristic curve of silica sand at initial bed height (a) 30 cm (b) 40 cm.

trinsic behavior of coal particles, including cohesion, broad
PSD, and agglomeration. Therefore, air-cap modification
alone is not sufficient to fully overcome the fluidization
limitations of Geldart D-type coal particles.

3.4. Minimum Fluidization Velocity (U, s)

Figure 5 presents the logarithmic pressure-drop-
velocity responses of the silica-sand bed at initial bed
heights of 30 and 40 cm. At low superficial gas velocities,
the pressure drop (A P) increased with U, indicating that
the bed remained in the fixed-bed regime. The apparent
minimum fluidization velocity (U,, ;) was assigned to the
tested velocity at which the increasing pressure-drop trend
changed, and visible bed expansion began. Based on these
combined pressure-drop and visual observations, the ap-
parent U, was approximately 30.67 cm/s for both initial
bed heights. At the subsequent higher velocity, the mea-
sured pressure drop decreased slightly, which is consistent
with particle rearrangement and increasing bed voidage
after the onset of fluidization.

Table 2 compares the experimentally identified ap-
parent U,, s with values predicted using the Wen-Yu cor-
relation [4], the Wen-Yu-type correlation with constants
reported by Basu [5], and the Ergun-based calculation.
The theoretical calculations were performed using consis-
tent SI units, and the resulting velocities were converted
to cm/s for comparison with the experimental data. The
Wen-Yu and Basu correlations predicted U, values of
34.56 and 40.91 cm/s, respectively, and therefore over-
predicted the experimental value of 30.67 cm/s. In con-
trast, the Ergun-based calculation yielded 6.12 cm/s and
substantially underpredicted the experimental result. The

corresponding absolute relative errors were 12.7%, 33.4%,
and 80.1%, respectively.

The silica-sand bed exhibited a clearly identifiable
transition because of its comparatively smaller average par-
ticle size, narrower particle-size distribution, and limited
interparticle cohesion. In contrast, the low-rank-coal bed
exhibited only localized particle movement and did not
develop a stable pressure-drop plateau within the tested
velocity range. Consequently, an experimental U,, could
be identified for silica sand but could not be determined re-
liably for low-rank coal. The coal U,,y, if attainable under
the present bed conditions, would exceed the maximum
tested superficial gas velocity of 38.25 cm/s.

Among the evaluated methods, the Wen-Yu correla-
tion provided the closest prediction of the experimental
apparent U,,s. The larger deviation obtained using the
Basu correlation resulted from its higher predicted velocity,
whereas the Ergun-based method substantially underesti-
mated U,, ;. These deviations may reflect differences be-
tween the experimental bed and the idealized assumptions
embedded in the correlations, including spherical and uni-
formly sized particles, homogeneous packing, specified
bed voidage, and negligible wall effects. The rectangular
column geometry measured particle-size distribution, un-
certainty in particle sphericity and bed voidage, and the
discrete velocity increments used to identify the transition
may also have contributed to the observed differences.

The same apparent U,,; of 30.67 cm/s was obtained
for the 30 and 40 cm silica-sand beds. This result indi-
cates that no detectable effect of initial bed height on the
apparent U,, s was observed within the tested conditions
and the resolution of the applied velocity increments.
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Table 3. Repeatability-based Type A uncertainty of pressure-drop measurements for silica sand and low-rank coal.

Mean
pair-
Mean Mean Mean wise
res- abso- pair- Type A
Initial Paired [s,ure lute wise uncer- Median Maximum Median Maximum
Material bed, Hy points, drop differ- sample tainty relative  relative RPD RPD
2 0, 0, 0, 0,
(cm) N AP ence, SD, sap stan- uy (%) uy (%) (%) (%)
|AP|
(Pa) (Pa) (Pa) dard,
uA (AP)
(Pa)
Silica 30 20 373.25 15.50 10.96 7.75 2.57 16.67 5.14 33.33
Sand 40 20 388.50 17.00 12.02 8.50 1.40 14.75 2.79 29.51
Low-Rank 30 20 137.75 15.50 10.96 7.75 6.67 16.67 13.33 33.33
Coal 40 20 186.75 15.50 10.96 7.75 6.61 33.33 13.23 66.67

It should not be interpreted as evidence that bed height
has no influence under all operating conditions, because
increasing the bed inventory still affects the total pressure-
drop magnitude and expanded-bed height.

3.5. Uncertainty Analysis

The repeatability-based uncertainty assessment pro-
vides a quantitative basis for evaluating the internal con-
sistency of the pressure-drop measurements. A Type A
approach was applied to duplicate observations obtained
under the same bed-material, initial-bed-height, blower-
frequency, and pressure-tapping conditions [21]. The
assessment included the pairwise mean pressure drop,
absolute difference between duplicate readings, sample
standard deviation, Type A standard uncertainty of the
pairwise mean, relative Type A standard uncertainty, and
relative percent difference (RPD). These statistics quan-
tify random variation under repeatability conditions but
do not include systematic contributions associated with
instrument calibration, measurement bias, or experimen-
tal procedure. Because repeated superficial-gas-velocity
measurements were not available, the present uncertainty
analysis was limited to the pressure-drop data. The use
of duplicate-measurement statistics is consistent with es-
tablished approaches for estimating measurement repeata-
bility from the absolute and relative differences between
paired observations [22].

For silica sand, the duplicate pressure-drop mea-
surements showed comparatively good repeatability. The
mean pairwise pressure drop increased from 373.25 Pa at
an initial bed height of 30 cm to 388.50 Pa at 40 cm. The
mean pairwise Type A standard uncertainties, calculated
using Equations (6) and (10), were 7.75 and 8.50 Pa for
the 30 and 40 cm beds, respectively. Because absolute
uncertainty depends on the magnitude of the measured
pressure drop, the relative statistics provide a more appro-
priate basis for comparison. The median relative Type A
standard uncertainties were 2.57% at 30 cm and 1.40%

at 40 cm, while the corresponding median RPD values
were 5.14% and 2.79%. These low median values indicate
limited random variation for most duplicate observations.
However, the maximum relative Type A standard uncer-
tainties reached 16.67% and 14.75%, with maximum RPD
values of 33.33% and 29.51%, respectively. These isolated
higher values indicate that several operating points expe-
rienced greater short-term variability, potentially because
of particle rearrangement, intermittent bubbling near or
above the onset of fluidization, local voidage changes, and
transient gas—solid momentum exchange [12,13].

Low-rank coal exhibited greater relative variation
than silica sand. Although the mean absolute differences
at initial bed heights of 30 and 40 cm were both 15.50 Pa,
the corresponding mean pressure drops were only 137.75
and 186.75 Pa, respectively. Consequently, similar abso-
lute differences resulted in larger relative Type A uncertain-
ties. The mean pairwise Type A standard uncertainty was
7.75 Pa for both bed heights. The median relative Type A
standard uncertainties, calculated using Equations (7) and
(11), were 6.67% and 6.61% at 30 and 40 cm, respectively,
while the corresponding median RPD values were 13.33%
and 13.23%. The maximum relative Type A uncertainty
increased from 16.67% at 30 cm to 33.33% at 40 cm,
corresponding to maximum RPD values of 33.33% and
66.67%, respectively. These results indicate that several
individual measurements exhibited substantially greater
random variation than the group median. This behavior
may be associated with the heterogeneous characteristics
of low-rank coal, including its broad particle-size distribu-
tion, irregular particle shape, moisture-related cohesion,
interparticle bonding, and tendency to agglomerate.

The uncertainty statistics provide a quantitative basis
for assessing the reliability of the measured pressure-drop
trends and the comparison between the two air-cap de-
signs. The relatively low median uncertainties obtained
for silica sand indicate greater internal consistency than
those obtained for low-rank coal. The measured pressure-
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loss reduction produced by the innovative air-cap should
therefore be interpreted together with the uncertainty
at the corresponding operating point. For silica sand,
the reported reduction of 11.9-16.6% was substantially
greater than the group median relative Type A uncertainty
of 1.40-2.57%, although isolated maximum uncertainty
values were of a comparable magnitude. The low-rank-
coal results require greater caution because their relative
uncertainties were higher and full-bed fluidization was
not achieved. These Type A values represent repeatability-
based random variation only and should not be interpreted
as complete measurement uncertainties or as direct evi-
dence of model accuracy.

Because only two measurements were obtained at
each operating point, each duplicate pair provided one
statistical degree of freedom. Consequently, the Type A
standard uncertainties reported in Table 3 have limited
statistical confidence and primarily describe short-term
measurement repeatability. Additional independent repeti-
tions and repeated superficial-gas-velocity measurements
are recommended to provide a more comprehensive as-
sessment of experimental uncertainty.

4. Conclusions

In this study, the silica-sand bed reached an appar-
ent minimum fluidization velocity (U,,, ;) of approximately
30.67 cm/s at initial bed heights of 30 and 40 cm. The
identical values indicate that no detectable influence of
bed height on the apparent U,,; was observed within
the tested range and the resolution of the applied ve-
locity increments. In contrast, low-rank coal exhibited
only localized particle movement at higher superficial gas
velocities, without a stable pressure-drop plateau or sus-
tained full-bed expansion. Consequently, an experimental
Ups could not be determined for the coal bed within the
available velocity range of 7.94-38.25 cm/s. This behav-
ior was associated with the larger average particle size,
broader particle-size distribution, irregular particle char-
acteristics, and moisture-related interparticle forces of the

low-rank coal. At the apparent U,, s of silica sand, the
innovative bell-type air-cap reduced the measured pres-
sure loss by 11.9-16.6% across the four pressure-tapping
locations (A P;—-AP,) relative to the conventional design.
This result demonstrates lower measured flow resistance
and suggests the potential to reduce the pressure require-
ment of the air-supply system. However, airflow unifor-
mity, localized jet penetration, FD-fan power, and energy
consumption were not measured directly; therefore, im-
provements in these parameters cannot be quantified from
the present results. The Wen-Yu correlation provided the
closest prediction of the experimental apparent U, s, with
an absolute relative error of 12.7%. The Basu correlation
overpredicted U,, ¢, producing an error of 33.4%, whereas
the Ergun-based calculation substantially underpredicted
it, with an error of 80.1%. Thus, the Wen-Yu correlation
showed the best agreement among the three evaluated
methods, although the remaining deviation indicates that
particle-size distribution, bed packing, particle sphericity,
voidage, wall effects, and other experimental conditions
influence prediction accuracy.

The Type A analysis showed better repeatability for
the silica-sand pressure-drop measurements than for the
low-rank-coal measurements; however, the estimates were
based on only two repetitions at each operating point and
therefore had limited statistical confidence. Future studies
should conduct at least three independent repetitions of
both pressure-drop and superficial-gas-velocity measure-
ments at every operating condition. Direct measurements
of local gas-velocity distribution, nozzle discharge behav-
ior, volumetric flow rate, FD-fan efficiency, and electrical
power consumption are also recommended to verify air-
flow uniformity and quantify potential energy savings.
Extending the available gas-velocity range and control-
ling coal moisture content and particle-size distribution
would further support reliable determination of the coal
Unmy and evaluation of the innovative air-cap under more
representative operating conditions.

Nomenclature
Terms Notes Unit
AP Pressure drop across the bed or air-cap distributor Pa
U Superficial gas velocity m/s
Uy Minimum fluidization velocity m/s
Hy Initial bed height m
Hy Fluidized-bed height or expanded-bed height m
d, Particle or solid diameter m
g Gas density kg/m?
Pp Particle or solid density kg/m?
Pbulk Bulk density of bed material kg/m?>
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Terms Notes Unit
fg Dynamic viscosity of gas Pa:s
€ Void fraction of the bed -
Sphericity of bed particles -
g Gravitational acceleration m/s?
Ch Empirical constant in the minimum fluidization velocity correlation -
Co Empirical constant in the minimum fluidization velocity correlation -
AP, ; The ith pressure-drop measurement at the jth operating point Pa
AP, ; First pressure-drop measurement at the jth operating point Pa
AP, ; Second pressure-drop measurement at the jth operating point Pa
AP; Mean of the duplicate pressure-drop measurements at the jth operating point Pa
dap,; Absolute difference between duplicate pressure-drop measurements at the jth operating point Pa
SAP; Sample standard deviation of duplicate pressure-drop measurements at the jth operating point Pa
UA (EJ) Type A standard uncertainty of the pairwise mean pressure drop at the jth operating point Pa
ur 4 (AP;) Relative Type A standard uncertainty of the pairwise mean pressure drop at the jth operating ~ %
point
RPD; Relative percent difference between duplicate pressure-drop measurements at the jth operating %
point
Y; Pairwise pressure-drop statistics evaluated at the jth operating point Pa
Y Arithmetic mean of a pairwise pressure-drop statistic over N operating points Pa
Ur, A Median relative Type A standard uncertainty %
Ur, A, max Maximum relative Type A standard uncertainty %
RPD Median relative percent difference %
RPDyax Maximum relative percent difference %

n Number of repeated measurements at each operating point -

N Number of paired operating points in each material-bed-height group -

i Index of repeated measurements within an operating point -

j Index of operating points -
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