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Pressure fluctuation analysis has beenwidely accepted as an efficient way for bubble size estimation in fluidized
beds since the local bubble induced pressure fluctuation, which is believed to be a function of bubble size, can be
separated away from the global pressure waves. The spectral data decomposition method developed by van der
Schaaf et al. (2002)Van der Schaaf et al. (2002) has beenwidely used in this regard. However, it has been found in
various experimental studies that the proportionality constant between the reference data (obtained via mea-
surements by various techniques or predicted by well-established correlations) and the estimated bubble size
differs significantly in different applications. In this workwe try to understand the scattered proportionality con-
stants via a numerical study based on the Euler-Euler two-fluid model. The simulation results indicate that the
local bubble induced pressure fluctuation is affected not only by bubble size, but also by the lateral distance be-
tween the rising bubble and detecting point, bubble shape, bed diameter, and bubble coalescence. Without con-
sideration of these factors, the spectral data decomposition method is subject to large deviation for bubble size
estimation.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Gas-fluidized beds have been widely used in the industry. Bubbles
have been considered as themotor of fluidization, and the performance
of a fluidized bed reactor can be well characterized by accurate estima-
tion of the bubble parameters. In the past decades many techniques
have been successfully applied inmeasuring bubble parameters influid-
ized beds, like capacitance/optical fiber probes [1,2], X/γ-ray [3–5], and
Electrical capacitance tomography [6,7]. Despite the applications in a di-
versity of processes, the aforementioned measuring technologies are
mostly limited to ambient temperature and low pressure. Yetmany flu-
idized bed reactors are running at high temperature and high pressure,
and accurate measurement of bubble parameters under extreme condi-
tions is relatively difficult.

The pressure fluctuation analysis [8] is one of the fewmeasurement
techniques suitable for fluidized beds operated under high pressure and
high temperature. The in-bed pressure signal is a combination of the
global fast compression waves and the local bubble induced slow pres-
sure waves. The global fast compression waves originate from bubble
eruption at the bed surface, bubble formation near the gas distributor,
bubble coalescence, mechanical bed mass oscillations, gas fluctuations
@dicp.ac.cn (M. Ye).
in thewindbox, and among others [9,10]. The passage of a bubble, refer-
ring to classical Davidson and Harrison model [11], can produce a local
slow kinematic pressure wave with the amplitude proportion to the
bubble size. Van der Schaaf et al. [12] proposed a spectral data decom-
position method to obtain bubble size based on the different propaga-
tion velocity of the global and local pressure waves, in which the
bubble induced local kinetic pressurewave information isfirst extracted
froma coherence analysis of the pressure signal series detected simulta-
neously in the bed and in the windbox, and the bubble size is then in-
ferred accordingly.

Though the spectral data decomposition method can well capture
the bubble behavior in fluidized beds [13–16], it is challenged by its
semi-quantitative nature in the bubble size estimation. The proportion-
ality constant between the reference data (obtained via measurements
by various techniques or predicted by well-established correlations)
and the estimated bubble size (or called the characteristic length scale
by van der Schaaf et al. [12]) differs significantly in different applica-
tions. Kleijn van Willigen et al. [17] reported in their 2D experiments
that the proportionality constant is 1.3 for Geldart B particle and 8.1
for Geldart A particles. Rüdisüli et al. [16] found the proportionality in
the range of 2.0–8.0. The scattered proportionality constants apparently
hinder the pressure fluctuation analysis as a robust measurement tech-
nique for quantitative bubble size estimation. The reasons underlying
the large variation of the proportionality constants are yet to be
understood.
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The Euler-Euler two-fluid model, incorporated with the kinetic the-
ory of granular flow (KTGF) [18,19] for formulating the rheologic pa-
rameters of particle phase, is capable of modeling gas-fluidized beds
effectively [18–21]. Particularly, it can be used as a learning tool for
studying the complicate hydrodynamic phenomena which are difficult
to measure with advanced instruments. In this work, we try to under-
stand the reason underlying the large variation of the proportionality
constants in gas-fluidized beds by use of the Euler-Euler two-fluid
model, in which both the bubble size and pressure fluctuation signal
can be directly retrieved. To this end, the spectral data decomposition
method by Van der Schaaf et al. is first validated and evaluated by the
simulation results. Since the simulation results can correlate bubble
size and the corresponding pressure fluctuation signals in a direct
way, we then analyze the underlying reasons for the large variation of
the proportionality constant. A detailed discussion on the scattered pro-
portionality constants in bubble size estimation from pressure fluctua-
tion signals is given out. And last this paper is concluded with some
suggestions on improving bubble size estimation via pressure fluctua-
tion analysis.
2. Model descriptions

In the Euler-Euler two-fluid model, both the gas and particle phase
are considered as continuous medium and described by volume-aver-
aged Navier-Stokes equations. The relevant equations are listed in
Table 1. The rheologic properties of the fluidized particles formulated
by the kinetic theory of granular flows (KTGF) are used to achieve the
closures of the governing equations for particle phase [18,19]. The gran-
ular viscosity and granular conductivity are calculated by use of the ex-
pressions by Gidaspow et al. [18]. The solid phase pressure, the radial
distribution, and the granular bulk viscosity are proposed by Lun et al.
[19]. The frictional viscosity of the solid phase is according to that by
Johnson and Jackson [22]. The inter-phase momentum transfer coeffi-
cient is obtained via the correlation of Wen and Yu [23] for dilute re-
gime, and Ergun [24] equation for dense regime. The boundary
conditions follow that by Sinclair and Jackson [25], where a no-slip
boundary condition is used for gas phasewhile a half slip boundary con-
dition for particle phase, with the specularity coefficient of 0.25 and res-
titution coefficient of 0.2.
Table 1
Equations of the Euler-Euler two-fluid model.

The continuity equations:
For gas phase
∂ðεgρgÞ

∂t þ ∇ � ðεgρg ug
* Þ ¼ 0

For particle phase
∂ðεsρs Þ

∂t þ ∇ � ðεsρs us
* Þ ¼ 0

The momentum equations:
For gas phase

∂ðεgρg u
*
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*
g u
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!
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s Þ

For particle phase
∂ðεsρs u
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s Þ
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The Granular temperature equation:
3
2 f∂ðεsρsϑÞ
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*

sϑÞg ¼ −ðPsI þ τsÞ : ∇u
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The inter-phase momentum transfer coefficient β:
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where

CD ¼
24
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3. Simulation setup

Themodeling approach described above has been implemented into
the commercial CFD code, Fluent 6.3. The simulations were carried out
for 2Dfluidized beds. As illustrated in Fig. 1, three reactorswith different
sizes were used in the simulations:

Reactor I: 2D fluidized bed reactor with a width of 0.15 m, height of
0.8 m, and initial bed height of 0.5 m;
Reactor II: 2D fluidized bed reactor with a width of 0.5 m, height of
1.5 m, and initial bed height of 1.0 m;
Reactor III: 2D fluidized bed reactor with a width of 0.15 m, height of
1.5 m, and initial bed height of 0.8/1.0 m;

In order to evaluate the spectral data decomposition method,
Reactor I (cf. Fig. 1 (a)) is used for simulation of freely bubbling
fluidized bed with a uniform gas velocity at the inlet. Reactor II and
Reactor III, as displayed in Fig. 1 (b), are used for simulation of
single-bubble or twin-bubble to find the reasons underlying the
large variation of the proportionality constants. Single bubble was
injected into Reactor II and Reactor III operated at incipient fluidiza-
tion through a central jet orifice. The width of the central jet orifice,
as shown in Fig. 1 (b), is 0.005 m. The injected bubble size can be
controlled by altering the jetting velocities. The labels a, b and c in
Fig. 1 (b) are the detecting points for pressure signals, representing
different radial distances between the detecting point and the
bubble centerline. The grid dependence was first examined for
these three reactors. A computational grid with uniform grid size of
0.0025 m × 0.0025 m and a time step of 1 × 10−4 s were used in all
simulations. Typical parameters describing the particle properties
and operating conditions are listed in Table 2.

4. Data processing

4.1. Bubble size from the spectral data decomposition method

In the bubbling fluidized bed simulations, the sampling frequency
for the pressure signals here is 1000 Hz, with a total number of data
points of 61,440 (61.44 s) chosen from each measurement. And each
time series is divided into 30 segments with each subset of 2048 data
points for spectral analysis. According to the spectral data decomposi-
tion method by Van der Schaaf et al. [12], the coherence between the
two time series of pressure signals at the gas distributor and in the
bed is first analyzed:

C2
XY fð Þ ¼ φXY fð Þ � φ�

XY fð Þ
φXX fð Þ � φYY fð Þ ð1Þ

where φXX(f) is the power spectral density (PSD) of the pressure time
series at the gas distributor,φYY(f) is PSD of the in-bed pressure time se-
ries, and φXY(f) is the cross PSD for the two time series.

The coherence ranges from 0 to 1. A coherence of 1 means that the
time series are totally coupled while a coherence of 0 means not
coupled. Owing to the absence of bubbles, the time series of pressure
fluctuations at the gas distributor only contain the global pressure fluc-
tuations.While the pressurefluctuations in the bed are composed of the
global pressure fluctuations and the local pressure fluctuation due to
bubble passage. Hence the coherent part between the two is the global
oneswhile the incoherent part is the local ones. ThenφYY(f)is further di-
vided into a coherent output PSD (refer toCOPXY(f)) and incoherent out-
put PSD (refer toIOPXY(f)) by the coherence, which correspond to the
global fast compression waves and bubble passage induced local pres-
sure fluctuations, respectively:

COPXY fð Þ ¼ C2
XY fð Þ � φXX fð Þ ð2Þ



Fig. 1.The schematic diagrams offluidizedbed Reactors used in the simulations. (a)Reactor Iwith uniformgas inlet velocity; (b) Reactor II andReactor IIIwith a central gas jet and the labels
a, b, c represent the detecting points for pressure signals.
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IOPXY fð Þ ¼ 1−C2
XY fð Þ

� �
� φXX fð Þ ð3Þ

Last the bubble size (or characteristic length scale) is calculated:

Lb ¼ σ IOP

ρp−ρg

� �
g 1−εð Þ

ð4Þ

where σIOP is the standard deviation of IOPXY(f), ρp is the particle densi-
ty, ρg is the gas density, andεis the voidage of the emulsion phase.

4.2. Bubble size from the local pressure fluctuations due to single bubble
passage

When a single bubble rises through a bed at minimum fluidization,
the pressure fluctuation induced by bubble formation, bubble passage,
and bubble eruption at the bed surface can be separately distinguished
from each other (cf. Fig. 9). In analogy to the theory of the spectral data
Table 2
Typical parameters used in the simulations.

Parameters Value

Particle diameter, [μm] 460
Particle density, [kg/m3] 2660
Restitution coefficient, [−] 0.95
angle of the internal friction, [°] 30
Gas density, [kg/m3] 1.225
Gas viscosity, [Pa·s] 1.8 × 10−5

Solid volume fraction at minimum fluidization condition, [−] 0.63
Minimum fluidization velocity, [m/s] 0.165
decomposition method, the bubble size can be directly calculated from
the local pressure fluctuations:

lb ¼ σ local

ρp−ρg

� �
g 1−εð Þ

ð5Þ

where σlocal is the standard deviation of the local pressure fluctuations
due to bubble passage.

4.3. Bubble size from voidage distribution

A void fraction cutoff of 0.75 is chosen to distinguish the boundary
between the bubble phase and the emulsion phase for calculating the
bubble size from voidage distributions. The bubble equivalent diameter
a bubble can be calculated as

Db ¼ 2

ffiffiffi
A
π

r
ð6Þ

whereAis the total area occupied by a 2D bubble.
For bubbling fluidized bed, the mean bubble size at a specific bed

height is calculated by

Db ¼

Xn
i¼1

Db;i

n
1≤ i≤nð Þ ð7Þ

where n is the number of bubble used for average and Db ,i the equiva-
lent diameter of the number i bubble passing by a specific bed height.
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4.4. Proportionality constant

In the literature, the proportionality constant is defined as the ratio
between the reference data (obtained via measurements by various
techniques or predicted by well-established correlations) and the char-
acteristic length scale by the spectral data decomposition method. In
this study, the proportionality constant is defined as follows:

For simulation of bubbling fluidized bed:

Proportionalityconstant ¼ Db

Lb
ð8Þ

and for simulation of a single bubble:

Proportionalityconstant ¼ Db

lb
ð9Þ

5. Results and discussion

5.1. Freely bubbling fluidized bed

For the validation and evaluation of the spectral data decomposition
method by vander Schaaf et al. [12], the bubble behavior in a freely bub-
bling fluidized bed is first numerically investigated here. Fig. 2 shows
the typical transient bubbling flow patterns at different superficial ve-
locitieswhen the simulations reach a quasi-steady-state. It shows an ap-
parent increase of bubble size with increasing the superficial velocity.
Fig. 3 demonstrates an example of pressure fluctuation signals
Fig. 2. Snapshots of bubblingflowpatterns in Reactor I (W×H: 0.15m×0.8m) at different supe
(d) U − Umf = 0.23 m/s.
simultaneouslymeasured at different bed heights above the gas distrib-
utor at a superficial velocity of Umf + 0.23 m/s. The power spectral dis-
tributions of the original pressure series in Fig. 3 are plotted in Fig. 4 (a).
Following van der Schaaf et al., a coherent analysis is performed be-
tween pressure fluctuation series at a specific bed height and at the
gas distributor. Fig. 4 (b) plots out the coherence,CXY2 (f), between the
pressure signal in the bed and at the gas distributor. Van der Schaaf et
al. [10] found that the downward traveling global pressure waves
have minor attenuation while the upward traveling ones decay linearly
to zero along the bed height. Thereby the attenuation of the upward
traveling global pressure waves and the growth of bubble size with in-
creasing the bed height result in a decrease of coherence along the
bed height. With the coherence in Fig. 4 (b), the PSDs in Fig. 4 (a) are
separated into a coherent-output PSDs (COPs) and incoherent-output
PSDs (IOPs), as displayed in Fig. 4 (c) and Fig. 4 (d), respectively.

Fig. 5 (a) shows the average bubble size (characteristic length scale)
derived from the standard deviation of the IOPs by Eq. (4). It can be seen
from Fig. 5 (a) that the bubble growth cannot be appropriately charac-
terized when the bed height is higher than 0.4 m. Van der Schaaf et al.
attributed this to that the bed material above the bubble is not enough
to achieve the complete bubble-induced local pressure curve. Thereby
only the bubble sizes from pressure signals below the bed height of
0.4 m can be used to compare with the mean bubble size (real bubble
size) calculated from voidage distribution. The left axis of Fig. 5 (b) illus-
trates the mean bubble diameters calculated from voidage distribution
by Eq. (7) as well as that predicted from literature correlations (Darton
[26], Cai et al. [27], and Shen et al. [28], details are listed in Table 3) at the
bed height of 0.3 m above the gas distributor. It can be seen from Fig. 5
(b) that themean bubble size calculated fromvoidage distribution stays
rficial velocities: (a) U−Umf=0.08m/s, (b) U−Umf=0.13m/s, (c) U−Umf=0.18m/s,



Fig. 3.Original pressure signals simultaneously detected at different bed heights above the
gas distributor, U − Umf = 0.23 m/s.
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in the middle among the three empirical equations, indicating that the
CFD model used here can well estimation the bubble size in a bubbling
fluidized bed. The right axis of Fig. 5 (b) plots the proportionality con-
stant between the bubble size from the voidage distribution and the
spectral data decomposition method at the bed height of 0.3 m. It can
be seen from the right axis of Fig. 5 (b) that the proportionality constant
decreases gradually from 5.65 to 2.94 while the superficial velocity
Fig. 4. Spectral distribution of time series at different measurement heights with a superficial v
pressure signals at different measurement heights with that at the gas distributor; (c) The coh
increases from Umf + 0.08 m/s to Umf + 0.23 m/s, showing the same
varying pattern with the experimental results by Rüdisüli et al. [16]. Ac-
cordingly, the estimated bubble size from the spectral data decomposi-
tion method is obvious much smaller than the actual one.

When a bubble passes through the cross section of observation, both
local pressure and local solid holdup in the cross section will vary peri-
odically. Apparently the amplitude of the two kinds of time series
should be both proportional to the bubble size. If the spectral data de-
compositionmethod can successfully extract out the local pressurefluc-
tuations, the two time series should share the similar shape of the PSDS,
with a major frequency related to the local bubble frequency. Fig. 4 (d)
and Fig. 6 displayed the incoherent part of PSDs (IOPS) of pressure fluc-
tuations and PSDs of the solid holdup fluctuations in the whole cross
section, respectively. It can be clearly seen that, the shape of PSDs of
the local solid holdup fluctuations agrees well with that of IOPs in Fig.
4 (d) at each bed height. This good agreement clearly confirms that,
the method proposed by van der Schaaf et al. can effectively separate
out the local bubble passage induced pressure fluctuation signals
away from the global ones. Hence it needs to understand the large di-
versity of proportionality constant. To this purpose, we focused on the
single bubble or twin bubbles in a fluidized bed under minimum fluid-
ization condition, by which detailed analysis on the relationship be-
tween the bubble and the corresponding local pressure fluctuations
can be easily carried out.

5.2. Single bubble

In this section, single bubble induced pressure fluctuations in fluid-
ized bedwill be first studied, in order to capture the reasons underlying
the large variation of the proportionality constants in the spectral data
elocity of Umf + 0.23 m/s. (a) The PSDs of pressure signals in Fig. 3; (b) The coherence of
erent part in the PSDs, COPs; (d) The incoherent part in the PSDs, IOPs.



Fig. 5. (a) Bubble size, versus the measuring bed height at different gas inlet flow rates, calculated by the spectral data decomposition method. (b) Left axis: Bubble size predicted by
voidage distribution and literature bubble growth correlations from Darton et al., Cai et al., and Shen et al. at the bed height of 0.3 m.; Right axis: The proportionality constant
calculated by Eq. (7) (the hollow triangle) at the bed height of 0.3 m.
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decompositionmethod. A bubble size of 0.075mwas injected into Reac-
tor II through the following process: The gas velocity from the distribu-
tor is initially set to the minimum fluidization velocity and maintained
for a certain time until the bed was fully fluidized. Then the gas velocity
in the central jet orifice is prompted to 8 m/s and kept for 0.11 s. After
the gas bubble is successfully injected, the gas velocity in the center
jet orifice is switched back to the minimum fluidization velocity. On
the other hand, single bubble rising in Reactor III with size of 0.075 m,
0.055 m, and 0.046 m were considered in three separate simulation
cases.
5.2.1. Relative pressure distribution around a single bubble
Fig. 7 illustrates the rising process of the single bubble in Reactor II. It

can be seen from Fig. 7 (a–c) that the evolution of the bubble wake de-
forms the introduced spherical bubble to a spherical cap shape when it
rises in the fluidized bed. Fig. 7 (d–f) depicts the pressure contours in
the fluidized bed, where the local pressure fluctuations due to the pres-
ence of bubble can be clearly identified.

In an early experimental work by Littman and Homolka [29], the
normalized relative pressure distribution around a rising bubble in a
pesudo-2D fluidized bed was reported. The size of Reactor II in Fig. 7
has the same size with that pesudo-2D column and the particle proper-
ties are also similar. Accordingly, our simulation results are compared
with the experimental results. Fig. 8 compares the normalized pressure
curve obtained in this simulation with the experimental results of
Littman and Homolka [29] and the theoretical prediction by the David-
son andHarrisonmodel [11]. TheDavidson andHarrisonmodel is a the-
oretical model that describes the relative pressure distributions around
a single bubble in the fluidized beds:
Table 3
Literature correlations for bubble size in bubbling fluidized bed.

Darton : dbðzÞ ¼ 0:54ðuo−umf Þ0:4ðhþ4
ffiffiffiffi
Ao

p
Þ0:8

g0:2

Cai :db(z)=0.38h0.8(U−Umf)0.42exp[−0.25(U−Umf)2−0.1(U−Umf)]

Shen : dbðzÞ ¼ 0:89½ðuo−umf Þðhþ3:0Ao=δÞ�2=3
g3

Aois the area of distributor per orifice and the value is set to zero here.
For a 2D bubble

Pr ¼ ρp−ρg

� �
g 1−εð ÞR

2
b

r
cosθ for rNRb

ρp−ρg

� �
g 1−εð Þr cosθ for r≤Rb

8><
>: ð10Þ

for a 3D bubble

Pr ¼ ρp−ρg

� �
g 1−εð ÞR

3
b

r2
cosθ for rNRb

ρp−ρg

� �
g 1−εð Þr cosθ for r≤Rb

8><
>: ð11Þ

Fig. 8 shows the normalized relative pressure distribution along
three different vertical axes with parallel distances of 0, Rb and 2Rb
from the bubble centerline, respectively. As can be seen in Fig. 8, the
simulated results agree well with the Littman and Homolka's experi-
mental results [29] for all three cases, indicating that the Euler-Euler
two-fluid model can well simulate the pressure distribution in fluidized
beds. A close check with the theoretical predictions by the Davison and
Harrison model, however, suggests that it deviates from the simulation
results in this work (and also the experimental results by Littman and
Homolka). It can be found in Fig. 8 (a–c) that the deviation mainly oc-
curs in the zone below the center of rising bubble, i.e. the zone with Z/
Rb b 0, and the deviation is more pronounced in case of a larger parallel
distance from the bubble centerline. It is indeed not surprising as the
Davidson andHarrisonmodelwas originally derived forwell-developed
spherical bubble. Yet the gas bubbles in a real fluidized bed reactor are
not exactly spherical. In Fig. 7, the gas bubble has the shape of spherical
cap due to the formation of wake in gas bubbles. The Davison and Har-
rison model, therefore, cannot well describe the pressure fluctuation
around real bubble when the bubble shape differs significantly from
spherical. As an intrinsic feature of bubbling fluidized beds, the forma-
tion of wake in a gas bubble will deform the gas bubble to a non-spher-
ical shape, which complicates the local bubble induced pressure
fluctuation.

5.2.2. Single-point pressure fluctuation in the fluidized beds
The detecting points at the same bed height are recorded simulta-

neously (marked as point a–c in Fig. 1b). Fig. 9 displays three time series
of the normalized single-point pressure signals recorded at a bed height



Fig. 6. The power spectral distributions of the time series of solid fraction in the whole
cross section at different bed heights, U − Umf = 0.23 m/s.

393Y. Zhang et al. / Powder Technology 314 (2017) 387–399
of 0.5 m above the gas distributor during the single bubble rising
through Rector II. Such time series were also derived by Littman and
Homolka [29] and van der Schaaf et al. [10] in their experimental
work. As displayed in Fig. 9, three sources of pressure fluctuations
could be separately distinguished from the time series: the first phase
originates from the bubble formation and homogeneous oscillation,
the second phase is the bubble passage induced local pressure fluctua-
tions when the bubble gets closer to the detecting point, and the third
one corresponds to the bubble eruption at the bed surface [10].

In analogy to the spectral data decomposition method by van der
Schaaf et al., the bubble size is calculated by the standard deviation of
bubble induced local pressure fluctuations. The bubble in Fig. 9 arrived
at the height of the detecting points (0.5 m above the gas distributor)
at the time of 0.85 s. The bubble size is calculated from the standard de-
viation of the time series of pressure fluctuations ranging from 0.5 s to
1.5 s in Fig. 9 by Eq. (5), as displayed in Fig. 10. It can be seen from Fig.
10 that the bubble size/proportionality constant estimated from the
pressure fluctuation is dependent on the lateral distance between the
Fig. 7. The evolution of the gas voidage distribution (a–c) and the pressurefield (d–f) in the fluid
is 8 m/s and jet duration is 0.11 s.
detecting point and the center axis of bubble. The derived bubble size
decreases with increasing the lateral distance between the detecting
point and the center axis of bubble. Thereby a higher proportionality
constant can be found with a larger lateral distance.

For comparative analysis, we also introduced bubble size of 0.075 m
Reactor III. It can be clearly seen from Fig. 10 that, given a bubble with
diameter of 0.075 m, the bubble size calculated from the pressure anal-
ysis in Reactor III is larger than that in Reactor II. This can be explained as
follows. In Fig. 9, the starting point (time t = 0) represents the instant
when the bubble was jetted, and the bed pressure measured at the cor-
responding detecting point isP0. After the gas bubble is introduced into
the fluidized bed, more bed material (with the same volume with the
introduced bubble) is lifted to above the corresponding detecting
point and the bed pressure is then elevated to P1. The additional bed
pressure ΔP can be estimated by [30]:

P1−P0 ¼ ΔP

ρp−ρg

� �
g 1−εð Þ

¼
A

2RB
¼ πRB

2
Rb

RB

� �2

for 2D bed

V

πR2
B

¼ 4RB

3
Rb

RB

� �3

for 3D bed

8>>><
>>>:

ð12Þ

where RB is the bed diameter,A the area of a 2D bubble and Vthe volume
of a 3D bubble.

After the bubble passing the corresponding detecting point, the
pressure measured at this detecting point is expected to return to the
initial pressureP0. Accordingly, the local kinetic pressure fluctuation sig-
nal induced by bubble will contain: one is the relative pressure fluctua-
tion as displayed in Fig. 8, and another is the reduced hydrostatic head
after bubble passing, ΔP. According to Eq. (12), for a given bubble size,
ΔPwill be smaller in awider bed, resulting in smaller amplitude of pres-
surefluctuations. Hence the bubble size calculated frompressurefluctu-
ations is also determined by the size of the fluidized bed.

We introduced bubble with different bubble sizes into Reactor III in
three separate simulation cases. As displayed Fig. 10 (b), theproportion-
ality constant decrease with increasing the actual bubble diameter in
the same fluidized bed. Taking a 2D bubble as example, the correspond-
ing local pressure fluctuation is a combination of Pr in Eq. (10) andΔP in
Eq. (12) where the amplitude of Pr is proportional to the bubble radius
and ΔP is proportional to the radius squared. Therefore, the
ized bed (0.5m× 1.5m, Reactor II) after a bubble injected into the bed. The gas jet velocity



Fig. 8.Normalized relative pressure along different vertical axes parallel to the central axis of the rising bubble in Fig. 7(b), where the parallel distances are 0 for (a), Rb for (b), and 2 Rb for
(c), respectively.
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proportionality constant in Eq. (9) can be represented as

Proportionalityconstant ¼ Db

lb
¼ Db

σ local

ρp−ρg

� �
g 1−εð Þ

¼ Db

K1Rb þ K2R
2
b

ρp−ρg

� �
g 1−εð Þ

¼ Db

0:5K1Db þ 0:25K2D
2
b

ρp−ρg

� �
g 1−εð Þ

¼
ρp−ρg

� �
g 1−εð Þ

0:5K1 þ 0:25K2Db

ð13Þ

where K1 and K2 are the constants. It can be directly seen from the Eq.
(13) that the proportionality constant is inversely proportional toDb.
And then the bubble size calculated from pressure fluctuations is less
underestimated with a larger bubble.

5.3. Two coalescing bubbles

In real bubblingfluidized beds, frequent bubble coalescencewill lead
to bubble growth along the bed height. The influence of bubble
Fig. 9. (a) Time series of the normalized single-point pressure fluctuations at 0.5 m above the g
between the detecting points and the bubble centerline.
interaction on bubble induced local pressure fluctuations is investigated
in this section. Two successive bubbles are introduced into Reactor III.
The gas velocity in the central jet orifice is prompted to 6 m/s and
kept for 0.1 s to generate the first bubble. Then the gas velocity in the
center jet orifice was switched to the minimum fluidization velocity.
After 0.25 s, a second bubble was injected into the bed with the same
jetting velocity (6 m/s) and jetting duration of 0.08 s. Then the gas ve-
locity in the center jet orificewas switched to theminimum fluidization
velocity again. Fig. 11 shows the rising and coalescence process of two
bubbles. It can be clearly seen from Fig. 11 that before coalescence the
second bubble has a higher aspect ratio (bubble height to width ratio)
and larger rising velocity due to the drag from the first bubble. When
these two bubbles approach, the second bubble gets into the wake of
the first bubble, and the two bubbles coalescence into a bigger bubble
at the time of about 0.95 s and bed height of 0.4 m.

Fig. 12 displays the simulation results of time series of pressure sig-
nals at different bed heights above the gas distributor in Reactor III. All
the detecting points have been placed at different elevations on the ver-
tical axis through the bubble centre. Comparing Fig. 9 with Fig. 12, the
pressure fluctuation due to bubble formation, bubble passage and bub-
ble eruption can be distinguished at detecting points of different eleva-
tions in the fluidized bed. In addition to that, displayed in Fig. 12 (b) as
as distributor in the 2D fluidized bed (Reactor II), (b) Details of (a). X is the radial distance



Fig. 10. (a) bubble size calculated frompressure fluctuations due to bubble passage by Eq. (5); (b) proportionality constants by Eq. (9). Db is the bubble diameter introduced into fluidized
bed at minimum fluidization condition.
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another synchronous pressure fluctuation signals are also captured at
the time of about 0.95 s. Fig. 13 shows the instant of twin-bubble coales-
cence and corresponding flow time, where it can be readily captured
that the bubble coalescence just occurred at the time between 0.90s
and 0.98 s, just the time when the forth source of pressure fluctuations
takes place. Hence the simultaneously pressure fluctuations occurred at
0.95 s should induced by bubble coalescence. Fan et al. [31] proposed a
source of global pressure fluctuations induced by bubble coalescence.
Yet no direct evidence has been reported either experimentally or
Fig. 11. The evolution of the gas voidage distribution (a–c) and the pressure field (d–f) in 2D flu
gas jet velocity is 6 m/s and jet duration is 0.1 s for the first bubble. The gas jet velocity is 6 m/s
bubbles is 0.25 s.
numerically for this kind of source of pressure fluctuations in fluidized
beds. Note that the bubble coalescence takes place at the time of about
0.95 s, and it can be argued that this fluctuation of pressure signal is
responsible for bubble coalescence. Apparently the Euler-Euler two-fluid
model in thiswork canwell predict the pressurefluctuationdue to bubble
coalescence. However, as shown in Fig. 12 (b), this pressure fluctuation is
only detected at the elevations lower than 0.4 m, which is corresponding
to the height of bubble coalescence. Therefore, from our simulation
results, the bubble coalescence may not generate a global pressure
idized bed (Reactor III: W×H: 0.15m× 0.8m) after two bubbles injected into the bed. The
and jet duration is 0.08 s for the second bubble. And the time interval between these two



Fig. 12. (a) Time series of the normalized single-point pressure fluctuations at detected at different bed heights above the gas distributor in the 2D fluidized bed with twin-bubble rising
(Reactor III: W × H: 0.15 m × 0.8 m); (b) Details of (a).
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fluctuation, which is different from the pressure wave originated from
bubble formation and eruption. The pressure fluctuation due to bubble
coalescence can only be detected in the zone below the bubble coales-
cence point, implying a kind of semi-global pressure wave.

It can be seen from Fig. 12 that the detecting points can catch the local
pressure signal induced by the two bubbles interchangeably. Taking the
Fig. 13. Process of twin-bubble coalescence.
bubble induced local pressure fluctuations at the bed height of 0.35 m
as example, it can be found that the pressure signals from two successive
bubbles are partly overlapped. The pressure curve from these twobubbles
cannot be separated and the amplitude of the local pressure fluctuation
differs significantly from that induced by a single bubble.

5.4. Discussions and comments on the pressure fluctuation analysis

Based on the simulation results of single-bubble rising or twin-bub-
ble rising in fluidized beds, it becomes clear that the local bubble in-
duced pressure fluctuation is dependent on the bubble size in a
complicated way.

First of all, the simulation results suggest that the formation of bubble
wake will complicate the quantitative bubble size estimation based on
analysis of the local bubble induced pressure fluctuation. The formation
of bubble wake will follow with a substantial change of bubble shape,
and thereby the pressure field around a single bubblewill change accord-
ingly. The non-spherical nature of gas bubbles in fluidized beds will cer-
tainly cause systematic deviations the pressure field around a single
bubble from the Davidson and Harrisonmodel (cf. Fig. 8). Fig. 14 displays
the pressure contours corresponding to the four conditions in Fig. 2. A
comparative studybetween Fig. 2 and Fig. 14 visually shows that the pres-
surefield around single bubble is dominant by the bubble shape. The bub-
ble shape depends on the particle properties and operating conditions
[32]. Kleijn van Willigen et al. [17] found different proportionality con-
stants for different particle properties. The different bubble shape with
different particle diameter may be one of the possible reasons.

On the second hand, the amplitude of the pressure fluctuation is not
only a function of bubble size, but also affected by the lateral distance
between the bubble and the detecting point, which has not been ad-
dressed in the spectral data decomposition method by van der Schaaf
et al. Fig. 15 shows the time series of pressure signals at several bed
heights in a bubbling fluidized bed, where Fig. 15 (a) corresponds to
the detecting points at the vertical axis of the fluidized bed and Fig. 15
(b) at thewall. The synchronous signals marked at different bed heights
in Fig. 15 are the global pressure waves (induced by bubble formation,
bubble eruption, bubble coalescence etc.), while the lagging signals
are the local bubble induced pressure fluctuations [10]. It can be seen
fromFig. 9 that the amplitude of detected local pressurefluctuations de-
creases with increasing the radial distance between the detecting point
and the bubble centre. Similar phenomenon can be captured in Fig. 15:
Taking the time at 0.45 s in Fig. 15 as example, the radial distance be-
tween the bubble (at the bed height of about 0.4 m) and the detecting
points at the bed vertical axis is much smaller than that between the
bubble and the detecting points at the wall, and thereby the pressure



Fig. 14. Snapshots of pressurefield inReactor I (W×H: 0.15m×0.8m) at different superficial velocities: (a) U−Umf=0.08m/s, (b) U−Umf=0.13m/s, (c) U−Umf=0.18m/s, (d) U−
Umf = 0.23 m/s.

Fig. 15. Time series of pressure signals at different bed heights above the gas distributor in a bubbling fluidized bed: (a) in the centre axis of the bed; (b) on the wall.
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fluctuations detected at the bed vertical axis is larger than that at the
wall. In the bubbling fluidized beds, the bubble series randomly appear
at the bed cross section, followed with a distribution of radial distance
between the bubble centre and the detecting points. In the simulation
cases of bubbling fluidized bed in this study (cf. Fig. 2), most of the
time there is only one bubble passing by the bed cross section above
0.2 m. Hence the average radial distance between the bubble series
and the detecting points is smaller in case of higher superficial velocity,
contributing to the different proportional constant in Fig. 5 (b). Obvi-
ously the detecting point far away from the bubble will lead to the un-
derestimation of bubble size. It is therefore necessary to include the
influence of lateral position of the detecting points of pressurewhen an-
alyzing the bubble size from pressure fluctuation signal.

Thirdly, the proportionality constant, is related to both the bubble
size and the reactor size. When a bubble passes by the detecting zone,
a portion of bed material will moving down to compensate the volume
left bubble the bubble, leading to a decrease in the local pressure. For the
same bubble size (thus the same amount of bed material), a larger bed
will have a lower pressure fluctuation as the ratio of the weight of the
bedmaterial to the cross sectional area is lower (cf. Eq. (12)). More spe-
cifically, for the same bubble size, 2D fluidized bed and 3D fluidized bed
are also expected tomanifest different local pressure fluctuation follow-
ing the Eq. (12). The size and shape of thefluidized bed in the literatures
are different fromeach other, bringing about divers proportionality con-
stant accordingly. Moreover, the proportionality constant is also related
the bubble size in the same reactor, giving rise to the varying pattern of
proportionality constant as displayed Fig. 10 (b) and Fig. 5 (b).

The results for the coalescence of two successive bubbles demon-
strate that the local pressure waves induced by the passage of two suc-
cessive bubbles will have certain overlap, which in turn affect the
amplitude of the local pressure fluctuations. Note that the duration of
the overlap is relative to the bubbling frequency. Actually it was found
that the bubbling coalescence frequency along the bed height is differ-
ent for Geldart A, B, and D particles [33]. The difference between the
bubbling coalescence frequency may be also responsible for to the
scattered proportionality constant in the experiments by Kleijn van
Willigen et al. [17].

The results obtained in this work can be used as guidance for further
improving the pressure fluctuation analysis based on the frequency de-
composition method for bubble size estimation. The improvement can
be made in several aspects. Firstly, the influence of lateral distance be-
tween the detecting point and bubble axis needs to be accounted for.
Secondly, the influence of reactor size on the local pressure fluctuations
should be added. Thirdly, the bubble coalescence will also be consid-
ered. Apparently the ignorance of these sources will lead to significant
systematic deviation in bubble size estimation.

Further experimental work is desired to confirm this finding. A pres-
sure fluctuation analysis method on the basis of the spectral data de-
composition method accounting for above points is under
development by the authors and will be subject to another publication.
Anyway, it is always important to carry out a careful calibration of the
bubble equivalent size by well-developed measurement methods such
as ECT, optical probes, etc., before the use of validated pressure fluctua-
tion analysis for bubble size estimation.

6. Conclusions

From the numerical simulations of bubbling fluidized beds, it can
be found that the bubble size predicted by the spectral data decom-
position method by van der Schaaf et al. [12] can be much smaller
than the real one, and the proportionality constant increases with
the decrease of bubble size. By comparing the incoherent output
PSD with that of the local solid holdup signals, it can be found that,
with the existing spectral decomposition method, the local bubble
induced pressure fluctuation can be successfully separated from
the global pressure waves. The underlying reasons of the scattered
proportionality constants can be well explained by the rising of a
single bubble or twin bubbles in a fluidized bed at minimum fluidiza-
tion condition. The size of bubble can be carefully controlled by
altering gas velocity through the center jetting orifice. It has been
shown that the local bubble induced pressure fluctuation is not
only a function of bubble size, but also affected by bubble shape,
the lateral distance between bubble and the detecting point, bed
diameter, and bubble coalescence. The spectral data decomposition
method is subject to larger deviation because the points discussed
above are not considered. The results obtained in this work are
expected to help us to improve the pressure fluctuation analysis
method for accurate bubble size estimation.
Nomenclature
Pr relative pressure (Pa)
g gravity acceleration (m/s2)
Rb bubble radius (m)
RB bed radius (m)
r angle coordinate (m)
ug
*

gas velocity (m/s)
us
*

solid velocity (m/s)
p pressure (Pa)
ρp particle diameter (m)
Re particle Reynolds number (−)
CXY coherence (−)
Lb bubble size (or characteristic length scale) by the spectral

data decomposition method (m)
lb bubble size (or characteristic length scale) from local pressure

fluctuations due to bubble passage
(m)

Db bubble diameter (m)
A total area occupied by a 2D bubble (m2)
V total volume occupied by a 3D bubble (m3)
Db average bubble diameter (m)
X lateral distance between the detecting point and the bubble

center (m)
Z vertical distance between the detecting point and the bubble

center (m)
h height above the gas distributor (m)
Ao area of distributor per orifice (m2)
U superficial velocity (m/s)

Greek symbols

μg gas viscosity (Pa·s)
ρp particle density (kg/m3)
ρg gas density (kg/m3)
σ standard deviation (Pa)
ε voidage (−)
β inter-phase momentum transfer coefficient (kg/m3/s)
τg gas phase stress tensor (Pa)
τs solid phase stress tensor (Pa)
ϑ granular temperature (m2/s2)
γs diffusion coefficient for granular energy (m2/s3)
δ depth of a pesdu 2D fluidized bed (m)
θ angle coordinate (rad)

Subscripts and superscripts

e emulsion or dense phase
g gas
mf minimum fluidization condition
p particle
b bubble
B bed
s solid
r relative
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