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Characterizing particle clustering behavior by PDPA measurement for
dilute gas–solid flow
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Abstract

Based on particle velocity and size information measured by phase Doppler particle analyzer (PDPA), an algorithm to calculate particle
cluster properties for dilute gas–solid flow was developed. The aggregate properties investigated in this study including voidage inside particle
clusters, occurrence frequency, time fraction and particle cluster velocity show heterogeneous distributions in both axial and radial directions,
although different properties differ from core to annulus region of the fluidized bed in their sensitivities to the variation of operating parameters.
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xperimental analysis shows that particle cluster properties are closely related to local time-averaged voidage and turbulent flu
articles.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Aggregation of particles is an important dynamic char-
cteristic of gas–solid suspensions, and the characterization
f particle clustering behavior is of great significance to the
rediction of hydrodynamics of gas–solid flow by modeling.
he formation of particle clusters has a critical effect on the
patial distributions of dynamic variables as well as the heat
ransfer coefficient in fluidized bed reactors[1]. The concept
f particle clusters and their relevant empirical relationships
ave been incorporated in many mathematical models for
irculating fluidized bed (CFB) dynamics[2,3].

Many properties including voidage inside particle clusters,
ccurrence frequency and time fraction are usually utilized to
uantitatively characterize particle clustering behavior. For
xample, Tuzla et al.[4] studied the density, duration and
ime fraction of particle clusters in a downer fluidized bed by
sing a needle capacitance probe; Manyele et al.[5] charac-

erized the frequency, time fraction, existence time, average

∗

solid concentration and vertical dimension of particle ag
gates in a high-density CFB riser by using a fiber optic pr
Sharma et al.[6] investigated the parametric effects of p
ticle size and gas velocity on the duration, frequency,
fraction and solid concentration of particle clusters in
fluidized beds by using a needle capacitance probe. Ha
al. [7] correlated particle cluster properties in the near
region with operating parameters of a vertical riser on
basis of published experimental data. Particle cluster dy
ics in gas–solid suspensions has become a popular s
for investigation, but up to now, particle clustering beh
ior in dilute gas–solid flow has been paid little attention
which might be due to a lower signal-to-noise ratio (SNR
traditional probe measurement technique in dilute gas–
suspensions. Although three different mechanisms – tu
lent fluctuation of gas and solids[8], energy minimization[9]
and particle-wake interactions[10] – have been proposed
explain the aggregation of particles, it remains a challe
for researchers to predict particle cluster characteristic
numerical modeling alone in order to further describe
drodynamic behavior of gas–solid suspensions. There
experimental study on particle clustering behavior in di
Corresponding author. Tel.: +86 1 82627076.

E-mail address:sqgao@home.ipe.ac.cn (S. Gao). gas–solid flow may help to understand the mechanism of
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Nomenclature

A effective flow area (m2)
d particle diameter (m)
dmin minimal diameter detectable (m)
dw beam waist diameter (m)
D effective diameter of probe volume (m)
f frequency (Hz)
fDoppler frequency of Doppler bursts (Hz)
F time fraction (%)
Gs solids circulation rate (kg/m2 s)
Gt particle gate time (s)
H elevation (m)
It particle interval time (s)
K optical constant (dimensionless)
�l space between two detectors (m)
LD Doppler burst length (m)
Lf lens focal length (m)
Lslit slit width (m)
m mass (kg)
n empirical constant (dimensionless)
Ncl the number of clusters (dimensionless)
Nmin the required minimal number of fringes (di-

mensionless)
Nprobe the number of fringes inside the laser probe

volume (dimensionless)
T sampling time (s)
u velocity (m/s)
Ug superficial gas velocity (m/s)
y/Y dimensionless distance (dimensionless)

Greek letters
α half of the beam crossing angle (dimension-

less)
δ fringe spacing (m)
ε voidage (dimensionless)
Φ phase shift (dimensionless)
λ wave length (m)
θ collection angle (dimensionless)
ρ density (kg/m3)
σu particle velocity standard deviation (m/s)

Subscripts
cl particle cluster
g gas
i, j, k index of particle or particle cluster
p particle
t time-averaged
tr transient

particle aggregation for dilute gas–solid suspensions com-
prehensively.

Compared with the probe method used generally under
the condition of higher solid concentrations, phase Doppler

particle analyzer (PDPA) measurement is a non-intrusive and
powerful technique to study the aggregate properties of par-
ticles due to its capabilities in exploring both the micro and
meso flow structures of dilute gas–solid suspensions[11].
Van den Moortel and Tadrist[12] have measured mean clus-
ter axial lengths in a dilute gas–solid fluidized bed with the
PDPA technique. This study will concentrate on the charac-
terization of voidage inside particle clusters, occurrence fre-
quency, time fraction and particle cluster velocity for dilute
gas–solid flow by using PDPA.

2. Experimental

As shown inFig. 1, experiments were conducted in a flu-
idized bed with a square cross-section of 0.1 m× 0.1 m and
a height of 2.4 m. The measuring window on the bed wall

Fig. 1. Schematic diagram of experimental equipment and measuring point
distribution.
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Fig. 2. Axial profile of averaged voidage.

is made of colorless plate glass with a thickness of 3 mm.
Gas/solids separation was effected through a two-stage cy-
clone system and a bag filter. Solids circulation rate was mea-
sured by a butterfly valve fixed on a downcomer and con-
trolled by a screw feeder at the bottom of the fluidized bed
in order to make the fluidized bed operate in a dilute state.
Measurements were taken on five different levels above the
gas distributor (H= 0.71, 0.76, 0.81, 0.86 and 0.91 m) and
at 12 different radial positions within a square test plane
(y/Y= 0.00, 0.20, 0.36, 0.48, 0.60, 0.70, 0.80, 0.84, 0.88, 0.92,
0.96 and 0.98), wherey/Y is the dimensionless distance from
a measuring point to the central axis of the bed. The mean
diameter and the density of glass beads as bed material are
53�m and 2500 kg/m3, respectively. The sphericity of glass
beads is greater than 0.95.

All the experiments were carried out at superficial
gas velocityUg = 0.70–0.85 m/s and solids circulation rate
Gs = 0.75–1.00 kg/m2 s. According to Cai et al.[13], the cal-
culated transition velocity from bubbling to turbulent flu-
idization is about 0.60 m/s. Therefore, the fluidized bed was
operated in turbulent fluidization regime under the operating
conditions. Neglecting wall friction and particle acceleration,
the averaged voidage (ε̄) in the fluidized bed can be calculated
from pressure drop along elevation (�P/�Z) as follows:

ε
�P/�Z

A in
t ows
t ction
o t the
g

3. Measurement technique

A two-dimensional PDPA provided by Aerometric Ltd.
was utilized in the experiments. According to the principle
of PDPA measurement, Doppler bursts are produced when
a particle passes through the ellipsoidal laser probe volume
with a length of 2.833 mm and a diameter of 0.281 mm. The
particle velocityup perpendicular to the test plane is propor-
tional to the frequency of Doppler bursts:

up = λ

2 sinα
fDoppler (1)

The particle diameterdp is correlated to the phase shift be-
tween two laser beams from two corresponding detectors at
different position within the receiver:

dp = LfδΦ

2π�l
K (2)

The PDPA was placed at 30◦ off-axis from forward scatter-
ing direction to insure high light scattering intensities and to
improve SNR. The relevant parameters of the PDPA system
were summarized inTable 1.

In order to identify particle clusters from local transient
solid concentration signals, Soong et al.[14] proposed rea-
sonable criteria as follows: (1) the solid fraction in a clus-
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(ρp − ρg)g

s shown inFig. 2, axial profile of the averaged voidage
he fluidized bed under different operating conditions sh
hat the test planes are located at a roughly constant se
f averaged voidage (about 0.998), which indicates tha
as–solid flow in the fluidized bed is very dilute.
er must be significantly above the time-averaged solid
entration at the same operating condition at the local
ion; (2) the perturbation in solid concentration due to oc
ence of clusters must be greater than the random fluctua
n background solid fraction; (3) the concentration incre

ust be sensed for a sampling volume greater than the
me of a particle but smaller than the bed volume. T
uidelines based on the capacitance probe measureme
lso be extended to the PDPA measurement because s

ime series information can be obtained from the two di
nt measuring techniques. It is clear that the dimension o

aser probe volume in this work meets the third requirem
f the criteria. The first two can also be met by setting a c
al solid concentration for identifying particle clusters, so
remise to identify particle clusters from Doppler bursts
btain the time series of local transient solid concentra
t first. This problem has been solved by Sun et al.[15] by
efining local transient solid concentration 1− εtr as follows:

able 1
arameters of the PDPA system

aser wavelength (nm) 514.5
ransmitting beam diameter (mm) 0.7
eam waist diameter (�m) 281
ollection angle (◦) 30
ens focal length of transmitter (mm) 300
eam separation (mm) 60
ens focal length of receiver (mm) 500
eceiver aperture (�m) 100
easurable velocity range (m/s) −90 to 283
easurable diameter range (�m) 0.5–90
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1 − εtr =
k∑

i=1

(π

6
d3

pi

)
/

k∑
i=1

[upiA(dpi)(Gti + Iti)] (3)

where the numerator and denominator of the right-hand side
represent the total and the swept volume ofk particles, re-
spectively. In general, ifk in Eq.(3) equals the number of all
particles detected in a sampling run, the calculated voidage
represents local time-averaged voidageεt. While, if the parti-
cle series composed ofkparticles belongs to a particle cluster,
the calculatedεtr equals the voidage inside this particle clus-
ter. Effective flow areaA(dpi) of a particle was determined in
detail by Liu et al.[11]:

A(dpi) ≈ D(dpi)
Lslit

sinθ
(4)

where the effective diameter of the laser probe volumeD(dpi)
was defined by Saffman[16] based on the concept of the
Doppler burst length:

D(dpi) =
√

6dw

2

[
L2

D(dpi) cos2 α

d2
w

− N2
min

N2
probe

]0.5

(5)

Because the Doppler burst lengthLD can be defined ge-
ometrically as the number of signal periods above the burst
detector trigger level multiplied by the fringe spacing, the
minimal Doppler burst length is
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Fig. 3. Time series of local transient solid concentrations.

time series of 1− εtr is shown inFig. 3. Those sharp and
distinct spikes (e.g., betweenta andtb) over the critical line
denoted as (1− εt) + 2σ represent particle clusters existing
in the probe volume during the sampling period. It is clear
that the number of particle clusters detectable keeps nearly
constant when the critical line, the threshold for identifying
particle clusters, varies within certain range. If this variation
range ofn under different operating conditions is found out,
an appropriate threshold for identifying particle clusters may
be determined easily.

Recognizing this, particle cluster occurrence frequencyfcl
defined as the number of particle clusters detected per unit
time is plotted versusn in Fig. 4. Under different operating
conditions, there always exists such a variation range ofn
within whichfcl keeps constant. In order to identify most par-
ticle clusters under a given operating condition, it is necessary
that the variation range ofn should correspond to the range
within which the constantfcl first appears whenn increases
from zero gradually. FromFig. 4, the ranges ofn for three
cases are 1.6 <n< 2.1, 1.8 <n< 2.2 and 1.5 <n< 2.4, respec-
tively. Their overlap means thatfcl remains constant whenn
varies fromnmin = 1.8 tonmax= 2.1 under the three operat-
D(dmin) = Nmin × δ (6)

nd the number of fringes inside the laser probe volume
e denoted as

probe= dw

(δ cosα)
(7)

eplacingLD(dpi) andNprobe in Eq. (5) by using Eqs.(6)
nd (7), respectively, gives the minimal effective diamete

he laser probe volume for the minimal detectable par
iameter

(dmin) = 0 (8)

ecauseD(dpi) can also be denoted as Eq.(9) according to
anker et al.[17]:

(dpi) =
[
D2(dmin) + d2

w ln

(
dpi

dmin

)]0.5

= dw ln0.5
(

dpi

dmin

)
(9)

ocal transient solid concentration 1− εtr can be calculate
asily according to Eqs.(3), (4) and(9).

The critical solid concentration for identifying partic
lusters is generally denoted asn-times the standard dev
tion of 1− εtr over local time-averaged solid concentrat
− εt. Many researchers preferred to choose an empirin

hrough trial-and-error[4,14,18], becausen varies with op
rating conditions to some degree. For example, Soong

14] selected 3.0 for the value ofn in their study. A typica
 Fig. 4. Variation of occurrence frequencyfcl with n.
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Table 2
Effects of the value ofn on calculated results of particle cluster parameters

n= 2.0 n=nmin = 1.8 n=nmax= 2.1

Calculated
value

Calculated
value

Relative
error (%)

Calculated
value

Relative
error (%)

εcl 0.982 0.983 0.10 0.982 0.00
fcl (Hz) 19.19 21.32 11.10 19.19 0.00
Fcl (%) 4.56 5.02 10.09 4.56 0.00
ucl (m/s) 0.016 0.013 −18.75 0.016 0.00

ing conditions. Many discrete particles cannot be rejected if
n<nmin, but some so-called small particle clusters may also
not be counted ifn>nmax. So an appropriaten should be
chosen betweennmin andnmax.

Inasmuch asn keeps relatively constant when operating
parameters keep roughly identical, a semi-empirical method
to setn is proposed as follows: (1) to plotfcl as a function
of n for some typical operating conditions; (2) to find out
the overlap of the first plateau of all the curves in the above
figure and to determine correspondingnmin andnmax; (3) a
relatively highn betweennmin andnmax would enable us to
identify most particle clusters without interference of back-
ground solids. As shown inTable 2, whenn= 2.0 was chosen
atUg = 0.70 m/s,Gs = 1.00 kg/m2 s,H= 0.91 m andy/Y= 0.84
according to the above steps, relative errors of calculation of
particle cluster parameters can be anticipated to be 10% or
so in the case ofnmin <n<nmax, and even less than 0.10%
for voidage inside particle clusters, which indicates that a
slight variation ofnhas little effect on the analysis of particle
cluster dynamics in general andn= 2.0 is reasonable for us

to identify particle clusters in the gas–solid flow under these
operating conditions.

In order to improve the accuracy of PDPA measurement
in attenuated environments, extra-large particles and veloci-
ties outside the chosen range were rejected, and the temporal
data files were reconstituted at least three times to exclude
measurement errors resulting from Doppler burst splitting
[19].

4. Results and discussion

4.1. Hydrodynamic characteristics of the dilute
gas–solid flow

The spatial distributions ofεt, up and the standard de-
viation of particle velocitiesσu were studied primarily by
using the PDPA in this subsection since they are closely re-
lated to particle cluster properties. Many cross-sectional av-
eraged variables〈Xm〉 are obtained by integrating the pro-
files of local time-averaged variables over the cross-section
of the bed as a function of radial dimensionless distance as
follows:

〈Xm〉 =
∫ 1

0
2

( y

Y

)
Xm

( y

Y

)
d

( y

Y

)
(10)
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ig. 5. (a) Radial profiles atH= 0.81 m of local time-averaged voidage,
heir cross-sectional averaged values under different operating condi
here Xm(y/Y) denotes a particular property such as
al time-averaged voidage, voidage inside particle c
ers, occurrence frequency and particle cluster veloc
tc.

e velocities and particle velocity standard deviation and (b) axial vari
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It is seen fromFig. 5(a) that the gas–solid flow forms ob-
vious core-annulus structure, but the radial profiles ofεt for
three operating conditions atH= 0.81 m differ from those
in intermediate or high-density CFB risers, in taking on the
shape of a hook and approaching a minimum near the core-
annulus boundary. A possible explanation for this special ra-
dial distribution might be the accelerated motion of particles
in the developing section of the gas–solid flow. Although
Wang et al.[20] and Qi[21] also found similar phenomenon,
neither did they give any explanation. Particle velocitiesup
for three operating conditions decrease obviously towards the
bed wall, even changing direction to become negative. And
σu approaches a maximum near the core-annulus boundary
because of the strong interaction between the two regions.
Since the extrema ofεt andσu and the zero point ofup all
exist at aroundy/Y≈ 0.85, similar to the findings of Qi et al.
[22], this position may be viewed as the core-annulus inter-
face.

Fig. 5(b) shows cross-sectional time-averaged voidage〈εt〉
increases with elevation and then approaches constancy in the
upper section tested, which quite agrees with the findings of
Bai et al.[23]. A higher cross-sectional averaged particle ve-
locity 〈up〉 at a higher elevation indicates the accelerated mo-
tion of particles as mentioned above, while the cross-sectional
averaged standard deviation of particle velocities〈σu〉 de-
creases with elevation, as indicated by Van den Moortel et al.
[

l the
fl

F
a iation
a

annulus region doesεt increase with elevation, but keeps rel-
atively constant in the core region. On the contrary, standard
deviation of particle velocitiesσu in the core region is much
more sensitive to elevation than that in the annulus region,
and decreases significantly with elevation in the core region
but keeps invariable in the annulus region. While no similar
regularity forup is perceived under these conditions.

4.2. Influencing factors of particle cluster properties

Particle cluster properties such as voidage inside particle
clustersεcl and particle cluster velocityucl are numerical av-
erage of the corresponding properties for all detected particle
clusters at the same position in a sampling run, as defined
respectively as follows:

• The voidage inside an individual particle clusterεcli is

εcli = 1 −
n∑

j=1

(π

6
d3

pj

)
/

n∑
j=1

[upjA(dpj)(Gtj + Itj)] (11)

• Occurrence frequency of particle clustersfcl is defined as
the number of particle clusters detected per unit time in a
sampling run:

fcl = Ncl (12)
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24].
It is worth notice that the axial variations ofεt andσu fol-

ow different trends in the core and annulus regions of
uidized bed, respectively. As shown inFig. 6, only in the

ig. 6. Radial profiles atUg = 0.70 m/s andGs = 0.75 kg/m2 s of local time-
veraged voidage, particle velocities and particle velocity standard dev
t different elevations.
T

Time fraction of particle clustersFcl is defined as the rat
of the sum of the particle cluster existence time to the
sampling time:

Fcl =
(

1

T

) Ncl∑
i=1

n∑
j=1

(Gtij + Itij) (13)

The velocity of an individual particle clusterucli is given
by the local average mass flux on the basis of the
frame of reference[25]:

ucli =
n∑

j=1

[
mpj

A(dpj)

]
/

n∑
j=1

[
mpj

upjA(dpj)

]
(14)

his subsection will focus on the effects ofεt and σu on
article cluster properties with respect to the mechanis
article–particle interaction of particle aggregation.

As shown inFig. 7(a), voidage inside particle cluste
cl generally increases with increasingεt due to weake
article–particle interaction. The effects ofεt on fcl are rathe
omplex: while lowerεt promotes the aggregation of p
icles, it also increases particle cluster sizes, which in
educes the number of particle clusters[5]. But for dilute
as–solid flow such as in this study, occurrence frequen
article clustersfcl decreases with increasingεt because th
ecreasing tendency of particle collision frequency resu

rom increasingεt is the dominant phenomenon. A decre
ngFcl with increasingεt is reasonable, because an increa
t leads to decreasingfcl, that is, to decreasing the numbe



X. Liu et al. / Chemical Engineering Journal 108 (2005) 193–202 199

Fig. 7. Variations of particle cluster properties with (a) local time-averaged voidage and (b) particle velocity standard deviation under different operating
conditions.

F
c

ig. 8. (a) Radial profiles atH= 0.81 m of particle cluster properties and (b) ax
onditions.
ial variations of their cross-sectional averaged values under different operating
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particle clusters to pass through the laser probe volume in a
sampling run.

It is obvious that an increasingσu in the core region means
stronger particle–particle interaction there, so a decreasingεcl
occurs whenσu increases in this region, as shown inFig. 7(b).
But in the adjacent region of the bed wall, whereσu is gener-
ally less than about 0.34 in the experiments (as shown on the
left of the dashed line inFig. 7(b)), an increasingεcl with in-
creasingσu might be because that the aggregation of most par-
ticles in this region does not result from the particle–particle
interaction but the collision between particles and the wall.
Similar to the effects ofεt on fcl, although an increasingσu
would lead to increasing the probabilities of both the aggre-
gation of discrete particles and the decomposition of particle
clusters in a sense of theory, the former plays a dominant role
for such dilute gas–solid flow in this work. Sofcl generally in-
creases with increasingσu in the core region. But an increase
of σu at the bed wall must make more particles leave from
the wall, and hence lead to decreasing the number density
of particle clusters andfcl there. As mentioned above, time
fraction of particle clustersFcl is generally dependent upon
fcl, so the variation trend ofFcl with σu is similar to that of
fcl in the fluidized bed.

4.3. Radial and axial profiles of particle cluster
properties
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related toεt. As a matter of fact, Harris et al.[7] have corre-
lated the averaged solid concentration inside particle clusters
in the near wall region with cross-sectional averaged solid
concentration in order to predict particle clustering behav-
ior according to macro operating parameters of CFB risers.
Compared with the axial variation of〈εt〉 (Fig. 5(b)), the
same variation of operating parameters leads to much dra-
matic axial modification of〈εcl〉. It is believed that particle
cluster velocity is dependent upon discrete particle velocities,
so cross-sectional averaged velocity of particle clusters〈ucl〉,
like 〈up〉, also increases with elevation. Because of lower〈σu〉
and higher〈εt〉 as well as higher particle cluster velocity on
higher elevation, cross-sectional averaged time fraction of
particle clusters〈Fcl〉 decreases with elevation. According to
the analysis in former subsection, cross-sectional averaged
occurrence frequency of particle clusters〈fcl〉 ought to de-
crease with elevation, but the experimental data inFig. 8(b)
show that the axial variation of〈fcl〉 are contrary to this pre-
dicting trend because a key influencing factor, the upward
accelerated motion of particles, was not taken into account,
which has an important effect on〈fcl〉 in the developing sec-
tion of the dilute gas–solid flow. The relevant research on this
issue is on-going in our laboratory.

Fig. 9 shows the radial profiles of particle cluster
properties at different elevations atUg = 0.70 m/s and
G = 0.75 kg/m2 s. Combining this figure withFig. 8(a), it
i
G per-

Fig. 9. Radial profiles atUg = 0.70 m/s andGs = 0.75 kg/m2 s of cluster prop-
erties at different elevations.
It can be seen fromFig. 8(a) thatεcl is as high as abo
.99 in the core region, indicating so-called particle clus

n this region are only some very incompact agglomerat
f particles. While the measuring point traverses toward
ed wall, voidage inside particle clustersεcl, similar to the
adial profile ofεt, decreases significantly until reachin
inimum and then increases slightly again near the bed
ecause not only doesεcl decrease with decreasingεt and

ncreasingσu, but also both the lowestεt and the highes
u exist near the core-annulus boundary simultaneously
ig. 5(a)). The radial profiles offcl andFcl form peaks nea

he core-annulus boundary coinciding with those ofεt and
u, because lowerεt and higherσu lead to higherfcl and
cl in this region. Both an increasingεt in the wall region
nd the wall effect may be responsible for the decrea

cl there. A slight increase inFcl near the bed wall may b
artly attributed to increasing particle cluster size resu

rom the wall effect. Due to frequent exchange of parti
etween the core and annulus regions, the radial profilesucl
nder different operating conditions are much more gra

han those ofup, only forming a step-function decrease n
he core-annulus boundary.

Fig. 8(b) shows that cross-sectional averaged voidag
ide particle clusters〈εcl〉 is lower in the lower section an
hen increases gradually until approaching relative cons
n the upper section, which is also very similar to the a
rofile of 〈εt〉 under the same operating conditions. Th
trong similarities, although partly resulting from a decr
ng σu with elevation, also indicate again thatεcl is closely
s
s easy to find thatεcl in the annulus region, varying withUg,

s and elevation, is more sensitive to the variation of o
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ating parameters than that in the core region. Particle cluster
velocityucl, differing fromup, changes withUg, Gs and ele-
vation in the core region, but has no perceivable modification
in the annulus region due to the wall effect. While this re-
gional variation is not obvious forfcl andFcl in the above
two figures in this work.

5. Conclusions

Particle cluster properties including voidage inside parti-
cle clusters, occurrence frequency, time fraction and particle
cluster velocity were investigated in this study by using the
PDPA.

• The algorithm proposed in this study provides an effec-
tive method for investigating particle clusters in dilute
gas–solid suspensions, particularly in exploring the mi-
cro and meso structures in dilute particle-fluid two-phase
flow.

• The radial profiles of local time-averaged voidage and
voidage inside particle clusters in dilute gas–solid fluidized
beds differ from those in intermediate or high-density
gas–solid fluidized beds.

• The axial and radial distributions of voidage inside particle
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