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Abstract

Several techniques reported in the li for ing solids and solids velocity in (dense) gas-solid two-phase flow
have been briefly reviewed, An optical measuring system, based on d of light reflected by the suspended particles, has been developed
to local solids c ion and local axial solids velocity in dense gas-solid two phase flows. This system has been applied to study

hydrodynamics of a cold-flow ci g fluidized bed unit op 1in the dense flow regime (4" 7.5-15ms ' and G, = 100400 kg m~?

57 1). With increasing solids mass flux, at constant superficial gas velacity, lateral solids segregation became more pronounced (i.e. extent of
deve]opmem of core~annulus structure) while the radial profiles of axial solids velocity hardly changed. A decre.sz in superficial gas velocity,
al constant solids mass flux, also augmented the lateral solids segregation. The axial solids velacity decreased over the entire tube radius,
although the shape of the profiles showed no strong dependence with respect to the superficial gas velocity. Average solids mass fluxes
calculated from the measured local valucs of solids concentration and solids velocity exceeded the imposed solids mass flux, a finding which

could be explained by the downflow observed visually of solid particles close o the tube wall. In addit S5-
concentrations obtained on the basis of the optical measuring system and those obtai

satisfactory agreement.

1] aged solids
showed

d from the p di

Keywards: Solids concentration; Solids velocity, Gas-solid two-phase flow; Cold-flow circulating fluidized beds; Core-annulus structure

1. Introduction

Circulating fluidized beds (CFB) nowadays find a wide-
spread application in a variety of industrial processes such as
coal combustion and coal gasification, catalytic crackmg of

q

from a small scale CFB unit for several mass fluxes of the
gas and solid phase.

2. Techniques for the ement of solids

oil, and gas purification. Despite their widesp ion
the Auid mechanics of CFBs is unfortunalely not very well
d d. This can be attributed on one hand to the very
complex hydrodynamics of these systems which complicates
a thorough theoretical description and understanding and on
the other hand to the very significant difficulties encountered
in measuring local fluid mechanic properties in dense gas—
solid two phase flows. Experimental studies clearly demon-
strated the existence of inhomogeneous solids distributions
in both axial and radial directions and the occurrence of solids
downflow in the wall region [1-11}. In this study existing
hniques for the of solids cc ion and
solids velacity in gas-solid two phase flows will be briefly
reviewed. In addition, a novel reflective optical probe system
will be di d which enab) of local solids
concentrationand local solids velocity. Subsequently detailed
will be p d which have been obtained
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ation and solids velocity

The only known device for direct measurement of the
solids concentration employs quick closing valves with which
the column of interest can be partitioned in sections of suitable
length {12-14]. Typically within a fraction of a second the
valves are closed, after which the solids contained in each
section can be collected and weighed, yielding the solids
concentration averaged over the volume of the section under
consideration.

Neglecting wall friction and acceleration forces, the pres-
sure drop over a certain section of ariser tube can be attributed
to gravity forces, according to the well-known manometer
formula. This principle has been used by many investigators
to measure the volume-average solids concentration
[9,12,15-18], despite the fact that for dilute systems and
small tubes wall friction might play an important role. How-
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ever, Arena et al. {12] and Martin et al. [15] compared
volume-averaged solids concentrations obtained from
pressuredrop profiles with values obtained using quick valves
and tomography respectively. Both authors report satisfac-
tory agreement.

Other measuring principles offer the possibility of deter-
mining the (axial) solids velocity as well, and they will be
discussed subsequently.

2.1. Opiical technigues

Ishida et al. [ 19], Ishida and Hatano [20] and Patrose and
Caram [21] developed reflective optical probe systems
which enable measurement of velocities of bubbles and indi-
vidual particles in bubbling fluidized beds. Their probe sys-
tems basically consisted of two, vertically separated, sensors.
Using these probe systems particle movement near gas jets
in two-dimensional gas fluidized beds were studied. Meas-
ured particle velocities agreed well with results obtained on
basis of laser doppler velocimetry (LDV), however the latter
technique could not be applied in dense suspension:

Kamiwano and Saito [22] developed an image sensor
which enables measurement of particle velocities in fluidized
beds. It consists of an array, either one-dimensional or two-
dimensional, of photodiodes (50 X 50 um?}. From the move-
ment of the images of the particles on the image sensor the
particle velocity could be determined. Saxena and Patel [23]
used this reflective technique to obtain local solids concen-
trations near horizontal tubes immersed in air fluidized beds.

Hartge et al. [6,7,24-26] developed two optical probe
systems. The first system was based on light absorption due
to the presence of solid particles in a certain control volume
between an emitting and areceiving fibre. The second system,
containing both an ing and receiving fibre, was based
on light reflection due to particles present in front of the probe.
The probe system based on the absorption of light only pro-
duced unambiguous signals for solids volume fractions not
exceeding 0.25, while the reflective system proved to be
applicable up to packed bed conditions (€, =0.6). However,
Dyakowski and Williams [27] exploited the principle of light
absorption. They used an optical device to measure the
absorption of 8 light beams, passing through different chords
ina certain cross-sectional area of a riser tube. By performing
these measurements at two different heights and by applying
an advanced cross-correlation technique the average solids
velocity in dilute flows (&,<0.02) could be determined.

Many investigators used reflective optical prabe systems
[11,16,28-32] and employed different calibration tech-
niques. As Hartge et al. [26) showed, the general relationship
b ion and output signal is given by:

t solids
AU=ke (§))]

where AU is the difference between the output signal meas-
wred in a two-phase (i.e. fluid—solid) system and the one
obtained in the same fluid without solid particles being pres-
ent. Rensner [32] showed that the power n depends only on

particulate phase properties whereas the factor k also depends
on the type of fluid and the characteristics of the electronic
and optical components of the probe system. Because n is
independent of the fluid type, it is possible to determine the
power » from calibration in water—solid mixtures which is
very advantageous due to the fact that homogeneous water—
solid suspensions can be generated easily. The factor &, which
should be determined in an air—solids mixture, can be
obtained subsequently by measuring the output signal in a
packed bed of particles with an accurately known solids vol-
ume fraction.

Reh and Li [33] proposed a crossed fiber optical probe
with a well-defincd measuring volume and claimed improved
performance in comparison with paratlel optical probes. Ishii
et al. [30] and Zhang et al. [16] suggested a non-lincar
relationship between solids concentration and the probe out-
put signal U according to:

€=Co+CU+CUA+...+C Y 2)

They calibrated their probe using the mean voidage obtained
from pressure drop measurements carried out at (N + 1) dif-
ferent operating conditions to produce (N + 1) equations for
the unknown constants C,,...Cy.

Kato et al. [11] assumed a linear relationship between
solids concentration and their probe output signal. Subse-
quently they related this signal to the average solids concen-
tration obtained from p drop measur to obtain
the unknown calibration constant.

2.2. Laser doppler velocimetry

Laser doppler velocimetry is based on the detection of
optical interference phenomena, arising from two interacting
laser beams. The light d by particles passing the inter-
ference spot ( fringe pattern) is collected by a photomultiplier
delector, producing a doppler signal at the detector output.
Because the detected signals originate from individual par-
ticles, these signals also contain the necessary information
for obtaining particle size and particle concentration as dem-
onstrated by Yianneskis [34]. For low solids concentration
(€ <0.01, depending on traversing length), the technique is
non-inirusive [35-38] which is unfortunately not the case
for higher solids concentrations where probes are required to
penetrate the ion under consid [36,39].

2.3. Techniques using fluorescent particles

Techniques using fluorescent particles offer the same
advantages as techniques using radioactive particles, but are
lly much cheaper. A disad ge, however, is the
strong reduced observability in dense particulate flows.
Brewster and Seader [40] measured particle velocities in
a co-current down flow of a gas~solid mixture by injecting
fluorescent particles, which upon irradiation with UV light
emitted visible light that was subsequently detected by exter-
nal sensors positioned at different heights. Kojimaetal. [41]
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also used this technique to measure solids velocity in the
centre of a tube in a pneumatic conveying line. Morooka et
al. {42] studied the movement of fines (FCC catalyst coated
with fluorescent dye) in a fluidized bed of larger particles.
Different probes were used simuitancously to observe the
movement of the fines.

To enable discrimination between different kinds of par-
ticles, Hamdullahpur et al. [43] employed a fluorescence
technique in their LDV Light d by
particles coated with a fluc dycalsop dawave-
length other than the wavelength that was used for the LDV
light source. Appropriate filtering of the scattered light signals
made it possible to determine the velacities of the different
particles used in their gas-solid flow. By adding small tracer
particles, the dynamic gas velocity could also be determined.

2.4. Strain gauges

Mann and Crosby [44] developed a strain gauge micro-
probe to measure local particle concentrations and velocities
in gas-solid two-phase flows. Their probe contained a small
piezo-electric and was d d to register impact
of individual particles. The local particle flux was obtained
from the number of collisions per unit time where the pro-
portionality factor could be related to the known average
solids mass flux. However, to obtain solids velocities a cali-
bration method was required. Mann and Crosby therefore
dropped particles from different heights onto the transducer,
meanwhile determining the velocity with a high speed video
camera and recording the transducer output signal.

Raso et al. [45] developed a strain gauge micro-probe
based on the same principle as the one used by Mann and
Crosby. With their needle probe (&= 6 mm) they were able
to register single particle impacts. The solids concentration
followed from the impact frequency, while the solids velocity
was obtained from the force acting on a strip of deformable
material with strain gauges glued on its surface.

2.5. Electrostatic probes

Due to impacts with walls, solid particles acquire an elec-
trical charge when they flow through a conduit. Therefore, a
probe inserted in the particle flow will develop an electrical
charge at a rate which is proportional to the solids mass flow.
Soo et al. [46] developed an electrostatic ball probe based
on this principle. The proportionality factor was obtained
from the velocity in the centre of the tube, which they
assumed to equal the empty pipe ity, and the d

coil probes with a known axial separation they were able to
obtain the axial velocity of the particles. Gajewski etal. [48—
50] used a similar technique, but in addition they were able
to obtain information regarding the fluctuation of the solids
mass flow rate.

2.6. Capacitive probes

Capacitive probes usually consist of two small rectangular
plates, separated from each other by a small gap. Local
h insolids ion in the gap alter the dielectrical
constant of the phase present between the two plates and
thereby change the capacitance of the system.

Hartge et al. [6,7] used a capacitance needle probe 10
measure the local solids c« ion in a 40 cm di
CFB. Despite the fact that the walls were made of steel, they
experienced experimental difficulties due to elecirostatic
charging. Despite these problems Herb etal. [Sl] apphed a

i probe, isting of wwo triangul to
measure the solids volume fracuon as a function of radial
position in a CFB.

Riley and Louge {52] used two probe configurations to
measure local solids concentration in gas—solid two-phase
tube flow: one for far-wall measurements and the other anon-
intrusive design mounted in the wall to perform voidage
measurements in the vicinity of the wall. In a later study,
Louge et al. {53] used the first-mentioned probe configura-
tion to measure local solids concentration in the wall region
of a circulating fluidized bed.

2.7. Sampling or extraction probes

Although sampling or extraction probes are based on a
relatively simple measuring priaciple, the succcss of theiruse
depends on very subtle factors which hamper their wide-
spread application. These proby:s are usually based on isola-
tion of solid particles from the main stream by inserting a
small tube in the gas—solids flow while imposing an aspiration
rate through the tube which comesponds to the local gas
velocity that would exist at that particular position if the probe
were not present. This operation mode of the sampling or
extraction probe is known as isokinetic sampling. By col-
lecting the withdrawn particles in a collection bottle during a
certain time the local mass flow rate of the particles can be
determined.

Van Breugel et al. [1] operated a samplmg probe undet

particle concentration measured in the tube centre using an
optical technique. Klinzingetal. [47] usedthesamepnnclple

isokinetic conditions to the upward and d
solids mass fluxes but Gajdos and Bierl [ 54] applied the non-
isokinetical operation mode. They assumed that the upward

to measure the solids mass flow and velocity, but develop

a non-intrusive device. Their probe con51sled of a coil wound
around the tube under investigation. The itud
of the induced electrical current is a measure for lhe solids
mass flow. Klinzing et al. studied the p

regime and by cross-comrelating S|gna.ls obtained from two

and d d flux p can be ok d by extrap-

olating the measured mass flux versus extraction gas flow

rate 1o zero gas extraction flow rate. Neither Monceaux et al.

(8] nor Bader et al. [ 9] operated under isokinetic conditions.

They found that for sufficiently high aspiration rates the
d flux was independent of the extraction flow rate.
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two-phasa flow

two-phase flow

probe design proposed
by Rhodes (1930)

usual probe design

Fig. | Sampling probe design proposed by Rhodes [551.

Rhodes [55] measured solids mass fluxes using a non-
isokinetic sampling probe similar in approach to Gajdos and
Bierl and also arrived at the conclusion that isokinetic sam-
pling is not necessary. In addition, Rhodes improved the
probe design of Gajdos and Bierl because in the latier study
the tip of the probe was in different axial positions when
measuring upward and downward fluxes. As may be clear
fron rig. 1 the probe design of Rhodes climinated this dis-
advantage. However, with their design it is not possible ©
make measurements in the neighbourhood of the tube wall.

Despite this disadvantage Harris et al. [ 56] used this prabe
type to measure local solids mass fluxes under isokinetic
conditions. Close to the wall it was not always possible to
maintain isokinetic conditions because the probe choked at
low gas extraction flow rates. The same probe was also used
as a Pitot-tube, neglecting the kinetic energy contribution of
the gas phase. The combination of these techniques made
possible the simultaneous determination of solids velacity
and solids concentration.

Herb et al. [57] measured both upward and downward
solids mass fluxes as a function of radial position. Cross-
sectional averaging of the local mass flux yielded an overall
mass flux that was within 10% of the value oblained from an
integral mass flux measurement in the return leg of the CFB.
Due to isokinetic operation of their probe, in addition the
local gas phase velocity could be determined. Herb et al.
found that the measured mass fluxes were not strongly
dependent on the extraction gas flow rate near the isokinetical
operation condition.

Miller and Gidaspow [ 58] also applied an extraction probe
to determine local solids mass fluxes. Although the upward
and downward mass fluxes were sensitive to the cxtraction
flow rate, the net mass flux appeared to be independent of the
extraction flow rate. According to Miller and Gidaspow it is
not necessary to measure under isokinetical conditions,
which, besides, they consider as almost impossible to do so
due to large and tapid velocity fluctuations of the gas—solid
flow.

2.8. Radioactive tracer particles

Radioactive tagging offers the possibility of measuring the
solids velocity directly, without the necessity of calibration.
in addition, effects of panticle siz¢ and shape can be investi-
gated hy injecting tagged particles with a pre-selected size
and/or shape.

Lin et al. [59] used radioactive tracer particles to study
the motion of solids in gas fluidized beds. Gamma radiation
emitted by tracer particles was continuously monitored by
twelve scintillation detectors located around a cylindricat gas
fluidized bed (&= 12 cm), and provided information on the
instantaneous particle locations.

Viitanen [60] measured velocities of both phascs in a riser
tube of a CFB using a radioactive isotope of argon (*'Ar) as
tracer for the gas phase while the FCC catalyst contained
1401 5. Following the injection of tracer particles, their prop-
agation was followed using fifteen thallium-activated sodium
iodide (Nal) scinmillation detectors.

2.9. X-ray and y-ray techniques

Bartholomew and Casagrande [61] uscd a y-ray absorp-
tion technique 1o determine the radial distribution of solids
concentration in a fully developed riser flow. They measurcd
the extent of y-ray absorption along eighteen different chords
at a fixed axial position in the riser tube and from this infor-
mation they were able to determine the radial solids concen-
tration profile.

Berker and Tulig [62] described a procedure for obtaining
radial solids concentration profiles by measuring the cxtent
of y-ray absorption along different chords in a fixed cross-
section of the column and subsequent application of a decon-
volution technique to solve the integral equation relating the
measured y-ray attcnuation along the chords to the radial
solids concentration profile.

As Hartge [26] pointed out, y-ray densitometry yields
mean solids concentrations that arc not identical to the true
cross-scctional averaged solids concentrations because this
technique measures a quantity which represents an average
over the measured chord which does not equal the valuc
obtained with y-ray absorption. In addition to y-ray densi-
tometry, tomography has been used to determine the spatial
distribution of solids concentration in CFBs [25,63].
Although this measuring produces detailed and
accurate data it has not found widespread application due to
the considerable cost of the equipment.

Besides y-ray absorption, X-ray absorption techniques
have been applied to determine solids concentrations in
CFBs. For instance, Grohse [64] and Weinstein et al. [3]
applied X-ray cameras in a non-intrusive mode by measoring
the X-ray attenuation along different chords in a fixed cross-
section of the colummn. From these data, they obtained the
solids concentration as a function of the radius. Miller and
Gidaspow [58] ions in ariser tube
using a X-ray camera containing a coppet isotope (***Cu).
To obtain local solids concentrations they inserted a probe in
their system.

dsolids

2.10. Acoustic methods

Sheen and Raptis [65] reported two acoustic sensing tech-
niques that can be applied to measure the velocity of particles
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in a gas-solid pneumatic transport line. One of these tech-
niques is based on detection of the noise generated due to
particle—wall and inter-particle collisions. On the basis of a

ison with results ot i from a rad ive particle
tracking technique, they showed that the measured noise lev-
els pc 1 a linear depend with respect to particle
velocity. Because the noise level additionally increased with
increasing solids concentration, another technique was
required to determine the solids concentration.

Application of the other technique allowed for a direct
measurement of the solids velacity. Two sensors, with a
known axial separation, both received signals that were emit-
ted from the opposite tube wall. Due to interference of the
particulate phase with these signals they possessed modified
frequencies which upon cross-correlation yiclded the particle
velocity. Velocities determined in this way were roughly two-
thirds of the values determined with the radioactive particle
tracking technique. The authors attributed this discrepancy to
the fact that the cross-correlating technique predominantly
detects particles moving closc to the tube wall, while the
radioactive method detects particles moving near the centre
region.

The techniques discussed in this section, are compared in
Table 1. In addition, some remarks are given about their
ad and disad

&

3. Development of an optical probe system

To measure both the local solids concentration and the
locat axial solids velocity, a reflective optical probe has been
developed which is roughly based on the same principle as
the one developed by Hartge et al. [24]. To improve the
quality of the signals the monoglass fibre, as used by Hartge
et al., has been replaced by a bifurcated multi-glass fibre
(diameter of glass fibres: 15 um). This eliminated the neces-
sity of using a beam splitter which considerably weakens the
light signals. To enable measurement of the local solids veloc-
ity, the optical probe consists of two sensors with a vertical
separation of 4.2 mm. Vertically moving particles, in prin-
ciple, pass both sensors, causing the two sensors to produce
similar signals with the difference of only a shift in time. The
time delay, ob d by cross: lating both signals, yields
the velocity of the particles moving in front of the probe tip.
Fig. 2 shows the optical measurement system in more
detail. For both sensors light, emitted by laser diodes (power:
25 mW, light: A = 685 nm), is guided to the probe tip by half
of the glass fibres of the multi-glass fibre. Part of the reflected
light is guided by the other half of the glass fibres to photo-
diodes (area: 33 mm?, sensitivity: 80 nA/lux at X =880
nm) which convert the optical signals into electrical signals.
Subsequent amplification of the photo diode signals deliver
voltage signals as a function of time amenable to further
pracessing with a personal computer.

hnology 87 (1996) 127-139 13
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3.1. Validation and calibration

The band width of the optical measuring system has been
tested using a Ilghl emitiing diode (LED) flashing at high

quency. Up to fr ies of 100 kHz the system was able
to detect the test 51gnal correctly.

As Hartge et al. [24] showed, the relation between the
amplified output voltage U of the photo diode and the local
particle concentration ¢, is given by:

U=Uy+aed (3)

provided that a monoglass fibre is used to guide the light. In
this equation U, represents the voltage signal which is
obtained in the pure carrier fluid, while for transparent fluids
the value of th bonlydependson the ch
of the particulate phase. This offers the advantageous possi-
bility to calibrate the optical probe in sand—water mixtures.
The optical probe has been calibrated with both water and
poly(ethylene) glycol (PEG) as continuous phase, the
results are shown in Fig. 3. From this figure it can be seen
that similar values for the exponent b are found, although the
physical properties of both continuous phases differ strongly.
The value of the constant 2 follows from a measurement in a
packed bed with known solids volume fraction.

istics
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Fig. 3. Calibration curves for the optical measuring system, Both water and
PEG have been used as continuous phase, showing no effect on the
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b ly cross lated with the signal of the other
sensor to yield the velocity v; (see Eq. (5)) corresponding
to the selected individual block. Of course this procedure
cannot be followed for the outer blocks, since a time shift in
both directions of the tirze domain is in principle possible.

vi=— (5)

Following this procedure (p —2) times, m individual veloc-
ities were calculated, with p the of blocks in which
the first signal was divided. The local solids phase velocity
was finally obtained from;

b (slope of line}.

The effective distance between the centres of both sensors
followed from a calibration with a rotating white disc with
random plotted black dots on it. A stroboscope was used to
determine the exact rotation speed of this disc. The calculated
velocity, obtained by cross—correlating both recorded signals
[66], yielded correct values for a distance Ax of 4.2 mm
between both sensor tips.

3.2. Signal processing

In this study, typically, measurements were performed at
eleven radial positions. At each position m measurements
were made (30 <m <40), where for each measurement 1536
samples were taken with a maximum sample frequency f of

50 kHz. The local solids ion ¢, was calculated from
the individual sensor signals as follows:

— 1 xfAuy”

45

where the total number of samples ¥, equals 1536 times m.
One would expect that processing of both sensor signals
yields the same solids concentration, however, it turned out
that the upper sensor (sensor 1 in Fig. 2) always produced

(P-2)m
P, €40
”_pe— (P-2)m (6)
€
&

Note that this particular type of averaging of the individual
velocities uses the solids volume fraction as a weighing
factor.

To obtain a proper cross-correlation, the blocks should
contain sufficient data points to display a characteristic pat-
tern. To amplify these patterns, the mean value of the signals
was sub d from i signals before performing
the cross-correlation of both signals, where the mean signal
is given by:

T=- YU, %)

In this study, a typical block length of 256 data points (p=6)
has been used, to allow for a shift of 256 data points in both
directions of the time domai

4. Experimental equipment

In this study, the hydrodynamics of a small scale circulat-
ing fluidized bed unit, sch lly shown in Fig. 4, has

significantly lower solids concentrations than the lower sen-
sor. Probably this difference is due to splitting of the two
phase flow due to insertion of the probe. In this study, the
average of both sensor signals has been used to determine
local solids concentrations.

As mentioned before, the local solids velocity can be
obtained by cross-correlating the signals of both sensors. In
this study a di Cross-Cor technique, employing
fast Fourier transformation, has been applied [66] to deter-
mine the time shift 7 between both signals.

Due to local fluctuations of the solids phase velocity there
exists no unique time shift between both signals, but rather a
time shift distribution and corresponding a solids phase veloc-
ity distribution. To obtain this velocity distribution the signals
were divided into p blocks, containing 256 to 1024 sample
points. The signals d in these individual blocks were

been studied. This unit of a steel storage vessel
(L=4.0m, D=0.6 m), a transpareat PVC riser tube (L=
8.0 m, D=0.054 m) and two cyclones to separate the solids
from the main gas stream. Sand particles (d,=129 pum,
£,=2540 kg m ") were kept at incipient fluidization in the
storage vessel. This vessel contained 1000 kg of sand parti-
cles, which corresponds to several hundred times the maxi-
mum solids hold up in the riser column. Solid particles were
fed to the riser col hrough a tube (L=1.0m,
D=0.054 m), mounted under an angle of 45° with respect to
the riser column. The solids mass flux could be controlled
with a slide valve, mounted halfway in the connection tube.
Just above the solids entry a solids distributor was included
in the riser tube to achieve a uniform distribution of the solids
over the tube cros: I area. This distrit was made
of six staggered layers, each consisting of five pieces of 1.5
mm diameter steel wire positioned parallel to each other. To
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{
il cyclones
L=800m |
B
D=00536m A
- waighing unit
| :
; {
L=400m
D=060m
fiser tuba
slide
valve storage vessel

! connection
| tube
i air
air

Fig. 4. Schematic representation of the small scale CFB unit.

convey the solid particles, humidified air (RH=280%) was
supplied at the bottom of the riser tube, its flow being con-
trotled by a rotameter. At the exit of the riser column two
cyclones separated the solids from the fluidizing air, where
the separated solid particles were fed back to the storage
vessel after having passed a weighing unit.

At a height of 1.8 m above the solids distributor a stuffing
box packing, mounted on the riser wall, enabled on-line dis-
placement of the optical probe over the entire diameter of the
riser column. The relevant section of the riser tube was cov-
ered with black cloth to prevent interference from external
light.

In axial direction sixteen pressure taps were mounted in
the wall of the riser column with an equidistant spacing of
47 cm. To minimize any possible disturbing effect on local
CFB hydrody due to the p of the p tap,
the concept, as shown in Fig. 5, was used. Pressure differ-
ences over the iiftcen sections were measured using water
manometers (H=2.5 m).

The mass flow rate of the circulating solids could be detcr-
mined by collecting the solids in a weighing unit, which was
connected to a dynamo meter, during a certain period of time.
Typically, 25 kg portions of sand particles were collected in
the weighing unit, while the gas was bypassed (route B in
Fig. 4) to prevent pressure build-up,

5. Resuits

Fig. 6 shows the experimentally-determined pressure gra-
dient as a function of height for a superficial gas velocity u®
of 10 m s~ " and solids mass fluxes G, of 100, 200, 300 and

&
‘K 25mm 4.0mm .# 5.0mm
i B 4
‘ ‘ ! pressure tap
20um H
| \ wire-mesh | | PVC conslidation
- .
'
- . riser tube wall (outside)
wo-phase flow » [{ )
2.8mm

Fig. 5. Schemauc representation of a pressure tap, designed to minimize any
possible di infl on local hy ly: ics of the gas-solid two-
phase flow.

400 kg m ™% s~'. The momentum loss per unit volume, rep-
resented by the pressure gradient, is caused by forces arising
from acceleration effects and gravity and wall friction forces
acting on both phases:

:::**G;:Z-\‘-G : —€pE—E€pgt+Fo+F (8)
In this equation F, ¢ and F, represent the friction force
acting on the tube wall, per unit volume gas—solid mixture,
by the gas phase and solid phase respectively.

As may be clear from Fig. 6 the acceleration of solids, with
accompanying decrease in axial solids concentration due to
the requirement of constant solids mass flux, causes a
d inp gradient in the bottom region of the riser.
This phenomenon can be observed very clearly for solids
mass fluxes of 300 and 400 kg m~2s™". Beyond the accel-
cration zone, the pressure gradient attains a constant value,
implying that wall friction and gravity forces completely
domi the mc loss. For sy with relative high
solids concentration and moderate transpori velocities, the
friction with the tube wall can be neglected, which offers the
advantageous possibility of determining the average solids
concentration from the pressure gradient (see Section 2.2)
above the acceleration zone.

WY - o

3500

S0 Gy=200kgmils
- G =300kgmls!

E
48 (Pa)
2500

z [m]

Fig. 6. Experimentally-determined pmssure gradient as a function of height
for four solids mass fluxes; «®=10ms~
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Fig. 8. Lacal solids concentration as a function of dimensionless radial
position at 1.8 m above the solids distributor for four solids mass fluxes;
=10ms™!

The length of the acceleration zone increases with increas-
ing solids mass flux, as evident from Fig. 6.

Fig. 7 shows the radial distribution of the solids concen-
tration, measured with the optical probe system at a height of
1.8 m above the solids distributor for °=10 m s~ and
G,=300kg m~2s" . From this figure, it can be concluded
that the radial solids concentration profile is asymmetrical.
However, the same asymmetrical profile was found when the
probe was inserted from the opposite direction in the riser
tube, indicating that the observed asymmetry in Fig. 7 is a
property of riser hydrodynamics and is not caused by distur-
bance of local hydrodynamics due to insertion of the optical
prabe. For convenience, further radial profiles will be shown
in symmetrical form by averaging the measured solids vol-
ume fraction at identical distances from the centre line of the
tube.

In Fig. 8 the radial solids concentration is plotted versus
the di ionless radial coc for chfferem solids mass
fluxes and a superficial gas velocity °=10ms ~ . Asevident
from this figure and from Fig. 9, showing the normalized
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Fig. 9. Normalized sulids (i.e. local divided by

& tional

) as a function of dimensionless
radial position at 1. 8 m above the solids distributor for four solids mass
fluxes; #®=10ms"

*=75ms" L
' sro-s w=10ms’ :
| 1 o2 * w=iSms’

I 3

. i

o &l
. K 0.08

-0 08 06 04 D2 00 02 04 06 08 10
R [-] R[]

Fig. 10. Local solids concentration as a function of dimensionless radial

position at 1.8 m above the solids distributor for three superficial gas veloc-

ities; G,=300kg m~?s~ ",

solids concentration profiles (i.e. local value divided by mean
value), the extent of lateral solids segregation increases with
increasing solids mass flux. The same dependence has been
reported by Martin et al. [15] and Kato et al. [ 1]. Fig. 10
shows local solids concentration profiles obtained at three
superficial gas velccities (#°=7.5, 10 and 15ms™') fora
constant solids mass flux G, of 300 kg m™2s ™. As evident
from this figure, with decreasing gas velocity and constant
solids mass flux, a more pronounced lateral solids segregation
results, which is in accordance with the observations of Wein-
steinet al. {3].

Flg 11 shows the axial solids velocity as a function of the
less radial coordi and ds to the radial

of solids ¢ ation d d in Fig. 8. From
this figure it can be seen that, in agreement with observations
from Yang et al. [38], the solids mass flux only slightly
influences the solids velacity profile. Fig. 12 shows the radial
distributions of axial solids velocity for several gas velocities
obtained at a solids mass flux G, of 300 kg m~?s™". As may

A cteil
distr
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Fig. 11. Axial solids velocity as a function of dimensionless radial position
at 1.8 m above the solids distributor for four solids mass fluxes u’=

I ﬁ{ @ W= 7.5ms
! At A cco--uw'e(0ms’
| - 2 ’ a u=i5ms’
« vims'] 47
105
.o "o, .
o (a8 :
™6 =
4
2
10 -08 06 04 02 00 02 04 06

R R[]

Fig. 12. Axial solids velocity as a function of dimensianless radial position
at 1.8 m above the solids distri for three superficial gas velociti
G,=300kgm=?s™",

be expected, the solid phase velocity increases with increas-
ing gas velocity. The shape of the parabolic profiles, however,
almost remains the same as can be seen in Fig. 13, showing
normalized velocity profiles (i.e. local solid phase velocity
divided by the superficial gas velocity).

Ta provide a check with respect to the measured distribu-
tions of solids concentration and solids velocity, the average
solids mass flux G¥* calculated from:

G} ’#22‘"’%5’, POAT; )]

has been d with the i d solids mass flux G,.
Table 2 shows the results obtained on basis of this comparison
for several operating conditions. From this table it can be seen
that in general the error is less than 25%, but in all cases the
average solids mass flux calculated from the data measured
with the optical probe G exceeds the imposed solids mass
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Fig. 13. Normalized axial solids velocity (i.e. 2/4") as a function of dimen-

sionless radial position at 1.8 m above the solids distributor for three super-
ficial gas velocities; G, =300 kg m~*s~".

Table 2
Comparison between the average solids mass flux G determined with the
optical measusing system and the imposed solids mass flux G,

u® G, G¥ Error

(ms™ ) (kgm~3s57") (kgm *s™ "y (%)

10 100 120 20

10 200 235 15

10 300 374 25

U] 400 436 9
15 300 443 48

15 300 350 17

flux G,. This discrepancy can possibly be attributed to solids
downflow close to the tube wall, a phenomenon which will
decrease the net solids mass flux. In the case of the lowest
gas velocity (#°=7.5 m s™') this effect will manifest itself
most pronounced, generating the relatively large difference
of 48%. During the expetiments such a downward flow of
particles has becn observed visually through the transparent
wall of the riser col Due to psul of the optical
probe with sand particles, it was impossible to measure in the
outer 3 mm of the tube radius. In addition, it should be men-
tioned that the calculation is rather inaccurate due to the small
number of measuring points.

Furthermore, the cross-sectional average solids concentra-
tion €}

& =#Zi:21me,_,-A " (10)
has been compared to the average solids concentration which
was obtained from the axial pressure gradient. This procedure
can only be justified in the case where friction with the tube
wall and acceleration effects can be neglected. Fig. 14 shows
a parity plot of the cross-sectional averaged solids concen-
tration obtained with the optical measuring system and the
solids concentration ok d from the p gradient
measurements. For the case with 4°=15m s~' and G,=
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Fig. 14.Cy of average solids ion (. d from pres-
sure gradient ) with ional solids concer-

tration obtained from the optical measuring system.

300 kg m~2 s~ the cross-sectional averaged solids concen-
tration determined from the axial pressure gradient signifi-
cantly exceeds the value obtained from the optical measuring
system. As can be seen in Fig. 6, measurements with the
optical probe have been performed in the acceleration zone
where solids acceleration contributes significantly to the axial
pressure gradient. Additionally, for high velocities the fric-
tion with the tube wall will considerably contribute to the
axial pressure gradient. When these phenomena are not con-

sidered in the inter of the p gradient meas-
urements the value of the ob! d solids c ion will
be to high but for the case with «°=7.5 m s~* and G, =300

kg m™2 s, the cross-sectional averaged value of the solids

concen(rauon determined from the axial pressure gradient

gnificantly und dicts the value obtained on basis of the
optical measuring system. At such a low gas velocity, con-
siderable downflow may be expected resulting in a negative
frictional contribution to the pressure drop which causes
underestimation of solids concentration in case friction with
the tube wall is neglected. In this case the effect due to friction
with the tube wall dominates the effect due to acceteration of
the solids (Fig. 6) which leads to an overestimate of the
solids concentration.

6. Conclusions

A brief review of techniques employed previously for
measuring solids concentration and solids velocity in (dense)
gas—solid two-phase flow has been presented. An optical
measuring system, similar in concept to the one proposed by
Hartge et al. [24], has been developed. Using this system,
the flow structure in 2 cold-flow CFB unit has been investi-
gated by measuring local solids concentration and local axial
solids velacity as a function of the radial position in the riser
tube.

With increasing solids mass flux at constant superficial gas
velocity, or alternatively with decreasing superficial gas

velocity at constant solic: mass flux, the lateral solids seg-
regation becomes more pronounced. Furthermore, the axial
sofids velocity profile showed a weak depend with
respect to solids mass flux. A decreasing superficial gas veloc-
ity caused a decrease in solids velocity although the shape of
the profiles was relatively unaffected.

It tumned out that solids mass fluxes calculated from the
local values of sclids concentration and solids velocity
exceeded the imposed solids mass flux. The downflow
observed visually of solid particles close to the tube wall
offers a possible explanation for this di y. However,
the two solids mass fluxes agree within 25% error.

In addition cross-sectional d solids cc
obtained on the basis of the optical measuring system have
been compm'ed with solids concentrations obtained from
using the well-known
manometer formula The agreement was reasonable, except
for the cases with the lowest and highest superficial gas veloc-
ities (u®=7.5and 15ms™"). For these cases it is not allowed
to neglect the momentum loss contributions due to friction
with the tube wall and solids acceleration.

7. List of symbols

constant, defined in Eq. (3) (V)
constant, defined in Eq. (3) (-)
coefficients, defined in Eq. (2) (-)

tube diameter (m)

particle diameter (m)

force per unit volume gas-solid mixture (kgm~2s~%)
sample frequency (Hz)

salids mass flux (kgm™2s~")
gravitational force per unit mass (ms™2)
height (m)

index

constant, defined in Eq. (1) (V)

length (m)

number of measurements

number of samples taken

exponent, defined in Eq. (1) (-)
pressure (kgm™'s7%)

number of Blocks into which the signal is divided
tube radius (m)

radial coordinate (m)

voltage (V)

gas velocity (ms™")

solids velocity (ms™")

distance between sensors (m)

axial coordinate (m)

inner diameter (m)

o

N Ec:qﬂ BT YR ZY e Q"hs,vucqe-a

Greek letters

€ volume fraction (-)
A wave length (m)
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p  density (kgm %)
T time shift (s}

Subscripts

f  fluidum

H solids

w  wall

o without solids

Superscripts

o superficial
*  determined with data from the optical measuring sys-
tem
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