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Recent important progress in the field of multiphase flows
is due to the implementation of noninvasive remote imaging
and flow visualization techniques, which were developed in
such fields as nuclear medicine, physics and fluid mechanics.
Aided by spectacular improvements in computer performance,
these techniques have contributed to the increased interest in
the investigation of multiphase chemical reactor hydrodynam-
ics. Their advantage over probe techniques, besides being non-
invasive, is that they provide a full picture of the flow field
for the phase studied rather than local information in the
vicinity of the probe. The high degree of spatial and temporal
resolution achievable more than justifies the additional com-
plexity of the measurements.

Nuclear-based remote imaging techniques, such as X-ray and
thermal neutron transmission tomography, have been used to
obtain images of voidage fields in consolidated porous media
(Jasti and Fogler, 1992), moving granular beds (Hosseini-Ash-
rafi and Tuzun, 1993) and gas-liquid pipe flows (Modi et al.,
1992). Gas holdup field imaging in bubble columns using
gamma-ray transmission tomography (CAT) is currently being
used by the Dudukovié group (Yang et al., 1993). Tomographic
techniques, however, usually provide information only on the
flow morphology and not on the motion of the flowing phases,
which explains why velocity field measurements have been
unavailable. Hence, the last decade has seen an intensified
effort to develop new nuclear-based techniques specifically
suited to velocity field mapping in flowing systems. The dy-
namic NMR imaging technique has recently been used to map
the velocity field of a laminar single fluid flow in different
geometries (Xia et al., 1992; Chung et al., 1993). Positron
emission particle tracking (PEPT), based on the detection of
annihilation photons, has been applied to studies of powder
velocity fields in rotary mixers and in gas-solid fluidized beds
(Parker et al., 1993). Computer-automated radioactive particle
tracking (CARPT), based on the detection of high energy
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gamma rays emitted by a radioisotope-labeled solid particle,
enabled velocity field measurements for the solids in gas-solid
fluidized beds (Lin et al., 1985; Moslemian et al., 1989; De-
vanathan and Moslemian, 1988) and for the liquid in bubble
columns (Devanathan et al., 1990; Dudukovi¢ et al., 1991;
Yangetal., 1992a,b, 1993; Dudukovi¢ and Devanathan, 1993).

This article describes a new radioactive particle tracking
system (RPT) developed for mapping solids velocity fields in
multiphase reactors by tracking a gamma-emitting particle that
follows the solid phase. In principle, the method is similar to
CARPT (Dudukovi¢ et al., 1991), but it should yield improved
spatial resolution because of the use of a model which accu-
rately describes the interactions of the gamma rays with the
reactor and the detectors and a least-squares 3-D (three-di-
mensional) inverse reconstruction algorithm. The new tech-
nique is currently being used to map the mean Eulerian solids
velocity fields in three-phase fluidized beds (Larachi et al.,
1993a) and in gas-solid spouted beds (Roy et al., 1994), and
soon will be operational on circulating and turbulent gas-solid
fluidized beds.

Detection System and Method of Calculation of
Tracer Position

Figure 1 shows a typical arrangement of the detectors around
the reactor where they are placed on two levels of four sur-
rounding the column with 90° spacing. A flow follower of the
same size and density as the solids in the reactor is tagged with
the radioisotope “Sc. It emits gamma rays of energies 889 and
1,120 keV that are continuously monitored by an array of eight
uncollimated 76 mm x 76 mm Tl activated sodium iodide scin-
tillation detectors (energy resolution, 7.5%). A multiscaling
system acquires data simultaneously for the eight detectors.
Energy discrimination ensures that only signals corresponding
to full gamma ray energy deposited in the detector are counted.
The count rates recorded by the eight detectors are used to
determine the tracer position.
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Figure 1. Arrangement of detectors around the reactor
and geometrical construction determining
path length e and distance d traveled by the
photons in the reactor and detector.

The number of photopeak counts C recorded by the scaler
during time T from a source of activity 4 placed in a dense
medium at (x, ¥, z), a certain distance away from a detector,
depends on: (1) the probability that a gamma ray emitted
towards the detector will emerge from the reactor without being
absorbed or scattered; (2) the absolute total full-energy peak
efficiency of the detector, that is, the fraction of unscattered
gamma rays emerging from the reactor which are recorded.

Quantitatively, this dependence can be expressed according
to the following relationship (Tsoulfanidis, 1983):
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where » is the number of gamma rays emitted per disintegration
(v=2 for “Sc), r is the distance between the source and a point
on the outer surface of the crystal, e the path length traveled
by the gamma ray in the reactor and d the thickness of the
crystal in the direction given by vector 7 (Figure 1). ¢ is the
peak-to-total ratio and 7 the dead time per recorded pulse.
Gamma rays which Compton scatter in the reactor are re-
jected by the discriminators and do not contribute to the ac-
cepted (photopeak) counts. They do, however, contribute to
the dead time, but their omission from the denominator of
Eq. 1 is justified by the fact that the dead time correction is
high only when the source is near the detector. This is where
the unscattered gamma rays impinging on the detector far
outnumber the scattered ones (Larachi et al., 1994),
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Equation 1 cannot be solved analytically for a complicated
geometry such as the one shown in Figure 1. It is evaluated
numerically using a Monte Carlo calculation which models the
emission, attenuation and detection of the gamma rays (Lar-
achi et al., 1994). The Monte Carlo calculations are verified
by comparing the calculated counts for the eight detectors with
those measured by placing the radioactive particle at 150 lo-
cations under actual flow conditions via the calibration ports.
Then, for each detector, a map is computer-generated using
the Monte Carlo calculation for approximately 20,000 grid
points throughout the reactor.

The inverse operation consists of locating the a priori un-
known tracer position using the measured counts in each de-
tector. A given number of counts in one detector implies that
the particle is located on an isocount shell, which is a sphere
distorted by the attenuation of the dense medium in the reactor
and by the anisotropicity of the detector. The actual tracer
position is at the intersection of the eight isocount shells cor-
responding to the eight detectors. These shells are imprecise
and a strategy must be adopted to calculate the optimal in-
tersection point, because of the statistical fluctuations inherent
in the measured counts. The least-squares approach which was
adopted searches among the 20,000 grid points to find the one
which minimizes the weighted sum over the eight detectors of
the squares of the differences between the measured counts
and the Monte Carlo calculations. Since the coordinates of the
best grid point thus determined are not of sufficient accuracy,
the search is continued in the neighborhood of this point. It
is not necessary to perform new Monte Carlo calculations for
each new point tested because, for small variations in position,
no accuracy is lost if it is assumed that the detector efficiency
varies as the inverse square of the distance between the source
and the center of the detector. In this case Eq. 1 can be replaced
by:

2
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Here the symbols with asterisks refer to the new location and
the others to the nearby grid point, r is the distance between
the source and the geometric center of the detector and e is
the path length traversed by the gamma ray through the dense
medium along r.

Performance of the System

In order to measure the accuracy and precision of the system
for determining the tracer location, tests were performed under
actual flow conditions in both the spouted bed and the fluidized
bed with a static tracer positioned at known locations and a
moving tracer constrained to a concentric circular trajectory.
The resolution of the system can be quantified in terms of
spatial standard deviations which should be as small as pos-
sible. One expects the following relationship between the 3-D
standard deviation and the system characteristics (Bevington,
1969):
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Figure 2. Tracking of labeled tracer particle (a) in a gas-solid spouted bed and (b) in a three-phase fluidized-bed
variation with time of axial component.
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Figure 3. Mean Eulerian velocity field of the axisymmetrical solids flow (a) in a gas-solid spouted bed and (b) in a
three-phase fluidized bed.
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It has been demonstrated previously (Larachi et al. 1993b,
1994) that the spatial resolution is improved by: (1) increasing
the number of detectors; (2) reducing the distance between the
column walls and the detectors; and (3) increasing the sampling
time. The resolution was, however, independent of the density
of the reactor fluid mixtures. For the 0.03-s sampling period,
the average 3-D staridard deviation varied from 3 to 8 mm
(average 6 mm) for both the fluidized and the spouted beds
with a 1.85-MBq radioactive source and 8 detectors surround-
ing 500-800-mm-high emulsions. With the same sampling pe-
riod and 16 detectors, Devanathan (1991) reported resolutions
of up to 26 mm for empty columns and even greater for fluid-
filled columns.

3

Application to Solids Velocity Field in Three-Phase
Fluidized and Gas-Solid Spouted Beds

As an illustration of the performance of the system in a real
situation, Figure 2 shows the movement in the axial direction
(vertical) of a tagged particle, activity 1.85 MBgq, in a gas-solid
spouted bed with conical base and a three-phase fluidized bed
both containing 3-mm glass beads. The sharp peaks in Figure
2a indicate very fast movement in the spout region where
velocities as high as 2 m/s are measured. The movement is
very regular and a mean circulation time of the solid particles
can easily be determined. It may also be seen that the particles
descend with an annular downward flow, and most of the time
they reach the bottom of the reactor where they are pushed
up by the gas in the upward spout flow (Roy et al., 1994). In
the three-phase fluidized bed, the solid flow (Figure 2b) is less
regular than in the spouted bed. However, several long and
slightly irregular trajectories can be observed. Large ascending
bubbles may drift and their wakes may convectively entrain
solid particles from the distributor to the bed inversion zone,
because of the prevailing heterogeneous flow in the bed. Ve-
locity fields can be plotted in a 2-D r-z frame as shown in
Figures 3a and 3b for the spouted bed and the fluidized bed,
because of the axial symmetry of the flows. Each velocity vector
shown is the average of all velocities determined at a given
location, and details on velocity calculations may be found in
Dudukovié et al. (1991).

The improved analysis and flow diagnosis of the multiphase
hydrodynamics made possible by the present technique will
lead to a more profound understanding of the phenomena
involved in the motion of discrete particles in multiphase re-
actors. The technique will soon be implemented on circulating
and turbulent gas-solid fluidized beds.
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Notation

A = source activity, MBq

C = gamma ray count

d = distance traversed in the crystal by an undisturbed gamma ray,
mm

= path length traveled in the reactor by an undisturbed gamma

ray, mm

distance between source and a point on the outer surface of the

crystal, mm

sampling time, s

horizontal coordinate, mm

horizontal coordinate, mm

vertical coordinate, mm
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Greek letters

o = standard deviation, mm

7 = detector dead time, s

p = total linear attenuation coefficient, mm ™'
Q = solid angle, strd

Subscripts

D = detector

R = reactor
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