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Radioactive particle tracking is a nonintrusive technique that has been successfully used to study the flow dynamics in a
wide range of reactors and blenders. However, it is still limited to the tracking of only one tracer at a time. A multiple
radioactive particle tracking (MRPT) technique that can determine the trajectory of two free or restricted (attached to
the same particle) moving tracers in a system is introduced. The accuracy (<5 mm) and precision (<5 mm) of the pro-
posed technique is evaluated by tracking two stationary tracers and two moving tracers. The results confirm the reliabil-
ity and validity of the MRPT technique when the two tracers have the same isotope and the distance between them is
not too small (>2 cm). The tracking of two sticking tracers at the two ends of a cylindrical particle in a rotating drum
is also considered to illustrate the potential of this characterization method. VC 2014 American Institute of Chemical

Engineers AIChE J, 61: 384–394, 2015
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Introduction

In chemical engineering, reliable measurement of the flow
dynamics in various systems is essential. To do so, sophisti-
cated measuring techniques have been developed and
improved by advances in computer control and instrumenta-
tion technology.1 These improvements are of two types,
namely the reduction of the measurement volume and the
degree of intrusiveness, and have lead to two different cate-
gories of measurement techniques. The first category, which
provides locally refined information about the flow structure,
is composed, for instance, of capacitance and fiber-optic
probes.2 The second category is characterized by the absence
of side effects coming from the interaction between the
medium and the measurement apparatus2; it includes optical
techniques such as laser Doppler anemometry and particle
image velocimetry, and radioactive techniques such as radio-
active particle tracking (RPT)2 and positron emission particle
tracking (PEPT).3 The optical methods are essentially limited
to transparent systems while radioactive techniques can be
applied in opaque systems, because gamma rays can pene-
trate relatively easily through various materials. PEPT uses
two positron-sensitive detectors mounted on the opposite
sides of a system to detect pairs of exactly back to back
gamma rays resulting from the annihilation of a positron.3–8

This technique is able to detect a tracer when this tracer is
within the volume covered by the detectors. RPT uses an
array of several compact sodium iodide (NaI-Tl) detectors,
which can be flexibly arranged around the system. As RPT

and PEPT use different detectors and rely on different algo-

rithms to reconstruct tracer trajectories, they have their own

advantages and drawbacks. For instance, RPT setups are

compact, flexible, and cheap compared to those of PEPT.9

Conversely, it is not trivial to extend RPT to systems with

irregular moving boundaries.9

RPT was developed by Lin et al.10 in 1980s to track the
motion of a single particle noninvasively in fluidized beds.
In this method, a labeled tracer particle, a data acquisition
system and a location algorithm are used to calculate the
tracer position, as illustrated in Figure 1 in the case of granu-
lar flow in a rotating drum. The tracer is a labeled particle
containing an irradiated radionuclide, such as 46Sc and
24Na,11,12 which decays due to the emission of gamma rays.
The data acquisition system, which consists of an array of
sodium iodide (NaI-Tl) detectors, amplifier/discriminators,
and high-speed counters, records the number of gamma
rays—the so-called event counts—coming from the tracer,
which are almost completely absorbed inside the detectors
during the sampling time. The location algorithm will be
described in detail in the following section. Several publica-
tions, principally by the groups of Chaouki and Dudukovic,
on the application of RPT for gas, liquid, and three-phase
fluidized beds,13–17 bubble columns,18,19 stirred tanks,20,21

spouted beds,22,23 V-blender,9,24 and rotating drums25–27

have showed the capabilities of this technique for monitoring
the flow dynamics in various systems. A few investigations
to improve the accuracy of RPT results by choosing a proper
radionuclide for the tracer,11,12 designing an optimal setup
with respect to the sensitivity of the detectors,12 and remov-
ing saturated detectors from location calculations,28 have
also been reported. In addition, RPT has been modified to
visualize the tracer motion online,11 and extended to systems
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with irregular moving boundaries9 as well as systems with
high velocities.28

Although RPT has showed powerful noninvasive tracking
abilities in different processes, it is still limited to the track-
ing of only one tracer at a time. Tracking more than one par-
ticle simultaneously is definitely of interest because it could
yield direct information about both the translational and rota-
tional motions of particles. In particular, the rotational
motion of particles may play a significant role for instance
on the lift force exerted on them and then have an impact on
their distribution.29 In systems where heat transfer is
involved, the rotational motion of solid particles may change
the rate of heating or cooling by increasing the interphase
heat transfer coefficient.30,31 In addition, by tracking more
than one particle at the same time, the effect of the spatial
orientation of nonspherical particles when they hit the wall
of a system or bubbles in a fluidized bed, as well as the rela-
tive motion of two freely moving particles, can be studied.
Furthermore, the validation of discrete element-based models
is another reason why the tracking of multiple particles is of
interest.

In this study, a so-called multiple radioactive particle
tracking (MRPT) technique that is capable of simultaneously
tracking two tracers, which can move freely or are con-
strained to stay at a fixed distance from each other, is intro-
duced. This method will be first explained in detail, followed
by two types of experiments to show its potential. It will
then be applied to a rotating drum filled with cylindrical par-
ticles mixed with spherical glass beads.

Method

RPT location algorithm

The RPT location algorithm calculates the spatial position
of the tracer (X5 x; y; zð Þ) from the set of event counts
(U5 Uif gi51::N) recorded by the data acquisition system
(each of the N detectors). The latest generation of this algo-
rithm is based on a phenomenological model that predicts
the event counts for each detector for given tracer posi-
tions.9,32,33 As there is no analytical inverse function for this
model, the algorithm uses a direct search method and seeks

the tracer position corresponding to a given set of event
counts by covering the entire domain of the system. To do
so, the algorithm relies on a discretization of the domain
into tetrahedra and nodes, and calculates a set of event
counts for the detectors corresponding to each of these
nodes. The algorithm then reconstructs the tracer position by
solving a minimization problem that yields the smallest gap
between the measured and calculated sets of event counts.
The phenomenological model and minimization procedure
will be presented and discussed in the next two sections, fol-
lowed by the introduction of the MRPT technique.

Phenomenological model

For a given system, the number of detected gamma rays
(event counts) recorded by a detector is function of the rela-
tive position of the tracer and the material between this
detector and this tracer. This relationship can be approxi-
mated by a phenomenological model that relates the number
of events for detector j to the position of the tracer34,35

Uj Xð Þ5
TtR/njðX; lsÞ

11stR/njðX; lsÞ
(1)

where T is the sampling time, t is the number of photons
emitted by disintegration (t52 for 46Sc),15 R is the tracer
activity, / is the photopeak-to-total ratio (/50:40 for
46Sc),15 s is the dead time of the acquisition system, and Uj

Xð Þ and njðX;lsÞ represent the event counts and the effi-
ciency of detector j with respect to position X, respectively.
In Eq. 1, the efficiency term njðX;lsÞ, which brings into
play the attenuation coefficient ls, is the only variable that
depends on the tracer position and the most challenging term
to evaluate. By definition, the efficiency is the fraction of
emitted gamma rays that hit a given detector as they travel
across the system.36 As there is no analytical solution for
this efficiency, except in some simple cases, a Monte Carlo
technique has been devised to compute it.9,15,32,33,35

Reconstruction of the tracer position

To minimize scattering and back-reflection effects, gamma
rays outside of a certain energy window are rejected using
an amplifier/discriminator. To take into account the amplifi-
cation and discrimination of the original pulses during the
data acquisition process, and to obtain the attenuation coeffi-
cient of the system ls, a calibration test is performed prior
to each RPT experiment. The tracer is positioned in n given
positions Xkf gk51::n inside of the system. For each detector j,
the attenuation coefficient of the system ls, the tracer activ-
ity R, and the dead time of the acquisition system s are fitted
by solving the minimization problem

min
R;s;ls

Xn

k51

Uj Xkð Þ2Um
j

Uj Xkð Þ1Um
j

 !2

(2)

where Uj Xkð Þ and Um
j are the calculated and measured event

counts for detector j with respect to position Xk,
respectively.

As the calculation of event counts is time consuming, the
algorithm saves them in a matrix, the so-called dictionary, so
that this information is readily available when needed. More
precisely, for each detector, a dictionary is built, which con-
tains the calculated event counts associated with all the
nodes used to discretize the domain of the system V (see
Dube et al.37 for the nodal geometry). Then, for a given set

Figure 1. Typical RPT setup for a rotating drum.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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of measured event counts, the algorithm seeks the node Pi

yielding the smallest gap between the corresponding set of
calculated event counts and these measured event counts by
solving

min
Pi2V

XN

j51

Uj Pið Þ2Um
j

Uj Pið Þ1Um
j

 !2

(3)

After obtaining node Pi, the algorithm further refines the
position of tracer XP by searching every tetrahedron TP that
contains this node

min
XP2TP

XN

j51

Uj XPð Þ2Um
j

Uj XPð Þ1Um
j

 !2

(4)

A linear interpolation is used to compute the values of the
event counts at XP based on the values at the nodes of the
corresponding tetrahedron.

MRPT technique

When adding a second tracer, the data acquisition system
records the event counts resulting from both tracers. As the
contribution of each of these tracers on the recorded event
counts is not known, the location algorithm cannot be
applied in a straightforward manner. To get around this
problem, two approaches may be considered: (a) determine
the contribution of each tracer on the recorded event counts
or (b) create a new location algorithm that can deal with the
combined recorded event counts.

In the first approach, the tracers should be built from two
different isotopes, where one has a high gamma energy peak
significantly different from the other energy peaks. The ampli-
fiers/discriminators of the acquisition system can be divided
into two groups. The first group only captures gamma rays
that have energies within a range around the highest energy
peak. The second group records gamma rays that have ener-
gies within a window covering the other energy peaks. Conse-
quently, one possibility would consist of positioning the
highest energy peak tracer (made from one of the two iso-
topes) using the current RPT algorithm. The phenomenologi-
cal model presented in the previous section could then serve
to calculate the tracer position, and the contribution of this
first tracer on the events recorded by the second group of
amplifiers/discriminators could be calculated and subtracted
from the total event counts monitored by this group. This
would enable the positioning of the second tracer with the
current RPT algorithm. However, it is known that some of the
gamma rays with the highest energy peak scatter when they
interact (Compton scattering or pair production) so that they
lose energy and end up within the range of the other energy
window. Therefore, these gamma rays are recorded by the
second group of amplifiers/discriminators and their contribu-
tion is not subtracted from the recorded event counts. The
number of such gamma rays varies depending on their travel
distance and the material that they pass through, as well as on
the random nature of the radioactive interactions (further dis-
cussion is provided in Appendix). These gamma rays repre-
sent noise for the second tracer, which increases the noise to
signal ratio and leads to poor positioning. This method is then
difficult to use in practice.

In the other approach, the second tracer (tracer B) is built
with the same isotope as the first tracer (tracer A). Therefore,
the data acquisition system records the event counts resulting

from both tracers. As the contribution of each tracer on the
collected event counts is not known, the standard RPT loca-
tion algorithm is not applicable. To overcome this problem,
it is proposed to seek the position of the two tracers simulta-
neously instead of tracking each tracer individually. Conse-
quently, the algorithm must be adapted to handle this new
tracking technique. More precisely, it should be able to pre-
dict event counts resulting from two tracers located at two
given positions. In fact, because of the dead time of the
acquisition system, the superposition property does not hold
for the measured event counts.34,36 However, this property is
still correct for the actual event count rate associated to
detector j

N
ðA;BÞ
j ðXA;XBÞ5NA

j ðXAÞ1NB
j ðXBÞ (5)

where N
ðA;BÞ
j XA;XBð Þ is the actual event count rate resulting

from both tracers A and B at positions XA and XB, with
respect to detector j. NA

j XAð Þ and NB
j XBð Þ are the actual

event count rates for tracers A and B at position XA and XB,
with respect to detector j.

There is a relationship between the actual event count rate
Nj, the measured event counts Uj for sampling time T and
dead time s34,36

NI
j ðXIÞ5

UI
jðXIÞ=T

� �
12s UI

jðXIÞ=T
� � ; I5A;B or ðA;BÞ (6)

Substituting (6) into (5) then yields

UðA;BÞj ðXA;XBÞ=T
� �

12s UðA;BÞj ðXA;XBÞ=T
� �5

UA
j ðXAÞ=T

� �
12s UA

j ðXAÞ=T
� �1

UB
j ðXBÞ=T

� �
12s UB

j ðXBÞ=T
� �

(7)

Rearranging Eq. 7 results in a model that can predict the
total measured event counts coming from both tracers based
on the individual measured event counts

UðA;BÞj XA;XBð Þ5
UA

j XAð Þ1UB
j XBð Þ22 s=T

� �
UA

j XAð ÞUB
j XBð Þ

12 s=T

� �2
UA

j XAð ÞUB
j XBð Þ

(8)

where UðA;BÞj XA;XBð Þ is the calculated event count resulting
from both tracers A and B at positions XA and XB, with
respect to detector j. UA

j XAð Þ and UB
j XBð Þ are the event

counts calculated from Eq. 1 for tracers A and B at position
XA and XB, with respect to detector j.

Prior to a two-radioactive-particle tracking experiment,
two calibration tests are first performed to obtain the fitted
parameters of Eq. 1 for tracers A and B, individually. Using
a procedure similar to that for the RPT algorithm, diction-
aries are built for each tracer with respect to each detector.
For a given set of measured event counts, the algorithm then
seeks the nodes Pi for the tracer A and Pk for the tracer B
yielding the smallest gap between the sets of calculated and
measured event counts by solving

min
Pi;Pk2V

XN

j51

UðA;BÞj Pi;Pkð Þ2Um
j

UðA;BÞj Pi;Pkð Þ1Um
j

 !2

(9)

After obtaining the pair of nodes Pi and Pk, the algorithm
further refines the positions of tracers XA and XB by
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searching tetrahedra TPi
and TPk

that contain nodes Pi and
Pk, respectively

min
XA 2 TPi

XB 2 TPk

XN

j51

UðA;BÞj XA;XBð Þ2Um
j

UðA;BÞj XA;XBð Þ1Um
j

 !2

(10)

A linear interpolation is used to compute the values of the
event counts at XA and XBbased on the values at the nodes
of the corresponding tetrahedra.

Experimental

The isotope used for tracers A and B is scandium-46
(46Sc). To choose the activities of the tracers, there were
two considerations. First, for the setup used, the summa-
tion of the tracer activities should be less than 95 mCi to
avoid saturation of the detectors. Second, the tracers
should have different activities so that they can be identi-
fied. Therefore, activities of 53 and 39 mCi were chosen
for tracers A and B, respectively. Twelve 76 3 76 mm2

NaI (Tl) scintillation detectors (Teledyne Isotope S-1212-I)
are positioned around the setup (Figure 2) on two levels in
the vertical direction. Each detector is connected to a scin-
tillation tube and the signal is amplified and discriminated
by an ORTEC ACE Mate amplifier/discriminator (925-
Scint). The sampling time T for the measurements is 10.0
ms, which corresponds to 100 locations per second. In this
study, two types of experiments were done: (a) one for the
validation of the MRPT technique and (b) one for the
application of this new method. These two groups of
experiments are the topic of the next two subsections,
respectively.

Validation of the MRPT technique

These experiments were conducted in a plexiglass col-
umn with a 15 cm diameter and filled with water up to
12 cm in height. They involved: (a) two tracers that can
move freely (the so-called free MRPT) or (b) two tracers
at a fixed distance from each other (the so-called restricted
MRPT). To assess the accuracy and precision of the
MRPT technique, these experiments were carried out with
stationary and moving tracers for both free and restricted
MRPT.

In the stationary particle tests, the accuracy and precision
of the MRPT technique were evaluated by reconstructing the
tracer positions, the tracers being located at fixed positions.
In the case of the free MRPT, the sources were placed at
eight different distances from each other. In the case of the
restricted MRPT, three rod-like tracers were built by fixing
radioactive sources at the two ends of three acrylic rods with
a 6 mm diameter and 2, 3, and 4 cm in length, respectively.
Each tracer was placed in 12 different positions and six dif-
ferent orientations. Each such stationary particle test was
performed for 12 s.

In the moving particle tests, the effect of the tracer speed
was assessed on the basis of the quality of the reconstruction
of the tracer positions, these tracers having known displace-
ments and speeds (circular motion). To control the displace-
ment of the tracers, an electromotor with a constant
rotational speed of 10.5 rpm was vertically installed at the
top of the column (see Figure 2). The middle of an adjusta-
ble arm was perpendicularly joined to the shaft of the elec-
tromotor. Therefore, by fixing the tracers to the arm and

adjusting the arm length, a circular motion with given radii
was generated. In the case of the free MRPT (Figure 2a),
two tracers each with its own radius were set in circular
motion by attaching the two corresponding sources to the
two arm tips. For the restricted MRPT (Figure 2b), each rod-
like tracer was set in circular motion by fixing it to one tip
of the arm, in such a way that the line going through the
two sources is perpendicular to the axis of the shaft of
the electromotor. All the moving particle experiments lasted
3 min.

Example of application

This type of experiment was conducted in a rotating drum
24 cm in diameter and 38 cm in length. The drum was filled
to 35 vol % with acrylic cylindrical particles (20% v/v)
6 mm in diameter and 3 cm in length, and spherical glass
beads (80% v/v) 3 mm in diameter. The drum rotational
speed was set at 2.5 rpm. All the particles were uniformly

Figure 2. Schematic of the experimental setup for (a)
moving free MRPT and (b) moving restricted
MRPT test.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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mixed at the beginning. A rod-like tracer 3 cm in length was
used to mimic the motion of the cylindrical particles.

Results and Discussion

Validation tests

The accuracy (degree of closeness of the measurements)
of the MRPT technique can be evaluated by comparing the
actual and measured average values of the tracer positions
(p) and speeds (s) and, in the case of a rod-like tracer, of the
orientations (aÞ

pxk5

XM

i51
x̂i

k

M
2xk

������
������ (11)

sxk5

XM

i51
v̂xi

k

M
2vxk

������
������ (12)

a5

XM

i51
acosð ti

!
:tÞ

M

0
@

1
A3180=p (13)

The precision (reproducibility) can be assessed through
the standard deviation of the measured values of the tracer
positions and, in the case of a rod-like tracer, of the
orientations

rxk5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XM

i51

x̂i
k2

XM

j51
x̂j

k

M

0
@

1
A

2,
M

vuuut (14)

rk5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2

xk1r2
yk1r2

zk

q
(15)

ra5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXM

i51

acosð ti
!
: t
!Þ

� �2

=M

vuut (16)

In these expression, xk represents the actual position of
tracer k, pxk and sxk are the errors of the MRPT results on
the position and speed of tracer k along the x axis, respec-
tively, x̂i

k and v̂xi
k the ith calculated position and speed of

tracer k along the x axis, respectively, t
!

and ti
!

the actual
and the ith calculated value of the unit vector representing
the rod-like tracer, respectively, rxk the standard deviation of
the position of tracer k along the x axis, and M the number
of samples. More details on this can be found in the book by
Tsoulfanidis and Landsberger.36

In general, the quality of RPT results depends on system
characteristics (size, uniformity, type, etc.) as well as RPT
setup characteristics (number of detectors, arrangement of
the detectors, etc.). Therefore, for comparison purposes, sin-
gle tracer RPT tests were also carried out individually for
tracers A and B in the same system. The averaged accuracy
(p) and precision (r) for these tracers are pA 5 0.7 mm,
rA 5 1.3 mm, pB 5 0.8 mm, and rB 5 1.6 mm, respectively.
In both cases, there is scattering in the calculated tracer posi-
tions and the corresponding standard deviations rA and rB

are greater than the discrepancies pA and pB. This scattering
comes from the fluctuations in emitted gamma rays due to
the random nature of the radioactive decay. The standard
deviation of these fluctuations is in fact equal to the square
root of their mean values.36 In fact, the slightly better preci-
sion of the results for tracer A (greater activity) can be

explained by comparing the relative standard deviations of
the measured event counts for both tracers. Although the raw
event counts were passed through a Butterworth filter in the
location algorithm, the filtered event counts still exhibit
some fluctuations. Another source of scattering is the noniso-
tropic emission of gamma rays.

Stationary particle tests for the free MRPT technique

Using a 10-ms sampling time and a 12-s experiment dura-
tion, 1200 measurements were recorded for each stationary
particle test. The filtered data start at zero and then level off
to a slightly oscillating value after a certain time, which
depends on how the filter parameters were chosen. There-
fore, the first 600 tracer positions were rejected to eliminate
physically meaningless information.

The variation in the position error and standard deviation
vs. the distance between the tracers is displayed in Figure 3.
It can be noticed that the accuracy and precision of the
MRPT results are not as good as (larger values) than those
of the RPT results (pA 5 0.7 mm, rA 5 1.3 mm,
pB 5 0.8 mm, and rB 5 1.6 mm). In MRPT, the fluctuations
in the gamma rays emitted by both tracers add up, leading to
a larger standard deviation of the measured event counts. To
calculate the relative standard deviation for each tracer in
MRPT, the total standard deviation is divided by the mean

Figure 3. Variation of the (a) position error (accuracy)
and (b) standard deviation (precision) of the
position, as a function of the distance
between the tracers.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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value of the event counts of each tracer individually
(rrA5

rðA;BÞ
�UA

and rrB5
rðA;BÞ

�UB
). Therefore, the relative standard

deviation for each tracer is higher compared to that of RPT
(rrA5 rA

�UA
and rrB5 rB

�UB
), resulting in lower precision. The

other reason for the lower precision of MRPT is due to the
fact that the gamma rays emitted come from two tracers. In
some cases, the calculated position for tracer A may be such
that this tracer is closer than reality to some detectors. For
these detectors (set #1), the contributions of tracer A to the
total calculated event counts will be larger than what it
should be, and those (set #2) related to the detectors that are
further than expected will be smaller. Consequently, the con-
tributions of tracer B associated with the set #1 of the detec-
tors will be smaller and those related to set #2 will be larger.
This means that the calculated position of tracer B is closer
than reality to the detectors of set #2 and further to those of
set #1. In other words, the positioning error related to tracer
A will increase the positioning error of tracer B.

Figure 3 also shows that tracer A has better accuracy and
precision than tracer B. Because of its lower activity, tracer
B yields fewer event counts. Its relative standard deviation
rrB is also larger, resulting in a lower precision compared to
tracer A. It can be seen that the error and standard deviation
decrease when the distance between the tracers increases.
For a detector, the higher the contribution of tracer A (resp.
B) in the measured event counts (the lower the relative
standard deviation), the more effective it is in positioning
tracer A (resp. B). When tracers A and B are far from each
other, some of the detectors (set #1) are closer to tracer A
and some other detectors (set #2) are closer to tracer B. The
detectors of set #1 are then effective in the positioning of
tracer A for two reasons: first, the contribution of tracer A in
the total event counts is high and second, the impact on the
standard deviation of the total event counts due to tracer B
is small. Therefore, the relative standard deviation of tracer
A is close to that of RPT for the detectors of set #1 under
the same conditions. For similar reasons, the set #2 of detec-
tors is then effective in the positioning of tracer B. When
tracers A and B get close to each other, the detectors of set
#1 and set #2 become similar. Therefore, in comparison with
the previous case, the relative contribution of tracer A to the
total event counts for the set #1 of detectors is smaller and
the impact on the standard deviation of the total event counts
due to tracer B is higher. Therefore, the relative standard
deviation of tracer A is higher compared to that of the previ-
ous case, which means that the positioning of this tracer is
not as good. Similar discussion can be done for tracer B.

Stationary particle tests for the restricted MRPT
technique

In the restricted stationary MRPT tests, the middle point
of the rod-like tracer is calculated by averaging the posi-
tions obtained for sources A and B with the standard
approach. The accuracy and precision of the middle points
for the three different rod-like tracers are illustrated in Fig-
ures 3. These results show a better accuracy and precision
of the middle point positions than those of the individual
sources. In some cases, the position of one of the sources is
closer than reality to a group of detectors because of the
fluctuations and nonisotropic emission of gamma rays.
When this occurs, the corresponding group of detectors
locates the other source at a larger distance to them to be
compliant with the total event counts measured. This is

why the middle point can be positioned more accurately
than its two surrounding sources.

One can take advantage of the fact that the middle points
can be positioned more accurately and that the distance
between the two tracers is known to determine their location
more efficiently. Indeed, a rod-like tracer can be defined by
its middle point position and the orientation vector connect-
ing its two end points. The mean error and standard devia-
tion of the orientation are depicted in Figure 4. It shows that
the accuracy and precision increase with the distance
between the sources. As the position error and standard devi-
ation are higher at smaller distances (Figure 3), so is the ori-
entation error. In addition, the larger the rod, the smaller the
impact of a given position error on the orientation error
will be.

To assess the ability of this alternative approach for posi-
tioning a rod-like tracer in restricted MRPT, the positions of
the two sources located at the tips of a rod-like tracer were
reconstructed from its length and the measured values of its
middle point position and orientation. The mean error and
standard deviation of the results obtained with this approach
are illustrated in Figure 5. It can be readily noticed that the
accuracy and precision are better for all three cases, and that
the improvement is more important for the 2-cm long rod-
like tracer. Note that the restricted MRPT results subse-
quently presented were obtained with this alternative
approach.

Moving particle tests for the free MRPT technique

In the free MRPT moving particle tests, the tracers were
set in motion independently along circles of radii 2, 3, 4,
and 5 cm (see Figure 6). The tracer speed was varied from
22 to 56 mm/s for the different runs. Figure 6a shows the
average positions of tracers A and B rotating along circles of
5 and 4 cm radii (sA 5 56 mm/s and sB 5 46 mm/s), respec-
tively. Figure 6b shows typical average velocity vectors for
the tracers in an xy plane for these runs. The results obtained
indicate that the proposed MRPT technique can adequately
measure the positions and speeds of the two tracers.

The results of the variation in the average position stand-
ard deviation and speed error vs. the speed of the tracers are

Figure 4. Variation of the mean error (accuracy) and
standard deviation (precision) of the orienta-
tion of the rod-like tracers.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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displayed in Figure 7. This figure shows an adequate resolu-
tion for these tracking experiments. As already discussed,
tracer A can be located more precisely than tracer B. In
these free MRPT tests, as the minimum distance between the
tracers is more than 4 cm, the effect of the distance between
the tracers on the results is expected to be very small (see
Figure 3). Figure 7 shows that the position standard devia-
tion and speed error are mainly dominated by the corre-
sponding contribution in the z direction. Previous work from
the literature12,33 indicates that the results could be improved
by placing the detectors on more than two levels along the z
direction. In these moving particle tests, the fact that the
tracers move during a recording interval causes an additional
source of error compared to the stationary particle tests. This
explains the small increase in the standard deviation of the
tracer positions with respect to the speed of the tracers in the
xy plane. Considering that the sampling time was 10 ms and
the highest tracer speed was 56 mm/s, the tracers could then
move a maximum of 0.56 mm during a recording interval.
As this maximum displacement is much smaller than the
MRPT resolution (see Figure 3), the accuracy of the results
(position and speed error) is not significantly affected by the
variation of the tracer speed within the range of speeds
considered.

Moving particle tests for the restricted MRPT technique

In the restricted MRPT moving particle tests, the rod-like
tracers were set in motion in a coupled manner along circles.
The variation of the average position standard deviation and
speed error corresponding to the middle point vs. the speed
of the tracers is given in Figure 8. As already discussed, the
resolution for rod-like tracers improves when the distance
between the sources increase. This explains the trend
observed in the figure. As the displacement of a tracer dur-
ing a recording interval increases with its speed, so does its
position standard deviation (Figure 8a). Because the electro-
motor has a constant rotational speed, the length of the arm
was varied to adjust the speed of the tracers. Therefore, the
tracers are closer to the wall of the system when their speed
is higher, resulting in the decrease of the number of effective
detectors and consequently, in the increase of the speed error
and the position standard deviation (Figure 8). Despite it all,
the resolution remains better than that of free MRPT (see
Figure 7).

Figure 6. Tracers A and B rotating along 5- and 4-cm
radius circles, respectively: (a) average posi-
tion and (b) velocity vector.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 5. Comparison of the (a) accuracy and (b) preci-
sion obtained with the standard and alterna-
tive techniques for the restricted MRPT
stationary tests.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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The variation of the mean error and standard deviation of
the orientation of the rod-like tracers vs. the speed of these
tracers is displayed in Figure 9. It can be noticed that the
error is lower for the longer rods due to the larger distance
between the sources. More precisely, it can be deduced that
the orientation error and standard deviation are mainly domi-
nated by the corresponding contributions in the z direction.
The values of these quantities in the xy plane are similar to
those for the stationary particle tests (Figure 4).

Flow in the rotating drum

To demonstrate the applicability of the proposed MRPT
technique to investigate the flow dynamics in a realistic
application, experiments were conducted in a rotating drum
(2.5 rpm) filled with acrylic cylindrical particles 6 mm in
diameter and 3 cm in length, mixed with 3-mm spherical
glass beads, for a duration of 30 min. A rod-like tracer 3 cm
in length was used to mimic the motion of the cylindrical
particles based on the so-called ergodicity assumption
(the time average of one tracer is equal to a population

average24). At 2.5 rpm, the speed of the rod-like tracer could
reach up to 25 cm/s (at the middle of free surface). There
are two reasons for mixing cylindrical particles with glass
beads. First, there are many applications where large par-
ticles are mixed with smaller particles: blending, transport,
pyrolysis, sintering, drying, incineration, combustion. Sec-
ond, such a test case gives us the possibility to assess quali-
tatively the MRPT results by visual observation. Because of
the segregation mechanism between large and small par-
ticles, the cylindrical particles will migrate to the wall of the
drum and the glass beads will settle near the middle of it.26

The speed of the tracer was calculated as the time deriva-
tive of its position. It is important to remember that the rod-
like tracer position is defined by its middle point position.
As the MRPT technique tracks a tracer in a Lagrangian man-
ner, the domain was discretized into cells and the data were
converted into Eulerian data. To obtain a velocity profile in
a xy transverse plane, the tracer speeds in each cell were
averaged regardless of the tracer position along the z axis.

Figure 10a shows the velocity profile of the cylindrical
particles in the transverse plane. To eliminate the errors
coming from the fluctuations in the tracer position and
instantaneous speed, a large number of data is required for

Figure 7. Variation of (a) the average position standard
deviation and (b) the average speed error vs.
the speed of the tracer in the free MRPT
tests.

XY means that only the contribution in the x and y
directions were taken into account in the calculations of

the corresponding quantities, whereas 3D means that all

three directions were considered in these calculations.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 8. Variation in (a) the average position standard
deviation and (b) the average speed error vs.
the speed of the rod-like tracers in the
restricted MRPT tests.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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each cell. An average of about 200 data points per cell were
available to calculate the velocity profile, which is qualita-
tively in good agreement with that of spherical particles26

(Figure 10b), except in regions where the free surface
reaches the wall of the drum. It was observed that collisions
between high-speed and low-speed particles occurring in the
low extremity of the free surface often resulted in the jump
of a few cylindrical particles. Such collisions also generated
a disorder of these particles in this section of the bed. Figure
10a also indicates that the rod-like tracer could not reach the
core of the bed owing to segregation between the spherical
and cylindrical particles.

Figure 11a shows the position and orientation of the rod-
like tracer during a single circulation of the tracer. To visual-
ize in an effective manner the orientation of cylindrical par-
ticles during the circulation, the L axis is introduced and
defined as the axis that passes through the center of the
domain and is parallel to the free surface, while the angle h
is defined as the angle between the rod-like tracer and this L
axis. We recall that the motion of the particles in a rotation
drum is generally investigated by dividing the bed into two
sections: (1) a thin lens-like layer beneath the free surface
called active layer wherein the particles slide downward and
(2) a large passive layer underneath the active layer where

the particles flow along arcs of different radii. Figure 11b
shows average values of h in both sections. It can be
observed that when the particles reach the free surface (top
left part in Figure 11a), their orientation angles are wide.
When sliding along the free surface, these angles decrease
until the particles reach around L 5 28 cm. Downstream
from this region, the particles slide almost parallel to the
free surface (h 5 0) until they reach around L 5 6 cm, after
which their orientation angles start increasing until they hit
the wall of the drum. One can also notice in Figure 11 that
particles located on the free surface near L 5 10 cm can
have wide orientation angles, which enable them to penetrate
more easily into the passive layer of the bed. These particles
then flow in a solid-like body motion, as evidenced by the
constant decrease rate of their orientation angles (Figure 11b).

Figure 9. Variation of (a) the mean error and (b) the
standard deviation of the orientation of the
rod-like tracers vs. the speed of these trac-
ers in the restricted MRPT tests.

XY means that only the contribution in the x and y
directions were taken into account in the calculation of

the corresponding quantities, whereas 3-D means that

all three directions were considered in these calcula-

tions. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 10. Velocity vectors in the transverse plane of the
drum for (a) cylindrical particles after 30 min
and a rotational speed of 2.5 rpm, (b) 3-mm
glass beads and a rotational speed of
11.6 rpm (this figure is adapted from Ref. 26,
with permission from Wiley).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Alternatively, these particles may remain in the active layer
for a while before entering the passive layer. What one
should appreciate here is that such information could not be
provided by single tracer RPT.

Conclusion

This work shows that the proposed MRPT technique can
simultaneously track two tracers that move freely or are at a
fixed distance from each other. By conducting stationary and
moving particle tests, it was demonstrated that MRPT can
position two tracers with an error similar to that with single
tracer RPT when the distance between these tracers is more
than 4 cm. It was also observed that when the distance
between the two tracers is fixed, the middle point (<2 mm)
and orientation of the tracers (<5�) can be measured
adequately with this technique. Finally, the MRPT technique
was applied to the flow of spherical and cylindrical particles
(3 cm in length, speed up to 25 cm/s) in a cylindrical drum
(2.5 rpm). Good results were obtained as regards the position

and orientation of the cylindrical particles using a rod-like
tracer to mimic the motion of these cylindrical particles.

Future work will include the impact of the activity ratio
between two tracers comprising a nonspherical particle on
the efficiency of the MRPT technique, particularly when the
distance between these two tracers is small.
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APPENDIX

In this appendix, the noise coming from the tracer with higher

energy peak (tracer B) on the event counts of the other tracer

(tracer A) is calculated. To do so, a Monte Carlo approach is

considered. In the rotating drum, 200 pair positions for tracers A

and B are chosen randomly (Figure A1a). For a given pair of

positions, to calculate the amount of gamma rays that are scat-

tered from tracer B, two different situations are considered: first,

with an empty drum and next, with a drum filled with particles.

The difference between the event counts for these two situations

is related to the amount of scattered gamma rays. Only a portion

of these scattered gamma rays will end up in the energy window

of tracer A. Here, it is assumed that this portion is 20%. There-

fore, the event counts of tracer A, the noise from tracer B on

the event counts of tracer A, and the noise to signal ratio for

tracer A can be calculated (Figure A1b). To ease the analysis,

only 100 data points are displayed in Figure A1b. It shows that

the noise to signal ratio varies significantly with the pair posi-

tion of tracers A and B. While in some cases the noise is negli-

gible, in many cases it can be large. The averaged noise to

signal ratio is about 0.6 (calculated from the 200 data points),

which is very high and likely to result in poor positioning of

tracer A.

Manuscript received May 30, 2014, and revision received Sep. 19, 2014.

Figure A1. (a) Distribution of pair positions for tracers
A (blue) and B (red) in the drum and (b)
event counts for tracer A, the noise from
tracer B on the event counts of tracer A,
and the noise to signal ratio for tracer A,
for each pair position.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

394 DOI 10.1002/aic Published on behalf of the AIChE February 2015 Vol. 61, No. 2 AIChE Journal

http://wileyonlinelibrary.com

	l
	l
	l
	l

