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Noninvasive monitoring of multiphase flow is rapidly gaining increased interest. More specifically noninvasive particle
tracking techniques have received a lot of attention in recent years to study dense granular flow. However, these techni-
ques are usually quite expensive and require strict safety measures. An improved magnetic particle tracking (MPT) tech-
nique for dense granular flow will be presented in this article. The improvements of the analysis technique for MPT will
be demonstrated and rigorously tested with a three-dimensional system and two-dimensional sensor system. The
strengths and limitations of the MPT technique will also be reported. Finally, the results of the MPT are compared with
data obtained from a combined particle image velocimetry and digital image analysis technique. © 2014 American Insti-
tute of Chemical Engineers AICRE J, 60: 3133-3142, 2014
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Introduction

Gas-solid fluidization is an important industrial multiphase
operation for various chemical and physical processes in the
industry, including gasification, combustion, catalytic crack-
ing, gas phase polymerization, drying, and coating. Favor-
able characteristics include excellent solids mixing, good
contacting between gas and solids, and excellent heat trans-
fer characteristics. Because these multiphase flows are highly
complex, they have been subject to many studies, both
experimentally and computationally. Recent advances in
computational power and modeling have allowed detailed
studies of solid’s motion, gas back mixing, and gas-solid
interactions. This consequently asks for more and/or better
experimental methods for validation. The outcome of these
studies should eventually lead to improvements in operation
and design.

Most of the experimental techniques used in dense granu-
lar flows rely on noninvasive monitoring techniques. Among
these, particle tracking techniques have shown great potential
in characterization of dense granular flows: mixers, fluidized-
and spouted beds. Positron emission particle tracking
(PEPT),' radioactive particle tracking (RPT), computer-aided
radioactive particle trackingz, and particle tracking velocime-
try (PTV) are the most well known.? Recently, a new and
promising technique was introduced; magnetic particle track-
ing (MPT). MPT is a technique that has been used in the
medical field to study the motility tract and targeted drug
delivery4 and originates from the work of Richert et al.’
Typically, this technique uses a small magnetic source, usu-
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ally a magnetic dipole, the magnetic signal of which can be
detected by a series of sensors. Based on these signals, a
reconstruction of the magnetic field can be made, and thus,
the position and orientation of the magnet can be determined
via an appropriate algorithm.

One of the main advantages of the MPT over other parti-
cle tracking techniques is its relative low cost and the ease
of use with respect to PEPT or RPT and its compatibility
with three-dimensional (3-D) systems with respect to PTV.
In PEPT and RPT, the sensors and the use, preparation, and
handling of radioactive tracer material introduces high cost
and special safety issues. In MPT, the use of triaxis aniso-
tropic magnetoresistive (AMR) sensors and neodymium
magnets reduces the costs by at least a factor 10 and has no
safety issues. MPT, however, is restricted by the use of
rather large magnetic markers, a topic which will be
addressed in this work. The magnetic field strength sensed at
the sensor does not only depend on the strength of the mag-
net and the distance to the sensors but also on the relative
orientation of the magnet to the sensor. This allows to also
study rotational motion, which might be especially interest-
ing for nonspherical particles. Table 1 summarizes the
advantages and disadvantages of several particle tracking
techniques.

The use of MPT in dense granular flow has first been pro-
posed by Mohs et al® in a spout fluidized bed. They were
able to follow a rather large magnetic marker at 62.5 Hz.
Halow et al.” studied segregation effects in fluidized beds
using just four Hall effect sensors. Finally, Neuwirth et al.®
have used MPT to enable comparison of measured particle
motion in a rotor granulator with simulated results obtained
from discrete element model. An increase of the measure-
ment rate to 200 Hz in their study revealed an increase in
accuracy. Furthermore, Idakiev and Morl® have recently used
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Table 1. Qualitative Comparison of Particle Tracking

Techniques
CARPT/RPT/

Property PTV PEPT MPT
Costs ++ __ 44
Safety measures + —— +
Spatial resolution + + -
Geometry & size setup - ++ +
Spatial resolution + + -

MPT to study particle trajectories and solids translation
motion in a prismatic spouted bed and a fluidized bed.

For MPT to compete as a technique for particle tracking
in granular flow, the limits of the technique have to be estab-
lished and expanded. Also a first comparison with estab-
lished techniques for granular flow is currently lacking. Hu
et al.'® have studied the effects of multiple nonlinear optimi-
zation algorithms build for speed mostly. In this work, we
will present a new algorithm which is able to determine the
position and orientation more accurately and more precise.
The new MPT technique will be tested using a set of com-
prehensive tests and will finally be compared with a well-
established technique, particle image velocimetry combined
with digital image analysis'""'> (PIV-DIA).

The organization of this article is as follows. In Experimen-
tal Setup section, the experimental setup will be described
whereas in Principle section the principle of the two experi-
mental techniques will be discussed. In MPT Validation sec-
tion, the new MPT analysis technique will be tested and finally
in Comparison of MPT with PIV-DIA section, the results of
the MPT and PIV-DIA techniques will be compared.

Experimental Setup

For the MPT technique, two sensor arrays are used. A
pseudo two-dimensional (2-D) configuration to measure the

particle motion for a pseudo 2-D fluidized bed setup which
is suitable to enable comparison with PIV-DIA. A 3-D setup
is used to test the limits of the experimental technique.

The 2-D setup is presented in Figure 1 and an overview of
all settings and properties is given in Table 2. The MPT sen-
sor setup consists of an array of 6 X 4 triaxis AMR-sensors,
giving in total 72 signals. Setup and control are courtesy of
Matesy GmbH, the setup is capable of measuring at 1000
Hz. The 2-D sensor array is mounted to the frame of the
pseudo 2-D bed. A minimum distance of 0.02 m between
the sensors and the domain of interest was maintained.

The pseudo 2-D fluidized bed setup has dimensions of 0.3 X
0.015 X 1.0 m (W X D X H). The depth is chosen to be small
enough to exhibit 2-D behavior and large enough to avoid
bridging effects. The bottom is covered by a porous distributor
plate of 3-mm thickness and an average pore size of 10 um.
All other parts of the setup are made of aluminium and non-
magnetic stainless steel parts. The flow rate is controlled with
a mass flow controller with a maximum capacity of 1200 L/
min. The front plate is made of glass for visual access.

To be able to compare the MPT with the PIV-DIA tech-
nique, the bed is illuminated using four LED-arrays for homo-
geneous illumination. Images are recorded using a LaVision
HSG4M high-speed camera with an image resolution of 2048
X 2048 pixels and images are captured at 200 Hz. Analysis
of the images is done in Davis 8.1.7 and Matlab.

The 3-D sensor array consists of four rings of six triaxis
AMR sensors with a total height of 0.45 m and a distance of
0.26 m between opposing sensors. Figure 2 is a photo of the
3-D sensor array, clearly depicting the four rings. Each ring
contains six boxes with three sensors each, to a total of 72
sensors for the whole array. All the triaxis sensors are con-
nected to a control box which reads the data and sends it to
a lab computer. Before each experiment, the offset of the
sensors is determined by measuring the field of an empty
domain. After offset determination, a magnetic marker can
be added to the domain and the change in magnetic field can
be measured.

s
Adjustable
camera setup
Psaudo 2D
fluidized bed

Lizhts

High speed
camera

D

PIV Computes

Figure 1. Magnetic particle tracking sensor array (left) and schematic overview of the PIV-DIA setup (right).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table 2. Settings and Parameters

Fluidized Bed

Width 03 m
Height 1.0 m
Depth 0.015 m
Porous plate 3-mm thick
Average pore size 10 um
Mass flow controller 1200 L/min
(max capacity)
Material front plate Glass
Other materials Alumina & stainless steel
(nonmagnetic)

LaVision HSG3

Effective resolution 1500 by 2000 pixels
Exposure time 200 pus
Interframe time 2 ms
Interogation size (multipass) 128 by 128/64 by 64

High Speed Camera

MPT Sensor Array

Sensor type triaxis AMR
Amount 3 X 24
Frequency 1000 Hz
dimensions 0.35, 0.65 m
(width, height)
Particles
Bed material size 2.8-3.2 mm
Density 2526 kg/m®
Minimum fluidization velocity 1.7 m/s
Magnetic marker size 4.7 mm
Density 2100 kg/m3
Magnetic moment 0.0125 Am?
Minimum fluidization velocity 1.8 m/s

Principle
Magnetic particle tracking

The principle of the MPT measurement technique relies
on tracking of a single magnetic marker. Evaluation of the
quasistatic magnetic field results in a position estimate. This
is an inverse problem with five degrees of freedom, three for
position and two for orientation (see Figure 3). When the
magnetic moment of the marker is unknown this can act as a
sixth degree of freedom. The magnetic field is measured by
several sensors that are positioned in a known configuration.
The theoretical signals are calculated using the derivation of
a magnetic field of a magnetic dipole at sufficient distance
from the dipole

_ 1 Un€p
H(ep,l”pg)za <_ |fm |3 +
ps

3.“'m(éP ) rPS)rPS> (1)

sl

With 7ps=r,—7s, um the magnetic moment of the marker,
e, the orientation unit vector of the magnet, calculated via a
transformation of the angles; ¢ and 0 from the spherical to
the Cartesian coordinate system.

By multiplication of this magnetic field with the orienta-
tion of the sensor, the signal strength can be estimated

Se=H (&p, ps) - €5 2)

To determine the position and orientation, the theoretical
signal strengths (S,) given by Eq. 2 are compared to the
actual signals given by the 72 sensors (S,,). The difference
between the two fields is minimized using a quality function
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The quality function 3 is corrected for deviations in each
individual sensor given by a min/max deviation (ﬁ), this

ensures that less accurate sensors, have less influence on the
quality function. Second, the quality function is corrected for
stray fields using a gradiometer ((S)).

Nonlinear Optimization. Hu et al.'® have studied several
optimization algorithms among which a linear function for
the initial guess and several nonlinear optimization methods
to determine the optimum. They found the Levenberg—Mar-
quardt (LM)'® algorithm to be both fast and accurate. For
research purposes, the algorithm does not need to be fast,
and hence, different optimization algorithms can be investi-
gated. The effectiveness of the optimization algorithm can
be improved by providing as much information from the
experiment as possible. Besides the 72 sensor signals, this
also includes the bounds for the possible marker positions.
Some nonlinear optimization methods allow such constraints
to the solution. In this work, the strength of the sequential
quadratic programming (SQP)"? algorithm will be shown.
For the pseudo 2-D setup, the following constraints have
been set slightly outside the physical domain to allow for
error margins

-02<x<02
-03<y<03 4)
0.01 <z<0.07

For the 3-D setup, the following constraints have been set

V2 +y2 <0.13

03<z<03

(&)

In the LM algorithm, the solution of Eq. 1 is done by
solving for the positions x, y, z and the angles ¢, 0. Because
¢ is periodic, estimates across this periodic boundary, 180 to
—180, are difficult to solve and result in erroneous solutions.

Figure 2. 3-D sensor array, 24 triaxis AMR sensors in 4
X 6 cylindrical configuration, connected to a
controller box (not on the photo.)

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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SENSor array

Figure 3. Schematic representation of the principle
behind magnetic particle tracking.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

The SQP algorithm allows for the addition of an extra
degree of freedom by changing to the orientation unit vector
and adding a nonlinear constraint for the norm of the vector

(6)

These three degrees of freedom are tied by one extra func-
tion, in effect reducing the total number of degrees of free-
dom back to five.

Signal Filtering. 1In particle tracking techniques, the sen-
sor signals are often filtered to suppress high noise levels.
Among those, wavelet filters are often used for their capabil-
ity to handle sharp transitions in the signal.” Depending on
the size of the magnet, the signal on the sensors can be quite
noisy and smart ways of filtering have to be used. The LM
method uses an averaging filter, which in principle reduces
the measuring frequency from 1000 Hz to 50 or 200 Hz. We
found that the use of a wavelet filter allows for smoother
signal data and increases the accuracy of the optimization
method. The wavelet toolbox of MATLAB is used to sepa-
rate noise from the signal. In principle, any near symmetric
wavelet function would do.

Initialization. Gradient-search methods like the LM and
SQP algorithms, need an initial estimate to converge to a
local minimum of the target function 3. At the beginning of
the analysis, the algorithm is initialized using a multistart
method, a functionality in Matlab. This multistart method
uses multiple starting positions to find the global minimum.
For any consecutive time step, the previous time step is used
as an initial estimate. However, if the algorithm is unable to
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converge or the quality function is too high, the algorithm is
set to reinitialize. Principally, if the algorithm finds its mini-
mum on the boundary/constraint of the setup, this solution
must be seen as erroneous and the algorithm is also set to
reinitialize. Any final solution at the physical constraints is
seen as an outlier.

Velocity and Solids Fraction. The velocity of the mag-
netic marker follows from the first-order displacement vector

Fps (i+1) " Tps (i)

vp(x, )= A

From the position data, the occupancy of the marker is
determined via

Nineas o0=1 pe (ivj)

Ngrid cells S Vp

o(i,j)=

mess 4] 5=0 p3(i.J)

Meaning that the total counts of the marker in a certain
cell is summed and normalized to the total counts. A value
of 1 would mean an expected average value over the whole
domain, higher values mean that the marker was in that part
of the system more often than the rest of the domain. To
compare the MPT with the DIA, the occupancy is converted
in a local solids fraction. This is done in a similar way as
Wildman et al.'* using Eq. 7

nd) ..

—+N, O

exi,j)=min [ Ee O 6 %
th Ngrid cells

The maximum solids volume fraction is cut-off at 0.6,
which is a common value for fluidized beds with Geldart B/
D particles.

Particle image velocimetry

The results of the MPT will be compared to results of an
established technique; combined PIV and DIA.'"'2 PIV is a
nonintrusive optical technique that provides the displacement
of particles between two consecutive images of a high-speed
camera. For analysis, the images are split in interrogation
areas, where a cross-correlation function is used to determine
the most likely displacement. In this study, interrogation areas
of 64 X 64 pixels are used with 50% overlap. The instantane-
ous particle velocity is determined from the particle displace-
ment, with M the image magnification in pixels/m

Pp(x, )= % ®)

Outliers were removed using a median filter. PIV does not

account for differences in dense and dilute areas, which

would result in averaged particle velocities biased toward

dilute areas where high velocities generally occur. To correct

this, DIA is used. DIA is able to determine the local solids
fraction of a cell.

Digital image analysis

The DIA technique used in this work is based on the algo-
rithm of van Buijtenen et al.'* and de Jong et al.'' Given the
intensity of the interrogation area, a 2-D or apparent particle
volume fraction is obtained for each interrogation area.
Afterward a correction for 2-D to 3-D particle volume frac-
tion is used, following Eq. 9
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Figure 4. Schematic overview of the marker positions
in the stationary tests (top view).

X (m)

Left; u dependency. Right; r dependency. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Combining the information of the DIA with that of PIV
results in a weighted average velocity following Eq. 10

Ziﬁp (x, 1)ép3-D

Z,‘J%Q-D (10

(Vp)i;=

This weighted velocity is comparable to the velocity
obtained with MPT as it is no longer biased by differences
in solids volume fraction.

MPT Validation

From Eg. 1, it can be seen that the strength of the magnetic
field depends mainly on two parameters; the magnetic moment
of the marker, which depends on the volume and composition
of the magnet, and the distance to the sensor. To test the influ-
ence of these two parameters, the error margins and limitations
of the MPT were determined for stationary magnets in a 3-D
setup, as depicted in Figure 2. As a second test, a prescribed
and simple pendulum motion was applied to the magnet to
study the tracking capability of the MPT with the pseudo 2-D
sensor array. Finally, the MPT is compared to the established
PIV-DIA technique in a pseudo 2-D fluidized bed.

Effect of magnetic moment

To study the effect of the magnetic moment on the per-
formance of the MPT technique, magnets with different sizes
and, thus, magnetic moments where positioned in the centre
of the 3-D sensor array on top of a platform in between the
second and third ring. A schematic representation is given in
Figure 4. The properties of the different markers used in this
study are given in Table 3. Using the SQP and LM algo-

10 — —

3 SQP
] LM

E .

) i

8

5 1 3 \\'
- T T T 1100 T
0.01 0.1

Magnetic moment (Am’)

Figure 5. Error dependency of magnetic markers with
varying magnetic moment using the LM
Algorithm and the sequential quadratic pro-
gramming algorithm.

Linear fit with slope-1. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

rithms, the spread in data points was determined by looking
at the standard deviation of the data positions in x- and y-
direction, by sampling the data at 50 Hz. The results are
shown in Figure 5, depicting the error of the analysis as a
function of the magnetic moment for the different nonlinear
optimization schemes.

Figure 5 shows a first-order dependency of the magnetic
field with the magnetic moment, which was expected. It can
also be seen that for this most extreme case (largest distance
from the sensors), for low magnetic moments near 0.01
Am?, the error rapidly increases to 10 mm, which would be
unsuited for actual experiments in fluidized beds.

To better display the power of the SQP analysis, the scatter
of the 0.013 Am? marker (no. 2) is shown in Figure 6 for the
LM and SQP algorithms, using the data sampled at 200 Hz.
The LM method is less accurate and can reach *oo, which
happens three times. Furthermore, 1% of all LM data falls
outside of the physical bounds of the setup. The SQP method
is able to contain all position calculations within physical
bounds and is a factor 2 more accurate, which is possible by
addition of constraints to the optimization function and using
a smart filtering. In general, the SQP method is better suited
to determine the position of a stationary marker.

Effect of distance to sensor

Similar experiments were performed for two of the
markers (nos. 4 and 6) with magnetic moment of 0.03 and
0.18 Am2, to study the effect of the relative distance of the
magnets with respect to the sensors. The markers were
positioned with increasing distance from one of the sensors
as depicted in Figure 4. The results are shown in Figure 7.
The results for the largest marker are acceptable as only a

Table 3. Properties of Magnetic Markers

Magnet Particle Particle Magnetic

No. Magnet Shape Diameter (mm) Diameter (mm) Density (kg/m3) Moment (Am?)
1 Sphere 2 3 3300 0.003

2 Sphere 3 35 4950 0.013

3 Sphere 35 4.8 2900 0.021

4 Sphere 4 4 7400 0.03

5 Cylinder 2 10.2 1500 0.05

6 Cylinder 2 12 1550 0.18
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Figure 6. Scatter of x-, y-positions for LM and SQP algorithms at 200 Hz sampling (top), where the red circle indi-
cates the radial position of the sensors, and histograms of the found locations with respect to the centre

of the setup (bottom).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

small decrease in accuracy was found with increasing the
relative distance. However, for the smaller marker the error
in the analysis of the position increases rapidly to 2.5 mm,
when the marker is positioned toward the center of the setup.
This clearly indicates the importance of a proper design of
the sensor array combined with a proper choice of marker
with respect to the domain of interest.

Furthermore, no radical effects of the orientation were
found in the 3-D setup; the results follow a similar trend as
the particle position. An endurance test for the system was
performed and no decrease in performance or signal drift
was found for 2 h.

Simple pendulum motion

To study the performance of the MPT as a particle track-
ing technique, movement of the magnet was induced. In a
second test case, a magnetic marker was suspended from a
thin wire and given a swing. The resultant pendulum motion
was compared with a dampened harmonic oscillator func-
tion, for the sideways motion (x)

3138 DOI 10.1002/aic
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Figure 7. Error dependency of two magnetic markers
at increasing distance from the nearest sen-
sor using the SQP algorithm.

Spheres; u=0.03 Am? squares; u=0.18 Am> [Color

figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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Figure 8. Results of the pendulum swing with a marker with a magnetic moment of 0.013 Am?, using SQP analyis.

Fitted with a dampened harmonic oscillator, Eq. 11, with R, =99.7%. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

x=e "acos (wt—a)

(1)

The two smallest markers, that is, with the smallest mag-
netic moment: x=0.013 and x=0.003 Am? have been
used in combination with the 2-D sensor array. Note that the
pseudo 2-D setup and sensor array allow for a short distance
between the markers and the sensor array, giving good signal
quality, even with small magnetic moments.

The sideways motion of the magnetic marker with
1=0.013 Am? is shown in Figure 8. A very well behaved
dampened harmonic motion can be observed and it can be seen
that the fit with Eq. 11 is very good. The marker with
w=0.003 Am? is shown in Figure 9. For comparison results
from both the LM and the SQP algorithms are shown. The LM
algorithm has trouble to properly locate the marker and some-
time shows some strange peaks at the end of the swing, which
is near to the edge of the 2-D sensor array. The inability of the
LM algorithm can be attributed to the lack of constraints. By
adding these constraints via the SQP algorithm, the optimiza-
tion converges to the correct point. This can clearly be seen in
Figure 9, where for the SQP algorithm a smooth profile can be
seen. The fit is not as good as for the marker with magnetic

0.1 —
0.0 —

0.1 —

moment u = 0.013 Am?, but still a remarkable fit with the
motion of a dampened harmonic oscillator is found.

Comparison of MPT with PIV-DIA

As a true performance test the MPT was compared to PIV-
DIA, a well-established measurement technique. A magnetic
marker was fluidized in a pseudo 2-D fluidized bed for 1 h
for the MPT and a mere 25 s for the PIV-DIA. These results
in an average of 5000 data points per interrogation area for
PIV-DIA and 230 for MPT. The properties of the magnetic
marker and the bed material are given in Table 3. A magnetic
marker with 1= 0.0125 Am” was chosen as from the pendu-
lum swing we already found that this marker was easy to fol-
low. The minimum fluidization velocity of the bed material is
1.7 m/s, determined with standard pressure drop analysis. The
estimated minimum fluidization velocity of the magnetic
marker is 1.82 m/s using the Beetstra correlation.'” To avoid
segregation of the magnetic marker, background velocities u,,
of 2.5 and 3.5 m/s have been used.

The time-averaged velocity fields of the fluidized beds
obtained with the two techniques are shown in Figure 10,

-0.2 T T T T I T T T I T

0.1

0.0

X (m)

24 28 32 36 40 44 48 52

s L I IR B BN

24 28 32 36 40 44 48 52

time (s)

Figure 9. Results of the pendulum swing with a marker with a magnetic moment of 0.003 Am?, using LM analysis;
top, and SQP analysis bottom, fitted with a dampened harmonic oscillator, Eq. 11, with R, = 98.5%.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 11. Comparison of averaged particle velocity for PIV and MPT in vertical direction at three cross-sections
of the bed.

upe = 2.5 m/s. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 12. Comparison of averaged particle velocity for PIV and MPT in vertical direction at three cross-sections
of the bed.

upe = 3.5 m/s. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 13. Contour plots of the solids volume fraction in the pseudo 2-D fluidized bed, left; PIV-DIA, right; MPT,

Upg =2.5 m/s.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

fluidized with a background velocity of 2.5 m/s. High parti-
cle velocities can be found in the centre of the bed, where
the bubbles predominately rise. The particle velocities in the
annulus are very low. A larger part of the flow seems to
come from the right side of the bed, which can be attributed
to (minor) maldistribution of the distributor plate. Still the
typical circulation patterns are clearly obtained. Overall the
results of the MPT and PIV-DIA compare very well.

Figures 11 and 12 show the vertical velocity components
obtained from the two techniques at three different heights
in the pseudo 2-D bed. These results reveal very good agree-
ment between the two techniques. At low velocities, some
deviations for the MPT can be seen which can be attributed
to the larger error margins, which can be expected from the
magnetic marker position determination and the lower num-
ber of data points per interrogation area.

The large velocities in the centre of bed compare very
well, however, especially for the experiment with a back-
ground velocity of 3.5 m/s.
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00 01 02 03 04 05 0.6

Solids fraction - DIA
Figure 14. Parity plot of the solids fractions obtained
with MPT and DIA.

upg = 2.5 m/s. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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The solids volume fractions were obtained from MPT and
DIA as well using Eqgs. 7 and 9, respectively. Figure 13
shows the time-averaged solids fraction in the fluidized bed.
The dense packing in the annulus can be clearly seen, also
the slight maldistribtion of the distributor plate shows again
with both techniques. The DIA technique is, however, much
more smooth which is due to the larger amount of data
available for averaging. The MPT technique has fewer data
points which are reflected in this contour plot.

Figure 14 shows the direct comparison of the solids vol-
ume fractions of all interrogation areas. In this parity plot,
the lack of data points for the MPT shows more clearly.
Especially in the dense zone the MPT sometimes has a lower
solids volume fraction, the general trend, however, is quite
clear and shows a reasonable agreement between MPT- and
DIA-based results. The results of the MPT in general com-
pares very well to PIV-DIA qualitatively. Quantitatively the
particle velocities compare very well, a quantitative descrip-
tion of the solids fraction with MPT is currently not able to
match itself with DIA. Possibly with longer measurement
time, yielding more data points per interrogation area, this
might be countered.

Conclusions

The newly developed analysis tool for the MPT technique
using SQP and wavelet filtering has been presented and
extensively tested. It was shown that the strength of the
MPT depends heavily on the magnetic moment (u) of the
marker and the relative distance to the sensor array. Further-
more the newly developed method for data analysis, SQP in
combination with wavelet filtering shows a great improve-
ment on the results, owing largely to the addition of physical
constraints to the nonlinear optimization function.

The results of the MPT technique have been compared for
a pseudo 2-D fluidized bed with a well-established noninva-
sive measuring technique for granular flow: PIV and DIA.
The results compare well, showing the strength of the MPT
for measuring granular flow behavior.

Future studies will entail the rotational behavior of the
magnetic markers as well as comparison of the MPT with
computational discrete particle modeling.
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Notation
Roman symbols

H = Magnetic field, A/m
Q = Quality function (-)

S = Sensor signal, A/m

e = unit vector (-)

v = velocity, m/s

s = pixel displacement pixel
M = Magnification, pixel/m
N = Number of (-)

t= time, S

A = Fitting parameter (-)

B = Fitting parameter (-)

Greek symbols

1= Magnetic moment, Am?
&= porosity (-)

Abbreviations and subscripts

MPT = Magnetic particle tracking
PIV = Particle image velocimetry
DIA = Digital image analysis
SQP = Sequential quadratic programming
x = in the x-direction
y = in the y-direction
z = in the z-direction
p = particle
m = measured
t = theoretical
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