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Abstract

A novel magnetic resonance imaging (MRI) technique which resolves the separate components of the evolving vertical con-
centration profiles of 3-component non-colloidal suspensions is described. This method exploits the sensitivity of MRI to chemical
differences between the three phases to directly image the fluid phase and one of the solid phases, with the third phase obtained by
subtraction. '°F spin—echo imaging of a polytetrafluoroethylene (PTFE) oil was interlaced with 'H SPRITE imaging of low-density
polyethylene (LDPE) particles. The third phase was comprised of borosilicate glass spheres, which were not visible while imaging the
PTFE or LDPE phases. The method is demonstrated by performing measurements on 2-phase materials containing only the floating
(LDPE) particles, with the results contrasted to the experimental behaviour of the individual phases in the full 3-phase system. All
experiments were performed using nearly monodisperse particles, with initial suspension volume fractions, ¢;, of 0.1.
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1. Introduction

Sedimentation/flotation of non-colloidal mixtures of
particles and liquids has attracted scientific interest both
because of its theoretical interest and its practical ap-
plication to chemical and food processing. The primary
focus of previous research into the physics of such sys-
tems has been in studies of two phase systems [1-4], in
which a disperse solid particulate phase is settling in a
continuous liquid phase. The rate of sedimentation de-
pends upon the density difference of the solid and liquid
phases, as well as the diameter and volume concentra-
tion of dispersed particles.

Numerous experimental studies have been performed
on two-phase systems using a range of techniques, such
as direct sampling, y-ray tomography, optical trans-
mission, and nuclear magnetic resonance imaging
(MRI) [3-7]. These measurements provided experimen-
tal data on one-dimensional flow of the disperse par-
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ticulates within the continuous liquid phase. Based on
these studies, a variety of theoretical and empirical re-
lations between volume fraction and hindered velocity
have been developed [1,2,7]. These relations state that
the presence of multiple particles results in a retardation
of sedimentation velocity in a manner which depends
upon local particle concentration, ¢, i.c.,

v =vG(¢). (1)

The coefficient G is the hindered settling factor, which
has a value less than unity and relates the terminal ve-
locity vy of an isolated particle to that of the clearing
front, v, in a system containing many such interacting
particles of the same size. While the above description
has been given for sinking particles, the theory applies as
well to rising particles [3].

The development of theoretical models for three-
phase systems requires the determination of experi-
mental data capable of providing spatial concentrations
of individual phases at all stages of the clarifying pro-
cess. However, three-phase systems, containing both a
sinking and a floating solid phase, are difficult to study.
This is because the above-mentioned experimental
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methods are unable to discriminate different solid pha-
ses, during the period when the two solid phases are
dispersed within each other.

NMR imaging methods have previously been used to
study sedimentation/flotation processes by obtaining
frequency encoded spin—echo images of the liquid phase,
with the solid phase concentration obtained by sub-
traction [5-7]. While this is sufficient for determining
spatial concentration of total solid content in a three-
component mixture, it does not permit the discrimina-
tion of individual solid phases. We therefore describe a
technique which utilizes the sensitivity of NMR to
chemical differences in materials to discriminate NMR
signals from individual phases.

2. Experimental setup

All NMR measurements were performed at 1.9T in
an Oxford horizontal bore superconducting magnet with
a clear bore diameter of 310 mm, using a quadrature
driven RF birdcage probe (Morris Instruments, Ottawa,
ON, Canada) tuned to the 'H frequency of 80.35 MHz,
and a TecMag Libra spectrometer (TecMag, Houston,
TX, USA). The gradient set (Magnex, Oxford, UK) had
a maximum output of 4 G/cm, and was driven by Te-
chron (Elkhart, IN, USA) 7700 amplifiers. Experiments
were performed at an ambient temperature of approxi-
mately 21 °C.

3. Design of sedimentation/flotation phantoms

Selective discrimination of components by magnetic
resonance requires the careful selection of materials used
in the sedimentation phantoms. One common method of
differentiating materials is to “null” a specific nuclear
spin species, based upon differences in the spin-lattice
relaxation time [8]. We have found, however, that
quantitative imaging using this method requires a min-
imum delay of 57 to allow for complete recovery of the
spin system, which places a limit on the RF pulse rep-
etition time, and ultimately on the temporal resolution
of the technique. We have therefore chosen to discrim-
inate between the liquid and solid phases based upon
nuclear spin species, and therefore resonant frequency.

Materials chosen for the sedimentation phantoms
were therefore selected so two of the phases gave
chemically distinct signals and the third phase none.
Thus, a RF pulse applied at a specific frequency would
lead to a detected NMR signal from only one of the
three individual phases. We need only to obtain signals
from two of the phases to determine the spatially re-
solved concentrations of all three components.

For a solid component we chose low-density poly-
ethylene (LDPE). While many semi-crystalline hydro-

carbon polymer plastics would be suitable (such as
polyvinyl chloride (PVC) and acrylonitrile butadiene
styrene (ABS)), LDPE has the advantage that it is fully
hydrogenated and has a high amorphous content, which
gives a strong NMR 'H signal with a relatively narrow
linewidth of approximately 2100 Hz. To differentiate li-
quid and solid signals we then chose a perfluorinated oil
for the liquid phase. This oil contains no hydrogen while
providing a strong '°F NMR signal, and is available in a
variety of viscosities. In our 1.9T magnet, 'H and °F
resonant frequencies are 75.6 and 80.35 MHz, respec-
tively.

The second solid phase was chosen to be spheres of
borosilicate glass. This glass is negatively buoyant in
perfluorinated oil, and has no significant NMR image
intensity at either 'H and '°F frequencies. Therefore, an
image acquired at a resonant frequency of 75.6 MHz will
result in a spatial map of only the liquid concentration,
while an image obtained at a resonant frequency of
80.35MHz will produce a map of only the positively
buoyant LDPE solid phase. While suitable candidates
for NMR sensitive materials for all three phases can be
found, imaging all three phases would only act to de-
crease the ultimate temporal resolution. However, using
a third NMR sensitive material with a distinct Larmor
frequency (such as *H or °Si) would permit studies of
four-phase materials.

The sedimentation phantoms were made using LDPE
grains (Ultra Chemical, Red Bank, NJ, USA) sieved to
between 150 and 180 um and glass spheres sieved to
between 250 and 300 um for the floating and sinking
phases, respectively. These particular LDPE and glass
spheres had a specific gravity of 0.919 and 2.5, respec-
tively. All phantoms were produced using a viscous
polytetrafluoroethylene (PTFE) Krytox GPL 105 oil
(DuPont, Danbury, CT, USA) as the perfluorinated li-
quid phase. This oil has a specific gravity of 1.9, and a
kinematic viscosity of 550 ¢ST at 20 °C. Krytox has high
purity, and we were unable to detect a 'H signal from
this oil. All phantoms were contained in acrylic right
cylindrical vials with a 32-mm i.d. and a height of 34-
mm. The particle sizes and oil viscosity were chosen so
that sedimentation times were on the order of 1-2h in
this geometry.

To test the imaging method, both two-phase (con-
taining only the buoyant LDPE solid phase) and three-
phase (containing both the LDPE and glass solid
phases) phantoms were created. The two-phase phan-
tom consisted of a LDPE solid concentration (¢g;) of
10% by volume, while the three-phase phantom
consisted of a LDPE solid concentration of 10% and
a glass solid concentration (¢g,) of 10%.

The phantoms were slowly mixed for several minutes,
with a thin rod, to ensure uniform dispersion of the solid
particles without introducing air bubbles. Once the
phantoms were mixed they were placed in the magnet
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and NMR data acquisition typically commenced within
10s.

4. NMR imaging method

The method used to image the sedimentation phan-
toms is to rapidly interleave sequences appropriate to
imaging solids and liquids. Much like the choice of
phantom materials themselves, this therefore requires a
careful selection of NMR imaging pulse sequences that
are ideally suited to imaging each individual phase.

The most technically challenging phase to image is
the solid LDPE. Given that this material has a multi-
component 7> with a long component (corresponding to
the amorphous phase) of 150 us, most “‘conventional”
imaging sequences are incapable of obtaining good S/N
data. The SPRITE sequence [9] is a pure-phase encoding
based method which has been used for imaging a variety
of broadline materials, and is suitable for imaging of
semi-rigid polymers such as LDPE [10,11].

The SPRITE method involves a series of broadband
RF excitation pulses, applied in the presence of a gradient
that is stepped through the full spectrum of phase encode
values (see Fig. 1). Typical step lengths Ty, are on the
order of milliseconds. Given that the long 77 component
of LDPE is approximately 300 ms, RF pulses are applied
at the Ernst angle [8]. In all current sedimentation ex-
periments we used 64 k-space data points acquired with an
8 ms step delay (Tiep), 360 us phase encoding time (fenc), a
maximum phase encode gradient of 4 G/cm, and an Ernst
angle excitation pulse of 2.5 us (¢ = 22°). Fourier trans-
formation of the data results in an image field-of-view of
5.5cm. NMR spectrometer frequency was set to
80.35 MHz for excitation and detection.

Using the above imaging parameters, each k-space
data line required 512 ms per scan. A cooling delay of4.5s
was required between individual scans in order to prevent
the gradient coils overheating, because the gradient set
used in these experiments was not actively cooled. With
the above acquisition parameters, the sedimentation
phantoms required signal averaging 24 scans to obtain an
image with good S/N, leading to a total imaging time per
one-dimensional concentration profile of 120s. The
cooling delay therefore puts a lower limit on imaging
speed, using our current equipment. The time per profile,
however, is still much less than the time for sedimentation
(1-2h) using the phantoms described above.

The SPRITE gradient cooling delay is not totally
wasted time, however, because a portion of this time is
used to acquire the image data for the liquid phase.
Following the end of the 'H SPRITE acquisition, the
spectrometer frequency is shifted to the '°F resonance of
75.6 MHz, and a conventional spin—echo frequency-en-
coded pulse sequence is used to acquire an image of the
PTFE liquid phase (see Fig. 1).

Set Spectrometer
Frequency to
80.35 MHz ('H)

Y - Gradient

Shift Spectrometer

Gradient
Frequency to Cooling
75.6 MHz (*F)  : Delay (TR)
v
/2 T

A

e qh 1
W

Y-Gradient [ | 1
Fig. 1. NMR pulse sequence. SPRITE imaging of the LDPE solid
phase is performed with RF excitation and detection at the 'H fre-
quency of 80.35MHz. SPRITE is a pure phase encoding technique,
which utilizes low flip angle RF pulses (o) applied during the presence
of a magnetic field gradient, where #, is the phase encoding time and
Tyep is the time between RF pulses. During the gradient cooling delay,
required due to duty cycle restrictions, the spectrometer frequency is
shifted to the "F frequency of 75.6 MHz. A conventional frequency
encoded profile of the PTFE liquid phase is then performed, using a
soft, chemically selective, excitation pulse to prevent chemical shift
artifacts.

The °F excitation was a soft, chemical shift selective
pulse, applied in the absence of a gradient. This is re-
quired because the NMR signal from the PTFE oil
contains two groups of lines separated by a chemical
shift of approximately 70 ppm. Therefore, imaging with
a RF pulse which excites the entire '°F spectrum of the
oil leads to a severe chemical shift artifact. The selective
RF pulse excites and encodes only one spectral group-
ing, thereby avoiding the image artifact.

All images of the PTFE liquid phase were acquired
using a 5.4ms echo time (TE), with 64 k-space data
points acquired with a 1.4-G/cm read gradient and a 32-
us dwell time. The 180° pulse length was 300 us at the
F frequency. Pulse repetition rate TR ™! was limited by
the SPRITE gradient cooling delay. Therefore, 24 scans
were averaged per one-dimensional profile with a TR of
5s. The choice of read gradient strength and dwell time
was made so that the '°F liquid phase image exhibited
the same field-of-view as the 'H solid phase image.
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Because the two resonance frequencies are only
4.7 MHz apart, our singly tuned RF probe is capable of
exciting/detecting both resonances. In all experiments
shown here, we used a RF probe with an unloaded Q-
factor of approximately 150, tuned, and matched at the
'H resonant frequency. We note that the although the
9F resonance is significantly outside the bandwidth of
the RF probe, we are able to sacrifice the majority of the
PTFE signal because the signal from the oil is several
orders of magnitude stronger (in a probe tuned to the
YF frequency) than that from the LDPE solid. This
results in NMR signals from the LDPE solid and the
PTFE liquid which are comparable in amplitude.

5. Results and discussion
5.1. Two-phase experiments

We first applied the method to a two-phase system
containing only the PTFE liquid and the LDPE buoyant
solid phase. After placing the fully mixed phantom in
the magnet, 60 one-dimensional vertical profiles of both
phases were obtained over a 2-h period. The evolution
of one-dimensional vertical concentration images for the
PTFE liquid and LDPE solid phases are shown in Fig.
2a and b, respectively. Several representative one-di-
mensional plots are shown in Fig. 3.

The results clearly demonstrate the ability of this
method to selectively resolve the individual spatial con-
centrations (¢) of the solid and liquid phases. Further-
more, the concentration images of the solid phase are
shown to be equal to 100% minus the measured spatial
concentration of the liquid phase, which validates that the
method accurately measures the concentration of each
phase simultaneously. The results show a sharp flotation
clearing front which proceeds linearly with time, until the
front approaches the compacted region. This behaviour is
typical for two-phase sedimenting systems [3].

5.2. Three-phase experiments

The method was next applied to a three-phase system,
containing both a floating LDPE solid phase and a
sinking glass solid phase. Results were obtained using
identical acquisition parameters as in the two-phase
system, with 60 profiles of the solid LDPE and liquid
PTFE phases obtained over a 2-h period.

Following Fourier transformation of the imaging
data sets, the entire liquid phase data set was normalized
so the mean value of liquid volume fraction ¢; in the
clear fluid (fully settled) region was equal to 100%. Us-
ing this normalized data set, we calculated the mean ¢;
in a region containing only LDPE solid and PTFE oil.
The LDPE solid imaging data set was then normalized
so the same region (containing only LDPE and PTFE
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Fig. 2. One-dimensional images of volume fraction versus time for a 2-
phase sedimenting system, shown for (a) PTFE liquid fraction (¢;)
and (b) LDPE solid fraction (¢yg;). Sixty profiles of each phase were
acquired simultaneously over a 2 h period. Images are 64 points with a
field-of-view of 5.5 cm.

oil) had a mean LDPE volume fraction ¢g; equal to
100% minus ¢y .

The difference between the two normalized liquid and
solid phase data sets leads to a spatial map of the volume
fraction of the negatively buoyant glass solid phase ¢q,.
Vertical concentration images versus time are shown for
the PTFE liquid, LDPE solid, and glass solid phases in
Fig. 4a—c, respectively. These results demonstrate the
capability of the method to determine the spatial con-
centration of the NMR ““invisible” solid phase, as the
difference of the two experimentally measured phases.

Now we can compare behaviour of the two and three
phase phantoms. The clearing front velocity of the LDPE
solid in the three phase phantom is no longer constant in
time. Indeed, during the period when the sinking and
floating phases are dispersed within each other, the flo-
tation velocity of the LDPE particles is higher than in the
analogous two-phase phantom. Thus, the hindered flo-
tation factor (Eq. (1)) has increased when the third phase
was introduced and the floating and sinking particles are
interspersed, even though the total local concentration of
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Fig. 3. Representative one-dimensional plots of (a) PTFE liquid frac-
tion (¢ ) and (b) LDPE solid fraction (¢g, ), obtained from the data set
shown in Fig. 2. Profiles are shown for evolution times of 2 (), 20 (O),
40 (A), 60 (x), 80 (+) and 100 (O) minutes after initial mixing.

particles is higher. This is evidenced by the higher initial
flotation rate of the clearing front at early times in Fig. 4b
(~ 5.7 x 10~*cm/s) relative to the clearing front in the
analogous image in Fig. 2b (~ 2.9 x 10~*cm/s). Sedi-
mentation/flotation velocity can be approximated by the
instantaneous slope of the clearing front position versus
time. Accurate determination of the hindered velocities in
such systems, using more complex methodologies [7], will
be the subject of future work.

The effect on sedimentation rates in multicomponent
mixtures of particles with varying relative sizes has
previously been noted in the literature [12-15]. However,
only a limited amount of experimental data has been
published on such systems. Future experiments will
therefore systematically study the effect of varying rel-
ative velocities on the individual hindered sedimenta-
tion/flotation factors in three component systems.

6. Conclusions

We described a new experimental method that is ca-
pable of simultaneously resolving the one-dimensional
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Fig. 4. One-dimensional images of volume fraction versus time for a 3-
phase sedimenting system, shown for (a) PTFE liquid fraction (¢; ) and
(b) LDPE solid fraction (¢g;). Volume fractions of (c) the negatively
buoyant glass phase (¢g,) were obtained by subtraction with
sy = 100% — [¢g; + ¢ ]. Sixty profiles of each phase were acquired
simultaneously over a 2 h period. Images are 64 points with a field-of-
view of 5.5cm.

spatial concentrations of the liquid and solid phases in a
three-phase separating system. This method should pro-
vide information on the behaviour of multiphase sedi-
menting systems which cannot be provided by other
methods.
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The temporal resolution of the method is limited by
maximum amplitude and duty cycle restrictions of the
gradient coils. Water-cooled gradient coils, capable of
providing 8 G/cm at 100% duty cycle will increase the
temporal resolution to approximately 5 s per profile. The
acquisition of concentration profiles with higher tem-
poral resolution will permit accurate calculations of the
functional relation between hindered velocity and vol-
ume fraction, called the “hindrance function™ [7], for
individual phases in multiphase systems. We are cur-
rently performing experiments to study how differences
in the relative sedimentation velocity of individual solid
phases affect the hindrance functions, in three phase
systems compared to the corresponding two-phase sys-
tems.
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