PHYSICAL REVIEW E 75, 020302(R) (2007)

Rapid two-dimensional imaging of bubbles and slugs in a three-dimensional, gas-solid, two-phase
flow system using ultrafast magnetic resonance
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Ultrafast magnetic resonance has been applied to measure the geometry of bubbles and slugs in a three-
dimensional gas-solid two-phase flow. A bed of particles of diameter 0.5 mm were fluidized with gas velocities
in the range of 0.08—0.26 m/s. Bubbles were imaged in transverse as well as vertical planes with an acquisi-
tion time of down to 25 ms and a spatial resolution down to 1.7 mm. Owing to the ultrafast character of these
measurements, it is not only possible to evaluate correlations, e.g., for the bubble diameter, but also evaluate
models of complex hydrodynamic phenomena, such as the splitting and coalescence of bubbles.
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Owing to its complex behavior, granular matter has at-
tracted considerable interest among engineers and more re-
cently physicists [1]. The phenomena studied have included
mixing and segregation in rotating drums [2] and vibrating
beds [3,4], the dynamics of granular arrays flowing down an
inclined plane [5,6], and partially and fully fluidized systems
[7-10]. However, it is very challenging to image three-
dimensional (3D) granular systems, as they are usually opti-
cally opaque. This limits the ability to observe phenomena
such as axial segregation or the formation and coalescence of
bubbles. Many experimental studies have been limited to
two-dimensional (2D) systems [11,12], which are observable
by optical measurement techniques, employing high-speed
cameras. Experimental techniques do exist to make measure-
ments in 3D, optically opaque systems; these include electri-
cal capacitance tomography [13], x-ray tomography [14],
positron emission particle tracking (PEPT) [15], and mag-
netic resonance (MR) [9,10,16-19]. The advantage of MR
over these other techniques is that it can image the distribu-
tion of solids as well as their velocities in both single- and
two-phase granular systems. MR is also chemically specific
and therefore can track changes in composition, i.e., chemi-
cal reactions.

To date MR has mainly been applied to liquid phase sys-
tems, owing to the favorable relaxation properties of liquids.
Imaging of granular systems is significantly more difficult
because of the magnetic inhomogeneity and short nuclear
spin-spin relaxation time constants characteristics of solid
systems. Early investigations applying MR to granular sys-
tems have focused on imaging the solid phase and have in-
cluded systems in which the system was stopped during ac-
quisition, e.g., to measure the segregation of solids in
rotating drums [20]. Alternatively, simple periodic systems,
such as vibrating beds, were studied by averaging the signal
at a certain point in the cycle over several cycles [21]. The
first studies of gas-solids systems concentrated on gas-
fluidized beds and have been reported only very recently
[10,16—-19]. A fluidized bed typically comprises a bed of
granular solids supported on a porous plate in a vertical col-
umn, through which gas flows upwards. The solids become
fluidized when the flow rate of gas is enough for the pressure
drop across the bed to become equal to its weight per unit
area of the column. The minimum superficial velocity of the
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gas required to fluidize the bed is U,,. For particles in Gel-
dart’s group B or D, gas in excess of this minimum fluidiza-
tion velocity forms bubbles. The dynamics of fluidized beds
are inherently complex and involve very short time scales.
However, most MR studies [10,17,18] report time-averaged
measurements, such as particle velocities or time-averaged
density profiles. Only two studies [16,19] report ultrafast 1D
profiles; the measurements were, however, spatially averaged
over a transverse plane, i.e., a plane orthogonal to the axis of
the column. In the context of these studies, “ultrafast” refers
to data acquisitions over time scales of 1-100 ms, which is
fast relative to the second or minute time scales typical of
standard MR pulse sequences. Acquisitions of such high time
resolution enable imaging of dynamic processes in gas-solid
flows, which evolve over these short time scales. In particu-
lar, Miiller er al. [19] investigated the hydrodynamics in gas-
fluidized beds using ultrafast MR. As the measurements were
spatially averaged over a transverse plane, only the height
and velocity of a bubble or slug could be determined. Direct
imaging of the gas phase of a fluidized bed is less well-
studied. However, a study of gas exchange between the
bubble and emulsion phase as well as the velocity distribu-
tion of the gas, using hyperpolarized '?*Xe as the fluidizing
gas, has been reported [9].

This Rapid Communication reports ultrafast, slice-
selective MR of the integrated signal intensity associated
with the solid phase in a horizontal plane of a gas-fluidized
bed, giving 1D intensity profiles in a horizontal plane. Fur-
thermore, 2D images both in transverse and vertical planes
were acquired. These images enabled the direct observation
of the 2D geometry of a bubble or slug in a 3D gas-fluidized
bed. The images were obtained with spatial resolution and
acquisition time such that the dynamics of individual bubbles
coalescing could be observed in 2D. Finally, the effect of
bubble motion during acquisition on the quantification of the
measurements was studied (images shown in this Rapid
Communication are zero-filled to a size of 64 X 64).

The fluidized bed was made of an acrylic column, i.d. (D,)
50 mm, length 1.4 m. The distributor consisted of a drilled
plate containing 37 holes, each 1.0 mm diameter. Seeds (Nu-
dicaule; 500 um mean diameter; Geldart B) were used as
solids with U,,=0.13 m/s. The height of the unfluidized
bed, H, was either 355 or 255 mm. The bed was fluidized at
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FIG. 1. Bubbles and slugs in a bed of Hy=255 mm: (a) Bubbles
at h=45 mm, U-U,,=0.13 m/s, (b) bubbles at h=75 mm, U

~U,,;=0.08 m/s, (c) wall slugs at =245 mm, U-U,,,=0.08 m/s,
and (d) vertical cross section of an ideal wall slug.

U/ Umf:l.25—3.0, i.e., the excess gas velocities ranged be-
tween U-U,,,=0.03 and 0.26 m/s. The high oil content of
the seeds enabled MR imaging. The fluidized bed was placed
vertically in a Bruker DMX 200 spectrometer operating at a
proton ('H) frequency of 199.7 MHz. A birdcage radio fre-
quency (rf) coil (i.d. 64 mm) positioned around the outside
of the fluidized bed was used to excite and detect the MR
signal from the seeds. Spatial resolution was achieved using
a three-axis shielded gradient system capable of producing a
maximum magnetic field gradient of 0.139 T/m. No signal
was obtained from the fluidizing gas. To image bubbles and
slugs in a 3D fluidized bed the following fast low-angle shot
(FLASH) [22] pulse sequences were applied.

(i) Soft-pulse 1D FLASH. Here, a single horizontal slice
was excited and thus a single voxel in one 1D profile repre-
sents the intensity averaged along the x or y axis, i.e.,
I(x)=[I(x,y)dy or I(y)=[I(x,y)dx at a given z position. In
this Rapid Communication, the axis of the column is referred
to as the z axis, whereas the x and y axes lie in a plane
orthogonal to the axis of the column. The maximum bubble
diameter can be derived from such measurements. The ac-
quisition time was 4.4 ms and the spatial resolution along the
line of sight was 469 um. The slice thickness in the
z-direction was 2.5 mm.

(ii) Soft-pulse 2D FLASH. A horizontal or vertical slice of
the bed was excited and a full 2D intensity profile of the
excited slice was then acquired. Depending on the spatial
resolution, the acquisition resolution was either 25 or 50 ms.
The spatial resolution of a horizontal slice was, respectively,
1.7 % 3.4 mm? and 0.9 X 1.7 mm? for the long and short val-
ues of the acquisition time. The corresponding spatial reso-
lution of a vertical slice was, respectively, 1.7 X 4.1 mm? and
0.9 2.0 mm? for the long and short acquisition time. The
slice thickness was 5.0 mm; for a vertical slice the phase
encoding was in the axial direction.

FLASH images are reported, taken at heights 45, 75, 90,
150, and 245 mm above the distributor. At an axial height of
245 mm, the bed was in the slugging regime. Here, a slug is
a bubble, whose diameter is close to the diameter of the
column. Depending on particle size, bed diameter, and oper-
ating conditions, different types of slugs, i.e., wall-, axisym-
metric, and flat-nosed slugs, can occur [23]. Below 150 mm,
depending on the fluidization velocity, slugging or bubbling
will prevail. Figure 1 shows slice selective 1D FLASH mea-
surements.

PHYSICAL REVIEW E 75, 020302(R) (2007)

557|) 55
g £
g& €
= E=ES
8 j= 8 =]
s o5
© ©
0 0] . \
o  bosion g5 position 55
along x (mm) along x (mm)

FIG. 2. (a) Wall slug at ~=200 mm, U-U,,=0.163 m/s,
Hy=355mm and (b) wake of a large bubble at A=70 mm,
U-U,r=0.163 m/s, Hy=355 mm. The arrow indicates the wake of
the bubble. (c¢) Vertical cross section of a bubble attached to the
wall. The black arrow indicates the wake of the bubble; the black
horizontal line is the position at which the transverse slice (b) was
taken.

Figures 1(a) and 1(b) give MR measurements at condi-
tions where bubbling prevails. The maximum diameter of the
bubble, D, can be extracted as shown in Fig. 1(a). In Fig.
1(a) at given values of radial position, y, and ¢, the shade of
gray represents [ K::Idx, where x,, is the half-width of the

column at a given y: white indicates densely packed par-
ticles; black implies no particles. Thus when a bubble is
intersected, its size in y can be measured. As shown in Fig.
1(a), the y-dimension of the bubble increases with 7 and then
decreases. The maximum value of this y-dimension gives the
bubble diameter, D;, assuming it is circular as seen from
above. This estimate of D, is irrespective of whether or not
the bubble is central because the plot of [Idx against y in-
cludes the whole cross section. In Fig. 1(c), wall slugs are
observed. These are bubbles of an equivalent spherical diam-
eter >0.6D,, attached to the wall, as shown schematically in
Fig. 1(d). It was observed visually that wall slugs occurred at
small excess gas velocities high up the bed, just before the
slugs erupted. An interesting feature in Fig. 1(c) is the fact
that the side on which the slug is attached to the wall seems
to oscillate quite regularly (based on longer observation
times, not shown here). The frequency of the passing wall
slugs, shown in Fig. 1(c) is ~2 Hz.

Selected 2D FLASH images of a horizontal slice are
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FIG. 3. Series of images showing a slug passing through a hori-
zontal slice. U-U,,;=0.136 m/s, h=250 mm, H,=355 mm. The
time sequence is (a),(b),...,(h) and the time interval between images
is 25 ms. Thus a total time of 375 ms is covered by the images

(@)—(h).
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FIG. 4. (a) Large bubble 7=90 mm, U-U,,=0.13 m/s,

Hy=355 mm, (b) definition of the wake angle, and (c) flat-nosed
slug at 7=90 mm, U-U,,,=0.13 m/s, Hy=355 mm.

shown in Fig. 2. Figure 2(a) gives the horizontal profile of a
wall slug, similar to the one shown in Fig. 1(d). A particu-
larly interesting feature of these two 2D measurements is the
wake of a bubble, given in Fig. 2(b). A vertical sketch of the
bubble in Fig. 2(b) is given in Fig. 2(c). The horizontal line
in Fig. 2(c) indicates the position where Fig. 2(b) was ac-
quired. The wake-region of the bubble is indicated by an
arrow, Figs. 2(b) and 2(c). Figures 2(a) and 2(b) provide
direct visualization of bubble-wall interactions. It is worth
noting that although only single images are displayed here, it
was possible to acquire sequentially a series of up to 50
images at either 25 or 50 ms intervals. An example of part of
such a series (8 images, 25 ms acquisition for one single
image) is given in Fig. 3, where the progression of a bubble
through the imaging slice can be observed. 2D FLASH data
from a vertical slice are shown in Fig. 4. The slice thickness
for the vertical slice was 5.0 mm and the phase encoding was
in the axial direction. Figure 4(a) shows the shape of a typi-
cal bubble where the wake of the bubble can again clearly be
observed. A wake angle of 6~ 135° can be extracted from
Fig. 4(a), typical for bubbles in the system studied [23]. Fig-
ure 4(c) shows a so-called flat-nosed slug, often observed in
columns of small diameters, as used here.

Darton et al. [24] developed an equation for predicting
the bubble diameter based on a bubble coalescence
model. The model contains one empirical constant for the
distance between two coalescence events, derived from
observing the eruption of two bubbles, which have been
successively injected into fluidized beds [25]. The
equivalent spherical bubble diameter is predicted [24] as
D,=0.54(U-U,,)"¥(h+4 VA)"4/ %2, where U- U h, and
A, are the excess gas velocity, height above the distributor,
and area per hole at the distributor, respectively. For an ex-
cess gas velocity of U-U,,,=0.13 m/s the equivalent bubble
diameter at a height #=90 mm is therefore D,=28.6 mm
(Ap=0.53X107* m?). The equivalent bubble diameter mea-
sured from 2D vertical FLASH data was 22+2 mm (the un-
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FIG. 5. Sequential coalescence of two small bubbles with
a flat-nosed slug recorded over ~200ms at A=90 mm,
U-U,r=0.13 m/s, Hy=355 mm.

certainty quoted is the standard deviation based on measure-
ments of 13 bubbles; it does not refer to the spatial resolution
of the measurements). The calculation was based on the fol-
lowing assumptions: (i) the bubbles are axisymmetric and
(ii) the vertical plane goes through the axis of symmetry of
the bubble. Transverse 2D FLASH images indicate that un-
confined bubbles are approximately axisymmetric (the ratio
of minimum to maximum bubble diameters being 0.87) and
therefore the first assumption is valid. The second assump-
tion constrains the choice of bubbles from which the mean
bubble diameter is calculated, to be only those rising near the
axis of the bed. Bubbles attached to the wall, and flat-nosed
slugs, were ignored in the calculation of the bubble diameter.
Thus the experimentally determined mean bubble diameter
can be regarded as a lower limit of the bubble diameter. It is
important to consider the effect of bubble motion during the
acquisition time. To evaluate this, a numerical simulation of
a 2D FLASH sequence was performed. The assumption that
the bubble moves only in the vertical (phase) direction was
made. This assumption may not be true near the distributor,
but at heights greater than ~D, it is reasonable. For example,
the shape of the bubbles shown in Figs. 1(a) and 1(b) con-
firm this assumption because the radial position of the bubble
does not change significantly during its passage through a
transverse plane. The simulation was performed in a similar
manner to [26]. Binary images of gas-solid distributions
were generated on a 256 X 256 grid which were then binned
down to the acquisition array size of 64 X 32. A bubble speed
of 0.2 m/s was assumed; typical of large bubbles, as shown
in Fig. 4 [19]. Consequently, the bubble, modeled by a disk,
moves five voxels during the acquisition of the image (ac-
quisition time of 50 ms for the image). Taking the motion of

FIG. 6. Formation of a square-nosed slug,
h=90 mm, U-U,,=0.13 m/s. Total time for
(a)—(e) is 125 ms, Hy=355 mm.
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the bubble into account, time domain data were generated
and then the image was reconstructed via Fourier transfor-
mation. Selecting the point in the simulated data at which the
intensity is equal to 0.5 recovers the original image, i.e., the
diameter of the bubble, to within the spatial resolution of the
image in agreement with [26]. Finally, the capture of coales-
cence in 2D is reported. Figure 5 shows the consecutive coa-
lescence of two small bubbles with a flat-nosed slug. Com-
pared with bubbles, flat-nosed slugs rise slowly in a fluidized
bed, and are thus ideal for observing bubble coalescence. In
Figs. 5(a)-5(c) the first bubble merges from below with the
flat-nosed slug. It can be seen that during coalescence, the
thickness of the layer of particles separating the bubble and
the slug decreases until the following bubble breaks through.
The second coalescence event in Figs. 5(e)-5(h) is very simi-
lar, but here the wake of the trailing bubble is entrained more
conspicuously than in the previous image into the flat-nosed
slug, see, Fig. 5(h). Another interesting example of the cap-
ture of a hydrodynamic phenomenon, using ultrafast MR, is
the formation of a flat-nosed slug from a bubble. This is seen
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in Fig. 6, which shows how, within 125 ms, a bubble ex-
pands horizontally until its diameter equals the column di-
ameter. In this Rapid Communication rapid 2D MR measure-
ments on a two-phase granular system are reported. The
images are of sufficient quality to determine the dimensions
of bubbles and slugs. Owing to the ultrafast acquisition se-
quence, the high resolution images of bubble coalescence in
3D granular systems are reported. Such measurements, in
conjunction with 1D FLASH profiles [19], will enable the
determination of the velocity and geometry of bubbles in 3D
systems. Furthermore, a critical evaluation of existing bubble
coalescence models in 3D systems is now possible.
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