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Abstract

We report initial NMR studies of gas dynamics in a particle bed fluidized by laser-polarized xenon (129Xe) gas. We have made preliminary

measurements of two important characteristics: gas exchange between the bubble and emulsion phases and the gas velocity distribution in the

bed. We used T2* contrast to differentiate the bubble and emulsion phases by choosing solid particles with large magnetic susceptibility.

Experimental tests demonstrated that this method was successful in eliminating 129Xe magnetization in the emulsion phase, which enabled us

to observe the time dependence of the bubble magnetization. By employing the pulsed field gradient method, we also measured the gas

velocity distribution within the bed. These results clearly show the onset of bubbling and can be used to deduce information about gas and

particle motion in the fluidized bed.

D 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Gas fluidization is a process in which solid particles

experience fluid-like suspension in an upward flowing gas

stream [1,2]. Four different fluidization regimes have been

observed (listed in order of increasing gas flow rate):

homogeneous fluidization, bubbling fluidization, slugging

and pneumatic transport [3]. Homogeneous fluidization

indicates the onset of particle suspension, triggered when

the weight of the particles is balanced by drag forces from

the fluid, including viscous drag, inertial drag and buoy-

ancy. Bubbles, or void spaces with volume much larger than

that of a single particle, emerge when the gas flow rate is

further increased. Two phases exist in a bubbling bed: one is

the bubble phase with almost no particles inside and the

other is the remaining solid–gas mixture with a large particle

density that is known as the emulsion phase. Bubbles rise

quickly through the bed, usually at velocities much faster

than the upward flow of gas in the emulsion phase,

promoting an enhanced circulation and mixing of particles
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throughout the bed and quickly relaxing concentration and

temperature gradients. Slugging refers to the state where the

size of the bubbles approaches that of the container,

especially for fast flow through a deep particle bed.

Pneumatic transport happens when the flow rate is so high

that the gas pushes the particles along with the gas and the

particles leave the bed continuously.

Despite the wide application of gas fluidization in

industry [1,2], the understanding of the dynamics is far

from complete since such a system is difficult to model

mathematically, primarily due to the large number of

degrees of freedom and inelastic collisions among the

particles [4]. A typical fluidized granular system is opaque,

resulting in difficulties in probing bed behavior below its

surface via light scattering or sound wave techniques [5].

Most commercial fluidized beds operate in the bubbling

fluidization regime, in which gas-filled particle-free spaces,

the bubbles, emerge at the bottom and expand while rising

up along the bed. Bubbles help to agitate the bed to achieve

better mixing of particles, but they also provide a shortcut

for gas to escape the bed without contacting solid particles

[6]. The gas exchange rate in and out of the bubbles

measures the efficiency of the contact between the solid and

gas phases, which has a significant effect on the operation of

the fluidized bed. For example, the reaction rate and yield
aging 23 (2005) 203–207
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for a given amount of gas in most chemical reactors are

limited by the exchange rate, as is the efficiency of

removing moisture in drying processes. A typical scenario

for measuring the exchange rate is to inject a pocket of gas

of a different species from that in the emulsion phase and

then measure the depletion rate of the gas concentration in

the injected bubble [7].

The exchange rate K is defined phenomenologically as

follows [3]:

� 1

Vb

dNAb

d t
¼ K CAb � CAe Þ;ð ð1Þ

where Vb is the bubble volume; NAb, the quantity of injected

gas species A inside the bubble; CAb, gas A concentration in

the bubble; and CAe, gas A concentration in the emulsion

phase. If laser-polarized gas is injected into an emulsion that

previously had zero spin polarization and changes in the

bubble volume are ignored, Eq. (1) can be rewritten as

� dPb

dt
¼ K Pb � PeÞ;ð ð2Þ

where Pb and Pe are the spin polarizations in the bubble

phase and emulsion phase, respectively. The assumption of

a constant bubble volume is valid under our experimental

conditions [3]. It is therefore possible to measure the

exchange rate by monitoring the time dependence of the

spin polarization in the bubble phase.

We used NMR spectroscopy and imaging with laser-

polarized 129Xe as the fluidizing gas to experimentally

probe the gas dynamics in a fluidized bed. Previous NMR

studies of granular systems have concentrated on the

dynamics of the solid particles [8–12]. The 1H spins in

certain particles have a high signal-to-noise ratio but are

limited when studying gas phase dynamics since they

convey no direct information about the gas flow. To address

the common difficulties of low SNR in gas-phase NMR, we

employed the spin-exchange optical pumping method [13]

to enhance the nuclear spin polarization of 129Xe gas by ~3

orders of magnitude. We report initial results measuring bed

behavior at different fluidization regimes regulated by a

controllable gas flow rate, which allows us, for the first

time, to noninvasively probe bubbles in a fluidized bed and

measure the bubble–emulsion exchange rate.
2. Experimental setup

The experimental apparatus was derived from a setup

used previously for the flow of laser-polarized xenon

through reservoir rocks [14]. Briefly, xenon gas (26.4%

abundance of 129Xe) was spin polarized in a glass cell that

contained a small amount of Rb metal and a total gas

pressure of ~4 bar, with ~92% xenon and the remainder

N2. We heated the cell to 1308C and induced spin

polarization in the resultant Rb vapor via optical pumping

at ~795 nm, using ~60 W of broad-spectrum (~2.5 nm)

light provided by a fiber-coupled laser diode array [15]. In
about 5 min of optical pumping, Rb–Xe collisions boost

the 129Xe spin polarization to ~1%. The polarized gas then

moved through 1/8 in I.D. Teflon tubing before flowing

through the experimental gas-fluidized bed and on to a

vacuum pump located at the end of the flow path. The gas

flow rate was regulated by a mass flow controller, which

was capable of providing steady flows ranging from 10 to

1000 cm3/s, placed just before the vacuum pump. We

operated in continuous flow mode, where the gas moved

continuously from the supply bottles, through the polari-

zation chamber and then the particle bed and finally

through the mass flow controller to the vacuum pump.

Xenon gas pressure in the bed was ~2.5 bar, due to

pressure loss during delivery.

The fluidized bed system used in the experiments

consisted of an 8 mm I.D. cylindrical Pyrex column, a

windbox and two gas diffusers, which are glass fiber filters

with a pore size of 2 Am. The windbox was connected to the

fluidization chamber, its large volume providing a buffering

space to nonuniform flow patterns as the gas flow direction

changes. On top of the windbox was the first gas diffuser,

which ensured that the upward flow of gas was homoge-

neous in cross-section through the particle-holding column,

located above. The second diffuser covered the column to

stop the particles from escaping out the top. The whole

system was assembled with nonmagnetic materials so that
129Xe spin depolarization was minimal during gas delivery.

We placed the apparatus in a 4.7 T horizontal bore magnet,

interfaced to a Bruker Avance-based NMR console, and we

employed a homebuilt solenoid RF coil for 129Xe observa-

tion at 55.4 MHz.
3. Measurement of gas exchange between bubble and

emulsion phases

Gas exchange between the bubble and emulsion phases

happens in two distinct ways. The coherent penetrating

upward flow of gas through the bubble provides the first

mechanism for interphase exchange and predominates with

smaller bubbles and denser or larger particles [3]. The

second source of exchange is the random diffusion of gas

molecules through the boundary of the bubble, which is

more significant in the case of large bubbles or when a

highly diffusive gas species is used.

In order to measure the exchange rate, we required a

contrast modality so that the two phases could be clearly

differentiated. The obvious difference between the bubble

and emulsion is the concentration of solid particles: the

emulsion has a large particle density — the total volume of

particles is ~60% — while more than 99% of the bubble

volume is occupied by gas [3]. When placed in a magnetic

field of 4.7 T, xenon gas spins in the emulsion phase

experience a much larger field inhomogeneity than those in

the bubble phase due to the large susceptibility contrast

between the gas and solid phases. Moreover, gas bubbles are

almost spherical in shape, and so the resulting field inside
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Fig. 1. 129Xe spectra in an alumina bead pack, measured at four different

gas flow rates: 30, 50, 100 and 190 sccm. The narrow peak in the circle is

from the bubble phase.
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Fig. 2. 129Xe spectrum from the three-pulse sequence with T2* contrast to

eliminate the emulsion phase signal. The section containing the bubble peak

is shown magnified.
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the bubble will have a higher homogeneity than that in the

emulsion phase. The NMR spectral line from the bubble

should therefore be narrower than that from the emulsion,

providing a contrast mechanism by which measurement of

the exchange rate between the phases is possible.

Fig. 1 shows xenon spectra measured while the polarized

gas flows through a bed of alumina particles of average size

50 Am, at four different gas flow rates (30, 50, 100 and 190

sccm) and at a gas pressure of ~2.5 bar. The narrow peak

with largest amplitude is due to free gas beyond the bed,

which was away from the magnet isocenter and was

therefore frequency shifted. The broad peak (~1.2 kHz

FWHM) overlapping the free gas peak is from the

emulsion, its width the result of the large field gradients

in interstitial spaces. A second broad peak with roughly the

same width but shifted 2.6 kHz away was identified to be

due to adsorption of xenon onto the particles. (We also

performed spectral measurements on a glass cell containing

~4 bar of xenon filling the interstitial spaces of a static

alumina particle pack. Only two broad peaks were present

in this spectrum, with a separation of 1.3 kHz between

them, in agreement with previous observations that the

adsorption shift is highly related to the interstitial gas

pressure [16,17].)

We identified the narrow peak of small amplitude,

located on top of the emulsion peak, as the bubble phase.

This peak increased in amplitude as the gas flow rate was

increased from 30 to 190 sccm, which is consistent with

known behavior that more bubbles arise and their diameter

becomes bigger as the gas flow rate increases [18]. The T2*

contrast, clearly demonstrated by the emulsion peak being

over an order of magnitude broader than the bubble peak,

allowed us to differentiate the two phases unambiguously

using NMR methods.
We used a three-pulse sequence to eliminate the

emulsion phase 129Xe polarization, leaving only the bubble

peak in which we could observe the time dependence of

the bubble magnetization. The first 908 hard RF pulse

flipped spins in both phases nonselectively before a delay

time s1 (for the alumina bed, s1 was chosen to be 1 ms,

which is 3 times the T2* of the emulsion gas but less than

that of the bubble gas), after which only magnetization in

the bubble is left. The second 908 RF pulse rotated the

bubble magnetization back to the longitudinal direction for

storage, benefiting from the long T1 spin polarization

lifetime. Gas exchange between the bubble and emulsion

phases happened during the subsequent delay sM. The last

908 RF pulse then turned the resultant magnetization back

to the transverse plane for FID detection. Phase cycling

was applied to eliminate the stimulated echo after the

third 908 RF pulse. The measured spectrum, for sM=1 ms to

avoid gas exchange, is shown expanded near the bubble

peak (Fig. 2). Both emulsion and adsorption peaks

disappeared, demonstrating that the sequence worked

effectively in suppressing the magnetization in the emul-

sion phase.

To measure the exchange rate between the emulsion and

bubble phases, we observed the variation in the amplitude

of the bubble peak, after the emulsion magnetization had

been suppressed, as a function of sM. The three-pulse

sequence was used with a series of increasing values of sM.
The result of this measurement is shown in Fig. 3. From

these preliminary data, a critical time sM ~0.5 s is evident

for polarized 129Xe gas exchange. The gas exchange time

for bubbles sized around 1 mm (estimated for our experi-

ments) has been predicted to be ~0.1 s [18]. Potential

systematic problems with our preliminary gas exchange

measurement include polarized gas from below the bed



102 103 104
0

1

2

3

In
te

gr
at

io
n 

of
 b

ub
bl

e 
pe

ak

Exchange Time (ms)

Fig. 3. Preliminary measurement of the gas bubble–emulsion phase ex-

change time, using the three-pulse sequence for T2* contrast. The

integration of the bubble peak is shown as a function of the exchange

time sM.

R. Wang et al. / Magnetic Resonance Imaging 23 (2005) 203–207206
entering during the exchange time sM and bubbles leaving

during sM.
4. Gas velocity measurement

We also measured the velocity of gas flowing in the

fluidized bed with the pulsed field gradient stimulated echo

method [19,20]. Seven different gas flow rates were used to

observe the effect of flow rate changes on gas velocity

distribution. Glass beads of 50 Am diameter were used in this

measurement for better signal strength since the lower

magnetic susceptibility of glass gave 129Xe spectral peaks

that were an order of magnitude narrower than with alumina

particles. The results of the measurement are shown in Fig. 4.

When the gas flow rate was below 30 sccm, the bed was in the

homogeneous fluidization regime, in which previous meas-
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Fig. 4. Xenon gas velocity distributions measured in two fluidization regimes fo

gradient stimulated echo technique, in which the gradient pulse duration, d =1 m

strength was 20 G/cm. (A) Four different gas flow rates (10, 16, 21 and 30 sccm) w

fluidization regime. (B) Similar measurements at three higher gas flow rates (40, 5

30 sccm, the transition point between homogeneous and bubbling fluidization, ar
urements with other methods show that the movement of

particles is minimal and that gas percolates through the

interstitial spaces in the laminar flow regime. This is verified

by the results shown in Fig. 4A, where the average velocity

increases with gas flow rate but the broadness of the

distribution, a measure of random dispersion, is independent

of flow rate.

The movement of solid particles greatly affects the gas

flow paths and therefore increases gas dispersiveness, as

shown in Fig. 4B, in which all the gas flow rates were

above 30 sccm and the bed was in the bubbling fluidization

regime. The velocity distribution corresponding to 30 sccm

is also included for comparison. The width of the peaks

increased with the gas flow rate, indicating more random

gas flow patterns related to bubble-agitated particle motion.

Surprisingly, the average gas velocity decreased at higher

gas flow rates in this regime. We believe the reason is that

the bubble velocity was larger than the maximum velocity

detectable with this method. A larger portion of gas entered

the bed in the form of bubbles, during the flow encode

time D, at higher gas flow rates and left the bed without

being detected, resulting in the observed decreased average

gas velocity.
5. Conclusions

We performed preliminary measurements of polarized
129Xe gas exchange between the bubble and emulsion

phases and the gas velocity distribution in a gas-fluidized

bed. We applied noninvasive NMR methods so that the

fluidization operation was not perturbed by intrusive probe

particles, as have been used in earlier measurements [18]. To

provide NMR contrast between the bubble and emulsion

phases, we exploited the order of magnitude difference in
129Xe T2* in these two phases. The velocity distribution

measurements clearly show the transition from homoge-

neous to bubbling fluidization.
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