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A system for measuring bubble voidage and frequency around tubes
iImmersed in a fluidized bed of particles
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Gas-solid fluidized beds are common in chemical processing and energy production industries.
These types of reactors frequently have banks of tubes immersed within the bed to provide heating
or cooling, and it is important that the fluid dynamics within these bundles is efficient and uniform.
This paper presents a simple, low-cost method for quantitatively analyzing the behavior of gas
bubbles within banks of tubes in a fluidized bed cold flow model. Two probes, one containing an
infrared emitter and one containing an infrared (IR) detector, are placed into adjacent glass tubes
such that the emitter and detector face each other. As bubbles pass through the IR beam, the detector
signal increases due to less solid material blocking the path between the emitter and detector. By
calibrating the signal response to known voidage of the material, one can measure the bubble
voidage at various locations within the tube bundle. The rate and size of bubbles passing through the
beam can also be determined by high frequency data collection and subsequent analysis. This
technique allows one to develop a map of bubble voidage within a fluidized bed, which can be

useful for model validation and system optimization. © 2010 American Institute of Physics.

[doi: 10.1063/1.3462967]

. INTRODUCTION

Fluidized bed reactors, in which a bed of solid particles
(e.g., sand) is “fluidized” by flowing a gas upwards though a
reaction chamber, are common in the chemical processing
industry and offer advantages for gas-solid reactions, includ-
ing high interfacial area for reactions, thorough mixing
throughout the reactor volume and excellent heat transfer.
Gas flows through a fluidized bed either in the dense phase,
between particles, or as low density bubbles, which can grow
in a manner similar to bubbles rising through a liquid. The
bubbles in a fluidized bed dictate the flow patterns in the
reactor. Rising bubbles cany solids upwards in their wake
and are ultimately responsible for mixing the solids through-
out the bed.1

Due to the excellent heat transfer and uniform tempera-
ture profile that results from the thorough mixing and high
surface area of the particles, fluidized beds are often used for
reactions that require or generate significant amounts of heat.
The overall temperature of the bed is maintained by adding
or removing heat, typically through the use of heat exchange
tubes located within the bed itself. For example, heat re-
leased during fluidized bed combustion of coal is used to
generate steam in boiler tubes that are mounted inside the
fluidized bed reactor. Removing heat in this manner keeps
the bed from overheating and allows control of bed tempera-
ture.

It is important to understand how bubbles develop in
fluidized beds and how they behave within bundles of hori-
zontal tubes. It is known that bubbles traveling upwards in a
fluidized bed grow as the solids head pressure decreases, and
that bubbles can coalesce to form larger bubbles.1-3 Upon
contact with horizontal tubes, bubbles may travel between
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tubes if tube spacing is large enough, or they may split into
two or more smaller bubbles. These “daughter bubbles” may
coalesce to reform larger bubbles above the tube bank. The
presence of horizontal tubes reduces the effective cross-
sectional area of the bed, with the consequence that the su-
perficial velocity increases and overall expansion of the bed
results.4

Analyzing bubble flow patterns within fluidized beds is
challenging, simply because the bed material obscures the
view into the interior of the bed where the bubbles flow.
Even with glass or acrylic cold-flow systems, one can only
see a few millimeters into the dense phase of the bed. One
approach that has been successfully employed is to create a
thin, nearly two-dimensional fluidized bed between two
plates of transparent material and to analyze images or vid-
eos of the bed during operation.57 This technique and asso-
ciated data analysis is relatively straightforward, but restrict-
ing one dimension does not allow bubbles to grow in a
natural manner and applicability of results to three-
dimensional systems is questionable. A common method of
studying hydrodynamic behavior in three-dimensional beds
is to measure pressure fluctuations at specific locations and
to infer bubble size and frequency based on the magnitude,
duration, and frequency of the fluctuations.8-10 Resolution is
limited by the speed of the pressure transducer and pressure
dampening that occurs between the pressure tap and trans-
ducer. Pressure measurements are also not veiy feasible for
measuring bubble behavior in banks of horizontal tubes. To
better understand the interaction between bubbles and hori-
zontal tubes, Yates et al.11'1" performed x-ray measurements
to track the behavior of a single bubble in a three-
dimensional bed with horizontal tubes. Their work provided
useful insight into splitting and recombination of one bubble
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as it travels through a bank of horizontal tubes, but does not
indicate how a bed full of bubbles of different sizes behaves.
Still another technique used for analysis of hydrodynamics in
fiuidized bed systems is capacitance-based imaging and to-
mography, which uses transmission of oscillating electrical
signals among an array of electrodes within the be de-
duce the voidage profile at high temporal resolution. ©*  Ca-
pacitance imaging allows mapping and evaluation of hydro-
dynamics of an entire bed at relatively low cost, but
resolution is limited and flow of bubbles through a bank of
horizontal tubes cannot be mapped.

Optical methods have been used to quantify properties of
individual bubbles in fiuidized beds. Glicksman et al.'® and
Farrell and Glicksman29used an infrared transmitter-detector
pair to identify the presence of bubbles in a cold flow fiuid-
ized bed. By installing two such pairs above one another and
measuring the time between observation of bubbles, bubble
rise velocity could be calculated. Bubble fraction could also
be estimated by calibrating detector sensitivity against a the-
oretical model of bubble fraction at the measurement loca-
tion. This technique proved useful for characterization of
specific locations within a bed. Reh and LI*° used a similar
optical probe to identify how voidage at specific locations in
a bed varies with operating conditions. More recently, Main-
land and Welty21 used a probe incorporating fused quartz
rods to direct a beam of infrared light across a gap to study
bubble behavior in fiuidized beds operating as hot as 1200 K.
These studies all advanced the understanding of bubble be-
havior in open areas of the bed where probes can be easily
positioned. However, the intrusive design of these probes
makes evaluation in the tube bank region of a bed challeng-
ing.

The technique described in this paper overcomes this
limitation and expands optical analysis of fiuidized bed be-
havior to allow three-dimensional mapping of voidage,
bubble size, and bubble frequency throughout tube bank re-
gions of fiuidized beds. The equipment is very simple and
low cost, and evaluation and interpretation of data is straight-
forward.

II. APPARATUS

The experimental system for measuring bubble voidage
and frequency comprises three components: a fiuidized bed,
a pair of probes for detecting bubbles within the bed, and the
data acquisition system. These are described below.

A. Fiuidized bed

The fiuidized bed that was analyzed is a scaled down
cold-fiow model of an indirectly heated development-scale
fiuidized bed gasifier located at the University of Utah. Pro-
cedures for scaling down fiuidized bed systems are well es-
tablished and involve matching a set of four dimensionless
parameters describing: (1) the ratio of inertial to viscous
forces, (2) the ratio of inertial to gravitational forces, (3) the
ratio of solid and gas densities and (4) the ratio of bed depth
and diameter.1 The fiuidized bed is modular in design
and constructed from several pieces of acrylic tube
[178 1Nl outer diameter (OD) X 165 111 inner diameter
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FIG. 1. Configuration of the glass tubes in the cold-flow fiuidized bed
described in this study.

(ID)] that can be stacked and rotated to allow different over-
all geometries. To represent the heater bundles in the gasifier,
four identical tube bundle sections were manufactured. Each
section contained 20 borosilicate glass tubes (11 111 OD, 7
1 ID) extending across the diameter of the bed in a five
tube wide by four tube high, vertically staggered, triangular
pitch configuration (Fig. 1). Center-to-center distance be-
tween adjacent tubes is 21 111, resulting in spaces between
tubes that were slightly less than one tube in diameter. Each
tube bundle section is 95 1111 high and the four sections are
positioned perpendicular to one another as in the fiuidized
bed gasifier that was being modeled. A 356 111111 long section
of acrylic tube representing the bottom region of the gasifier
is installed below the bottom tube bundle.

Air is introduced into the bottom of the fiuidized bed
through a distributor comprising a plenum below two 3 1111
thick metal plates each having 42 14 11111 holes drilled at
even spacing. Two layers of high-density fabric are sand-
wiched between the two plates to create sufficient pressure
drop to ensure even air distribution.

The particles that formed the fiuidized bed were beads of
soda-lime silica glass (Potters Industries). The beads were
very spherical and nearly transparent, which is important for
the bubble detector. Several size ranges, 70-110, 180-250,
and 500-750 fim, have been tested.

B. Bubble detector

The bubble detector comprises a pair of probes that mea-
sure the amount of infrared light transmitted between adja-
cent tubes. One probe contains a side-looking Fairchild
Semiconductor QEE123 AlGaAs high output infrared light-
emitting diode (LED). The transmitter wavelength spans
roughly 775-985 nm, centered and most strong at 880 nm.
The emission angle of the LED is approximately 50°. The
transmitter is powered with an adjustable dc power source
capable of delivering between 0 and 5 V.

The other probe contains a side-looking Fairchild Semi-
conductor QSE114 phototransistor capable of delivering be-
tween 0 and 5 V depending on the amount of light received.
The phototransistor has a view angle of 50° and is coated
with a daylight filter to avoid interference from visible light.
This makes it possible to conduct experiments with the labo-
ratory lights on without concern of interference. It was con-
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FIG. 2. (Color online) Frame system used to secure the IR emitter and
detector. The cones on the end have the same diameter as the insides of the
glass tubes, thereby ensuring that the arms of the frames are centered and in
the same position between measurements.

firmed that turning laboratory lights on does not affect the
output of the phototransistor.

The two probes are mounted on a frame which ensures
that their separation distance and orientation remain fixed
(Fig. 2). The whole probe assembly can be inserted such that
the transmitter and detector are in adjacent tubes, and can be
inserted to the desired depth. Plastic cones at the tips of the
probes ensure that the transmitter and detector remain cen-
tered within the tubes.

C. Data acquisition system

The 0-5 V signal output from the phototransistor sensor
is coupled to a 1abjack U12 data acquisition system capable
of sampling at a frequency of 1200 Hz. Voltage output data
are acquired using the 1abjack software which bundled with
the U 12 system and is logged to a data file. After the experi-
ment is over, this file is imported into MICROSOFT excer and
calculations are performed to determine bubble frequency,
bubble voidage, and relative bubble size.

. EXPERIMENTAL PROCEDURE

Measurement of bubble voidage and frequency involves
measurement calibration, data acquisition, and postexperi-
mental data analysis.

A. Calibration

Prior to each measurement campaign, the probe system
must be calibrated to ensure that voidage measurements are
correct and that the amount light transmitted to the sensor
covers its range of sensitivity. A special calibration apparatus
comprises two of the glass tubes vertically spaced the same
distance apart as in the fluidized bed system (21 mm center-
to-center). These tubes are immersed in a bed of solids at a
slight angle so that one end of the tubes is completely cov-
ered while the other end is uncovered, and that the amount of
solids between the tubes varies linearly (Fig. 3). We have
found that it helps to vibrate the calibration bed slightly to
level the surface of the particles. This also helps ensure tight
packing of the particles.

The first step of the calibration involves inserting the
probes deep enough into the tubes that both are covered with
solids. The power of the IR transmitter is adjusted so that a
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FIG. 3. (Color online) System used for calibrating the response of the de-
tector as a function of bubble voidage in the bed. At 100% voidage, there are
no particles between the two tubes. At 0% voidage, the space between the
tubes is fully packed with particles.

weak signal is received by the detector. This ensures that one
extreme—that of completely packed bed with no voidage
other than the minimum interparticle voidage—falls within
the range of measurement. The second calibration step in-
volves measuring signal received at different locations
within the tubes and recording sensor signal strength versus
voidage between the tubes, defined as the fraction of the
intertube distance above the level of the particle bed. Ap-
proximately 20 data points are taken. The resulting curve is
not linear, but instead is S-shaped as seen in Fig. 4. Between
0% and 35% voidage, when the bed is mostly packed, the
received signal is mildly sensitive to changes in voidage and
typically varies by about 0.05 V over this range. The inset
magnification of that portion of the calibration curve shows
this part of the curve in detail. Our experience is that the
slope of this portion of the curve is steeper for smaller par-
ticles. At intermediate voidage, between roughly 35% and
85%, the signal varies strongly as a function of voidage. At
very high voidage, the signal is near the maximum and does
not vary significantly with changes in voidage. Generally,
measured voidage during experiments is in the 15%-40%
range. It is possible to improve the sensitivity of the detector
by increasing the IR transmitter power such that the detector
gives a maximum signal (for our system, 5 V) at 50%-60%
voidage if higher voidage is unlikely or uninteresting. In or-
der to maximize accuracy of the measurements, the
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FIG. 4. Calibration curve of bubble voidage vs voltage received from the
detector. The inset shows a magnification of the left part of the curve.
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FIG. 5. Signal vs time for a typical 10 s period at a location near the center
of the horizontal tube array. Spikes correspond to bubbles passing through
the path of the IR beam.

response-versus-voidage data are treated as two curves, one
from 0% to the inflection point at roughly 85% voidage and
one at higher voidage, and polynomial equations are fit to
each portion. During data interpretation, an IF () statement
determines which calibration curve to use.

This calibration technique is representative of single
bubbles flowing between adjacent tubes and may misrepre-
sent conditions in which two or more bubbles cross the op-
tical path simultaneously. However, for most practical fluid-
ized bed systems, horizontal tubes (e.g., heat exchange
tubes) are positioned high enough above the distributor that
bubbles have grown to diameters larger than the spacing be-
tween tubes.” Consequently, the likelihood of two or more
bubbles simultaneously passing between adjacent tubes is
small.

B. Data acquisition

Once calibration for a specific set of particles is com-
plete and the transmitter power has been appropriately ad-
justed, experimental data acquisition can begin. One mea-
surement of bubble voidage and bubble frequency involves
operating the fluidized bed under the desired conditions (par-
ticle size, fluidizing gas flow rate, bed height) for 1 or 2 min
to ensure steady conditions. The transmitter and phototrans-
istor probes are positioned in the two tubes of interest at the
desired location along the length of the tubes, taking care to
ensure that the probes remain aligned such that the transmit-
ter and sensor face each other. Data are then logged using the
1abjack Software for 30-40 s at a frequency of 600 Hz. The
probes can then be repositioned within the tubes or moved to
a new set of tubes and a new data set can be logged at this
position.

C. Data analysis

The raw data are an array of the voltage signal received
from the phototransistor versus time. For 35 s of sampling at
600 Hz, this results in about 20 000 data points. A sample of
the raw signal generated by the phototransistor is shown in
Fig. 5. The bubble voidage corresponding to the voltage is
calculated for each data point using the equations developed
in the calibration procedure. The average bubble voidage is
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FIG. 6. Surface plot showing measured average bubble voidage across a
horizontal plane within the tube bundle region of the fluidized bed. The
indications S1-S4 indicate the four spaces between the five tubes at this
level, which are oriented left-to-right.

calculated by integrating the area under the voidage-versus-
time curve and dividing by the total sampling time.

A crude measurement of bubble frequency can be per-
formed by counting the number of times the bubble voidage
exceeds a designated minimum void fraction, typically 5%-
15%, and then falls below the threshold again. Adjusting the
cutoff frequency allows one set the “size” of bubble that will
be included in the count. In theory, one should be able to
perform crude bubble size distribution by varying the cutoff
threshold over a given period of time. For example, for a
10 s sample one might count five “large” bubbles, deter-
mined by a high cutoff threshold. If this minimum bubble
size is decreased and 12 bubbles are counted, then there
would be the five large bubbles plus an additional seven
medium bubbles. An additional threshold decrease that re-
sulted in 20 total bubbles would indicate eight small bubbles.
In practice, we have found that this approach of determining
bubble size distribution does not work well because the
bubbles are not well segregated and two or small bubbles
may exist within the probe pair's line of sight.

The focus of the voidage studies is to identify how
bubbles flowing upwards in fluidized beds move through
banks of horizontal tubes. To characterize the whole bed, it is
necessary to make voidage measurements at many locations.
In our studies, measurements are typically taken in each tube
at four locations: near the wall, in the center, and at two
locations in between. Symmetry is assumed around the cen-
ter point, so in effect seven data points are acquired. The
fluidized bed being studied has five tubes at each of 16 lev-
els. The five tubes offer four spaces through which to take
measurements, so 16 measurements are taken at each level.
The twelve points not on the centerline are symmetrically
duplicated, resulting in 28 data points.

To interpret all data at a given level, we created both
two-dimensional (2D) and three-dimensional (3D) surface
plots, which joined the x-v points together to make a virtual
surface on which the color or intensity varies with voidage
(2D plots) or the height of the surface is proportional to
voidage.

IV. EXPERIMENTAL RESULTS

A typical voidage plot is shown in Fig. 6. This plot was
created using MICROSOFT excel's charting feature and
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FIG. 7. Horizontal cross-section of the fluidized bed showing the voidage
profile from Fig. 6. The black circles indicate the locations between the
horizontal tubes where measurements were taken. The highest voidage is
observed closest to the open spaces on the sides of the tube bundle where
resistance to bubble Bow is lowest.

choosing “surface” as the type of plot. The 28 data points
from which the plot is constructed represent average bubble
voidages calculated as described above. The lines S1-S4 rep-
resent the four spaces between the five horizontal tubes at
this level (i.e., the tubes run from left to right). The distance
from the centerline of the horizontal tubes is indicated on the
bottom axis. The magnitude of bubble voidage is represented
by the intensity of shading, with darker regions correspond-
ing to less voidage and lighter regions corresponding to
higher voidage. Higher voidage is an indication that more
bubbles passed through that region.

For the case shown in Fig. 6, bubble voidage varied
between 14% and 37%. The highest voidage was nearest the
outside tubes, along the midpoint of the tubes. This makes
sense once the relationship of the measurement locations to
the overall bed is understood. Figure 7 depicts a cross-
section of the fluidized bed at the level where the data are
taken. The five horizontal tubes are shown as well as the
bubble voidage profile between the tubes. Bubbles rising
through a fluidized bed tend to migrate to areas with the
lowest pressure drop and fewest restrictions. Clearly, the
open areas on the sides of the tube bundles (top and bottom
in the figure) present less resistance than the tube bundles. It
is not possible to measure voidage in the area on the sides of
the bundles using the technique presented here, but increased
voidage near this region is apparent in Fig. 7.

The above results represent a single horizontal plane
only. Compiling data for all planes offers a more complete
picture of how bubble voidage varies throughout the bed,
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and offers insight into the flow patterns of the bubbles. This
tool can be used to identify stagnant regions within horizon-
tal tube bundles of fluidized beds, and can be used to help
optimize bundle configuration in a cold flow model before a
full-scale system is constructed.

V. SUMMARY

The technique described in this paper offers a simple,
low-cost method for quantitatively measuring bubble inten-
sity and behavior within a bank of horizontal tubes in a flu-
idized bed. By making multiple measurements in three di-
mensions within a bundle of tubes, maps of bubble density
and bubble frequency can be generated. The technique can
be used to evaluate and optimize performance of heat ex-
changers within fluidized beds, and provides a quantitative
method of acquiring validation data for computational mod-
els of fluidized bed systems.
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