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The application of four-point optical probe has been for the first time extended to a
slurry system in a 10.2-cm ID column. Bubble dynamics (local gas holdup, bubble
chord length, bubble velocity, bubble frequency, and specific interfacial area) were
investigated using an air-water-catalyst system under atmospheric pressure. With an
increase in solids loading, the local gas holdup, specific interfacial area, and bubble
frequency decreased, while the bubble velocity changed slightly. Bubble chord length
increased noticeably, and the bubble chord length distribution spread more widely at
high solids loading. It has also been found that the probe orientation is important for
an investigation using probes, especially in the wall region of the column. © 2008
American Institute of Chemical Engineers AIChE J, 54: 1203-1212, 2008
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Introduction

With the increasing demand for alternative energy resour-
ces and cost effective clean (essentially sulphur and aromatic
free) liquid fuel, Fischer-Tropsch (FT) synthesis is attracting
more industrial interest. In FT synthesis, synthesis gas
(syngas), a mixture of hydrogen and carbon monoxide,
obtained from natural gas, or coal, or biomass, is converted
to liquid fuels. FT synthesis was discovered in the 1920s,
and many kinds of reactors have been employed such as
fixed beds, entrained or circulated fluidized beds, and slurry
bubble columns. In recent years, however, slurry bubble col-
umns have been found to be the reactor of choice for low
temperature (200-280°C) FT synthesis, because they have a
much higher capacity than that of the classical fixed bed
reactors for low temperature FT synthesis."

Bubble column and slurry bubble column reactors are
widely employed in petrochemical, chemical, and biochemi-
cal processes, which involve oxidation, hydrogenation,
chlorination, alkylation, and polymerization,” because of
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their simple installation, easy operation, and high heat and
mass transfer rates caused by strong gas—liquid—solid interac-
tions. However, the design, scale-up, and operation of these
reactors require detailed knowledge of hydrodynamics, heat
and mass transfer, and bubble properties, including bubble
size, velocity, frequency, and specific interfacial area.

Techniques including dynamic gas disengagement, video
imaging, and microprobes have been developed and utilized
to capture bubble dynamic in multiphase reactors. Li and
Prakash” investigated the influence of slurry concentration on
bubble populations and their rise velocities in a 28-cm-dia-
meter slurry bubble column by applying the dynamic gas dis-
engagement technique. They found that the large bubble rise
velocity increased with slurry concentration up to 20 vol %
and reached an asymptotic value at higher slurry concentra-
tions. Small bubble rise velocity increased with increasing
slurry concentration but passed through a maximum at a
slurry concentration of about 25 vol %. However, Lee et al.’
had found that in the coalesced bubble regime, interactions
among bubbles are significant, and the dynamic gas disen-
gagement technique is not reliable to measure the bubble
size distribution because of the complex bubble characteris-
tics at high superficial gas velocities.
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The advantage of the video imaging technique6_9 is that it
does not disturb the flow inside the column during the
experiments. However, the video imaging technique requires
a transparent wall and liquid, and it is only able to capture
the bubble characteristics at low gas holdup conditions in a
2D column and close to the wall in a 3D bubble column.
Therefore, its application is limited, because most industrial
bubble columns and slurry bubble columns are opaque reac-
tors operating at high superficial gas velocities, pressures,
and temperatures.

The microprobe technique, including the conductivity
probe (or resistivity probe) and the optical probe, has been
frequently used for bubble properties study because of its
applicability in opaque systems.'®™'> Conductivity probes uti-
lize the difference in electrical conductivity between the lig-
uid phase and the gas phase. However, the disadvantage of
the technique is that it cannot be used with low-conductivity
liquids (especially organic liquids which are widely
employed in industrial applications) because of the weak
signal.

When compared with conductivity probes, optical probes
can be employed in both conductive and nonconductive (or-
ganic) liquids, and the sensitivity and signal to noise ratio of
the optical probe are higher than those of the conductivity
probe.'® Optical probes include single-tip probes, double-tip
probes (two-point probes), and multitip probes. Single-tip
probes can be used to measure the local gas holdup and bub-
ble frequency. Two-point probes and multi-tip probes are
able to capture bubble velocity and bubble chord length in
multiphase reactors.>'*!” Luo et al.'® used a two-point
probe to measure the bubble size and bubble size distribution
in a 10.2-cm-diameter slurry bubble column, and they found
that the presence of particles in liquids led to a larger bubble
size, especially at ambient pressure. The DOE report'® found,
by applying the same two-point probe in a 5.1-cm-diameter
slurry bubble column, that the addition of solids can reduce
the bubble rise velocity.

However, based on the error analysis in bubble velocity
assuming spherical bubbles, Lim and Agarwal19 found that
the relative error in the bubble velocity measured by two-
point probes was susceptible to the incidence angle and the
position at which the bubble hits the probe, and the results
are theoretically questionable. Xue et al.'” also analyzed the
error in bubble velocity and bubble chord length obtained by
two-point probes, with the assumption that the bubble could
be spherical or ellipsoidal. Their analysis also indicated that
bubble velocity and bubble chord length obtained by two-
point probes are subject to large errors. They concluded that
two-point probes can be used only in the situations in which
all bubbles move strictly in one direction, and are not suita-
ble for systems having complex hydrodynamics, such as the
churn turbulent flow regime in bubble and slurry bubble
columns.

The four-point optical probe, which was first developed by
Frijlink®® and his colleague, is a promising technique to mea-
sure bubble dynamics in bubble columns. In the Chemical
Reaction Engineering Laboratory (CREL) at Washington
University, a proper algorithm and data processing method
for the four-point optical probe signal analysis were devel-
oped (Xue et al., unpublished),ls’17 which extends the capa-
bility of the probe and improves the accuracy of the mea-
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surement. In addition, the specific interfacial area per unit
volume can be obtained at the same time. The new algorithm
also provides both the magnitude and direction angles of the
bubble velocity vector, which means that the probe can be
used to measure the velocity of a bubble hitting the probe in
various directions. However, the improved technique has
been successfully applied only in churn turbulent bubble col-
umn flows. There is scarce information and understanding
about the bubble dynamics in slurry bubble columns in gen-
eral and in their churn turbulent flow regime in particular.
Accordingly, there is a need to assess and extend the use of
the newly developed CREL optical probe in slurry bubble
columns.

Therefore, in this study, the application of this improved
four-point optical probe was for the first time extended to a
slurry system. Local gas holdup, bubble chord length, bubble
frequency, interfacial area, and bubble velocity were studied
in a 10.2-cm-diameter slurry bubble column, and the effect
of superficial gas velocity, solids loading, and radial position
on bubble dynamics were investigated.

Experiments

Four-point optical probe (Xue et al., unpublished)”>'”

The configuration of the modified four-point probe tips is
shown in Figure 1. Three peripheral tips form an equilateral
triangle, and the fourth tip, which is about 2.0 mm longer
than the other three, is positioned in the center of the equilat-
eral triangle. The distance from the central fiber to each of
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Figure 1. Configuration of the four-point optical probe
(not to scale; Xue, 2004).

(a) Picture of the four-point optical probe; (b) side view of
the probe tip; (c) bottom view of the probe tip; (d) sche-
matics of the optical fiber. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]
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Figure 2. Response of a bubble passing by the four-
point optical probe.

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

the other three is about 0.6 mm. Hence, the overall diameter
of the tip is less than 1.2 mm. Each optical fiber (600 um in
diameter) contains a glass core (200 um in diameter), a clad-
ding, and a protective layer. As shown in Figure Ic, at the tip
of each optical fiber, the cladding and protective layer are
removed, and the glass core is formed into a cone shape by a
hydrogen flame. Behind the probe tips, all the four optical
fibers are glued together and inserted into an L shape stainless
steel tube with 1/8 in. outer diameter. To prevent leakage, Ep-
oxy glue surrounds both the tube entry and the bundle fibers.

The optical fiber probe is connected with standard glass
fiber connectors to an electronic unit developed by Kramers
Laboratory at the University of Delft. A laser beam from a
light-emitting diode is sent into each optical fiber, and the
reflected light signals from the probe tips are received and
transformed into voltage. Finally, the voltage signals are col-
lected by a data acquisition board (PowerDAQ PD2-MFS-8§-
1M/12) at a sampling frequency of 40 kHz.

The response signal of a bubble vertically hitting the probe
in a bubble column is shown in Figure 2. When a single bub-
ble rising vertically hits the four-point optical probe, the cen-
tral fiber responds first since it is the longest one, and the
other three tips respond later. When the fiber is in the liquid
phase, the light is transferred into the liquid, establishing a
baseline for each trace as shown in Figure 2. When a bubble
hits the fiber, the light reflects, and the voltage rise is cap-
tured by the electronic unit, shown as a peak in Figure 2.

Experimental setup

The experiments were performed in a 10.2-cm-inner dia-
meter and 105-cm-high plexiglas column, as shown in Figure
3. Compressed air and tap water were used as the gas phase
and liquid phase, respectively. FT catalyst carrier (alumina
based catalyst skeleton) with an average diameter of 75 um
was used as the solid phase, and the solids loadings in the
experiments were selected to be 9 and 25 vol %. Air was
introduced into the bottom of the column through a perfo-
rated plate gas distributor with 1.09% open area. The superfi-
cial gas velocity varied from 1.3 to 13 cm/s which covers
both bubbly and churn turbulent flow regimes. During the
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experiments the dynamic liquid height was maintained at 90
cm by varying the static height at each studied condition,
and a four-point optical probe was installed in the fully
developed region with a height (from sparger to the tip of
the probe) to column diameter ratio (Z/D) equal to 5.5. For
most of the experimental conditions, the probe was installed
pointing downward. However, for selected experiments, to
study the bubble velocity distribution and the effect of probe
orientation, the probe was installed pointing both downwards
and upwards.

This size of the column was used to assess the applicabil-
ity of the four-point optical probe in a slurry system at dif-
ferent solids loadings. However, for further investigation of
the bubble dynamics of slurry bubble columns using this
probe, a larger column diameter is recommended to avoid
the wall effect and to examine the effect of reactor scale on
the studied parameters.

Results and Discussion

Detailed information about the signal analysis methodol-
ogy in a bubble column is available in previous studies (Xue
et al., Unpublished).">'” Local gas holdup, bubble chord
length, specific interfacial area, bubble velocity, and bubble
frequency can be obtained at the same time. In the slurry
system, we found that the addition of fine particles did not
disturb the captured signal. Even though the white noise in
the base increased, the signal to noise ratio was still good
enough for signal analysis. Results and discussion of the
measured bubble dynamic parameters in the studied slurry
system are as follows.

Local gas holdup
From the response of the probe’s tip, the local gas holdup
can be obtained as

. Time spent by the probe’s tip in bubbles T
g,T = = —

Total measurement time T’

C—1
-]
Cias out

[=_—]

T Gias in

Figure 3. Schematics of the experimental setup.

1, Slurry bubble column (10.2-cm ID, 105 cm high); 2, bot-
tom frame; 3, four-point optical probe; 4, data acquisition
system.
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where &, 7 is the time base local gas holdup, Tg is the time
the probe tip spends in the gas phase (bubbles), and T is the
total measuring time.

Figure 4a shows the time averaged local gas holdup in the
center (/R = 0.0, where r is radial position of the probe,
and R is the radius of the column) and wall region (/R =
0.9) of the column at different solids loadings. Gas holdup
increases with an increase in superficial gas velocity (Ug) at
all solids loading both in the center and the wall regions, and
the increase of gas holdup becomes smaller at high superfi-
cial gas velocities. However, with the increase in solids load-
ing, the gas holdup decreases in both regions. This phenom-
enon is consistent with other reported results.”>'%?! It is
believed that an increase in solids loading increases the appa-
rent viscosity of the pseudo-slurry phase and then enhances
the bubble coalescence rate.” These effects tend to increase
the mean bubble size, and the fast effusion of these large
bubbles reduces gas holdup. Radial profiles of gas holdup
with superficial gas velocity at 2 and 13 cm/s are shown in
Figure 4b. At low superficial gas velocity (2 cm/s) the differ-
ences between the gas holdups in the center and in wall
region are smaller than those at high superficial gas veloc-
ities. Thus, at high superficial gas velocity (13 cm/s) the ra-
dial gas holdup profile becomes more parabolic, and the
value in the center is much higher than that in the wall
region. These phenomena can be explained by the following
results of the studies of bubble chord length and bubble
frequency.

To compare with previous studies, the cross-sectional gas
holdup, &;, was calculated from the radial profile of the gas
holdup, (%), as follows: & =2 [ & - &5(2) - d(%).

This equation is based on the assumption that the holdup
profile in a single plane, obtained by averaging the values
obtained at equivalent + and — r/R locations, is representa-
tive of the azimuthally averaged value. Figure 4c shows the
comparison between the estimated cross-sectional gas hold-
ups in this work and the values reported in a 0.10-m ID air—
water bubble column under ambient pressure.' The results in
this work compare well with the reported values at the stud-
ied conditions, which further proves the reliability of the
four-point probe technique.

Bubble chord length distribution

The averaged bubble chord lengths and standard deviations
obtained at different solids loading are shown in Figure 5. In
both the bubble column and the slurry bubble column, bub-
ble chord lengths in the center and wall regions increase
with superficial gas velocity, and the increasing rate becomes
smaller with increasing superficial gas velocity.

In the air—water system (no solid), at low superficial gas
velocities, the averaged bubble chord lengths in the center
and in the wall region are small and close to each other, and
the values do not change obviously with the change in super-
ficial gas velocity. The standard deviations at these low gas
velocities are small compared with other conditions. This
means that the flow is in the bubbly flow regime, and the
bubbles are uniformly distributed across the column at about
similar size. With a further increase in the superficial gas ve-
locity, the difference between the chord length value in the
center and that in the wall region becomes large. Large bub-
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Figure 4. Gas holdup measured by four-point optical
probe.

(a) Local gas holdup vs. Ug; (b) radial profile of gas
holdup; (c) estimated cross-sectional gas holdup compared
with reported values in a 10-cm ID air—water bubble col-
umn (Krishna and Sie, 2000). [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]

bles form and move in the core of the column with an
increase in superficial gas velocity, and small bubbles always
appear in the wall region of the column. Hence, the flow
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Figure 5. Averaged bubble chord length and standard
deviation in a slurry bubble column.

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

moves from the bubbly flow regime into the transition flow
regime and then the churn turbulent regime.22 The standard
deviation of bubble chord length in the column center at
high gas velocities becomes even larger with the increase in
gas velocity, and so even in the center of the column, a wide
size distribution of bubbles exists at high velocities.

In the slurry system, at low superficial gas velocities the
bubble chord lengths in the center region are obviously larger
than those in the wall region. The flat stage of the bubble
chord length that appears in the air—water system is not
found in slurry system. It can also be seen that the bubble
chord lengths in the slurry system are larger than those in
the air-water system. Especially at 25 vol %, the bubble
chord lengths in both the center and wall regions increased
noticeably compared with those in the air—water system.
Hence, with the addition of fine catalyst particles, large bub-
bles formed across the column. The standard deviations in
the slurry system are also larger than that in the air—water
system.

The bubble chord length values at low velocities in the
air—water system in this work compared well with those
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obtained by Saxena et al.'? and by Bordel et al.>* The bubble
chord lengths in a slurry system (&, = 13 vol %) reported by
Yasunishi et al.?* fall in between of the values obtained at
solids loading of 9.1 and 25 vol % in this study at similar
superficial gas velocities.

The bubble chord length distributions in the column center
region at different superficial gas velocities and solids load-
ings are shown in Figure 6. At each condition, more than
1500 bubbles are considered for the bubble chord length dis-
tribution. With an increase in solids loading, the distribution
of bubble chord length becomes wider, and the probability of
large bubble chord length increases. Especially at high solids
loading (25 vol %), the probability of the small bubbles
decreases and the number of bubbles larger than 0.75 cm
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Figure 6. Bubble chord length distribution in the col-
umn center at different superficial gas veloc-
ity and solids loading.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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increases obviously. Therefore, the addition of fine particles
favors the formation of large bubbles, which is consistent
with the reported finding by Luo et al.”?

In the probe measurements, sometimes the apparently
small bubble chord lengths measured by the probe may rep-
resent large bubbles which are pierced by the probe at their
edge. In our experiments, each tip of the four-point optical
probe provides a bubble chord length value for a measured
bubble. To reduce the mentioned error in measuring the
chord length of a large bubble, among the four bubble chord
length values provided by the four tips, the largest one was
accepted as the measured bubble chord length,'> which
makes the results in this study considerably more close to
reality.

Bubble frequency

Dividing the total number of bubbles that hit the probe’s
central tip by the total sampling time, bubble frequency can
also be acquired. As shown in Figure 7, bubble frequency
increases with increasing superficial gas velocity but
decreases with increasing solids loading. These changes are
obvious even in the center of the column. The increasing
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Figure 7. Bubble frequency measured by four-point op-
tical probe.

(a) Bubble frequency vs. Ug; (b) radial profile of bubble
frequency. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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rate of bubble frequency becomes smaller at high superficial
gas velocity. Thus, bubble frequency has a similar trend to
local gas holdup, and they are strongly correlated under the
experimental conditions studied.

Combining the findings in the bubble chord length distri-
bution and the bubble frequency, it is not difficult to explain
the changes in local gas holdup at different gas velocities
and solids loadings. At low velocity, small bubbles uniformly
distribute across the column and move at low frequency,
which causes low local gas holdup both in the center and
wall region of the column. With an increase in superficial
gas velocity, bubbles, including the newly formed large bub-
bles in the center of the column, move at high frequency,
which means more bubbles appear in the column, which
causes the increase in gas holdup. Most small bubbles still
stay in the wall region and move at relatively low frequency.
Hence, the gas holdup in the center becomes larger than that
in the wall region, and with an further increase in gas veloc-
ity, the difference becomes much more obvious.

As mentioned earlier, the addition of fine particles causes
the formation of large bubbles, and the average bubble size
increases with solids loading under the experimental condi-
tions studied. At the same time, because many small bubbles
coalesce to large bubbles, the total number of bubbles
decreases, which causes a decrease in the bubble frequency
in the slurry system at increasing solids loading. Along with
the fast effusion of large bubbles from the column, local gas
holdup decreases with increasing solids loading.

Interfacial area

Specific interfacial area is directly related to gas holdup,
bubble size, bubble shape, and bubble frequency. Figure 8
shows the effect of superficial gas velocity and solids loading
on specific interfacial area and shows the radial profiles with
superficial gas velocity at 2 and 13 cm/s. It shows a trend
similar to those of the local gas holdup and bubble fre-
quency, both in the center and wall region of the column.
Specific interfacial area increases with an increase in superfi-
cial gas velocity and decreases with an increase in solids
loading. As it is well known, small bubbles have a large sur-
face to volume ratio, and the spherical shape gives minimum
surface area. At low velocity, most bubbles are spherical or
nearly spherical and move slowly. The increase of gas
holdup with superficial gas velocity implies that the number
and/or frequency of either small bubbles or large bubbles
increase.”” In addition, as the shape of the large bubbles
becomes more irregular at high gas velocity, specific interfa-
cial area increases. However, with the addition of fine par-
ticles, more small bubbles combine into larger bubbles, and
the bubble frequency also decreases. Hence, the specific
interfacial area decreases with increasing solids loading. Son-
likar and Rao®® measured the specific interfacial area by
sodium sulphite oxidation using a cobalt sulphate catalyst in
a 10.5-cm-diameter slurry bubble column. They reported a
decrease in interfacial area with an increase in particle con-
centration, which shows the same trend as in this work.

Bubble velocity
The time averaged bubble velocity (probe pointing down-

ward) at different superficial gas velocities and the bubble
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(a) Specific interfacial area vs. Ug; (b) radial profile of spe-
cific interfacial area. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]

velocity radial profiles are shown in Figure 9. At all the stud-
ied conditions, the standard deviations of the obtained bubble
velocity are less than 2.6 cm/s, and they are even lower (less
than 1.5 cm/s) at superficial gas velocity. Both in the center
and wall region of the column, the rate of increase in bubble
velocity is large in the low range of superficial gas velocity
but becomes small at high superficial gas velocities. In the
center of the column, the changes in bubble velocities at dif-
ferent solids loading are not noticeable under the conditions
studied. In the wall region, when the superficial gas velocity
is low, the bubble velocity at high solids loading (25 vol %)
is larger than those at low solids loadings (9 vol % and no
solid). However, at high superficial gas velocity the differen-
ces are negligible.

In the bubble velocity distribution analysis, to account for
both the upward and downward moving bubbles, the four-
point optical probe was installed pointing both downward
and upward. We considered bubbles traveling upward to
have positive velocities, and those moving downward to have
negative velocities. Figure 10 shows the bubble velocity dis-
tributions, including all measured upward and downward
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bubble movements, both in the center and wall region of the
column. In the center of the column most bubbles move
upward, and the bubble velocity distributions at a given su-
perficial gas velocity are similar at all studied solids load-
ings. With an increase in superficial gas velocity, the bubble
velocity distribution spreads wide, and the number of bubbles
moving downwards in the center increases slowly. The above
result is consistent with the findings in air—water bubble
columns."”

In the wall region, at low superficial gas velocity (2 cm/s)
the bubble velocity distribution is narrow and sharp com-
pared with that in the center, and only a few bubbles move
downwards. With increasing superficial gas velocity the bub-
ble velocity distribution becomes broader, and the ratio of
downward moving bubbles increases greatly. Also, the num-
ber of bubbles with high velocities increases, which implies
the enhancement of the circulation of slurry in the column.
At high superficial gas velocity (13 cm/s), the number of
bubbles moving downward is equal to or even larger than
that moving upward in two-phase systems and in three-phase
systems at low solids loading (9 vol %). However, at high
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Figure 9. Bubble velocity and its radial profile (probe
pointing downward).

(a) Bubble velocity vs. Ug; (b) radial profile of bubble
velocity. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

solids loading (25 vol %), the number of bubbles moving
downward in the wall region is still smaller than that moving
upward at the studied conditions.

Effect of probe orientation

To understand the effect of the probe orientation (down-
ward or upward), in the air—water system at selected condi-
tions, the values of the investigated parameters (local gas
holdup, bubble chord length, specific interfacial area, and
bubble velocity) obtained at both probe directions and both
in center and wall regions are listed in Tables 1 and 2. The
bubble numbers obtained as part of the signal process are
considered as weighting factors to calculate the local average
values of each of these parameters. To calculate the average
local gas holdup, the number of bubbles that hit the center

tip is used, and for the calculations of the average values of
the other parameters, the number of bubbles that hit all four
tips is applied. The equation used to calculate the averages is
as follows.

Maye = Mg 'fd +Wufu

Ny
S S myi _2ihmy
d Nd ) u Nu
Ny N,
fd: ) fu = .
Nd +Nu Nd +Nu

where m,,. is the average of the investigated parameter, 7
is the average value of the parameter with probe pointing
downward, 71, is the average value of the parameter with the
probe pointing upward, f; is the weighting factor of the pa-

Table 1. Investigated Parameters at Different Probe Orientations (Ug = 2 cm/s)

Center (/R = 0.0)

Wall (r/R = 0.9)

Investigated Probe Pointing Probe Pointing

Probe Pointing Probe Pointing

Parameter Downward Upward Average Downward Upward Average
& (%) 11.2 5.08 8.98 3.96 3.22 3.70
lchora (cm) 0.431 0.093 0.429 0.407 0.394 0.406
a (cm*/cm®) 0.889 2.52 0.896 0.370 0.475 0.372
u, (cm/s) 47.9 12.5 47.7 31.3 18.6 31.0

¢, local gas holdup; /.,0rq, bubble chord length; a, specific interfacial area; u;,, bubble velocity.
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Table 2. Investigated Parameters at Different Probe Orientations (Ug = 13 cm/s)

Center (/R = 0.0)

Wall (/R = 0.9)

Probe Pointing Probe Pointing

Probe Pointing Probe Pointing

Investigated Parameter Downward Upward Average Downward Upward Average
& (%) 34.7 26.9 31.6 9.79 13.1 11.3
lehora (cm) 0.782 0.483 0.766 0.495 0.362 0.444
a (cm’/em?) 2.01 378 2.10 0.668 0.555 0.625
up, (cm/s) 76.1 38.2 74.1 64.7 45.1 57.2

¢, local gas holdup; /.,0rg, bubble chord length; a, specific interfacial area; u;,, bubble velocity.

rameter with the probe pointing downward, f, is the weight-
ing factor of the parameter with the probe pointing upward, i
and j are index number, Ny is the bubble number obtained
with the probe pointing downward, and N, is the bubble
number obtained with the probe pointing upward.

In the center region of the column, at both superficial gas
velocities (2 and 13 cm/s) the averaged values are much
closer to those with the probe pointing downward. This is
because the number of downward moving bubbles is still
small compared with the number of bubbles traveling upward
in the center, and hence the contribution of these downward
moving bubbles to the average value is small, even negligi-
ble. Therefore, the measured results with the probe pointing
downward in the center can represent the local average
values.

In the wall region, at the low superficial gas velocity (2
cm/s) the system is still in the bubbly flow regime, and thus
the average values are still close to those with the probe
pointing downward. However, in the churn turbulent flow re-
gime (Ug = 13 cm/s) the system is much more complex
than in the bubbly flow regime. Values acquired with the
probe pointing downward and upward are both important to
consider calculating the local averaged values. For the other
radial positions, especially those close to the wall, the mea-
surement with the probe pointing upward also cannot be
neglected.

Remarks

The application of the four-point optical probe developed
by Xue'® was extended to a 10.2-cm-diameter slurry bubble
column to study the local gas holdup, bubble chord length,
bubble frequency, specific interfacial area, and bubble veloc-
ity. With an increase in superficial gas velocity, the local gas
holdup, bubble chord length, bubble frequency, specific inter-
facial area, and bubble velocity increased in both the center
and wall regions of the column. Local gas holdup, specific
interfacial area, and bubble frequency decreased with an
increase in solids loading. With an increase in solids loading,
average bubble chord length increased, while bubble velocity
changed slightly. Based on bubble chord length distribution
in the column center, we found that bubble chord length
spread more widely with increasing solids loading. Bubble
velocity distribution was analyzed in the center and wall
regions of the column. The ratio of bubbles moving down-
ward in the center and wall region increased with increasing
superficial gas velocity, and the phenomenon was even appa-
rent in the wall region at low solids loadings. Measurements
with the probe pointing both upward and downward are nec-
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essary for the bubble dynamic study using probes, especially
in the wall region at high superficial velocities.

This work provides important information about bubble
dynamics in a slurry system. However, this study was con-
ducted in a small diameter column, in which the wall effect
may be still important on the studied parameters, especially
at high solids loading. Therefore, for a better understanding
of the bubble dynamics in a commercial FT slurry bubble
column, further experimentation in larger columns is recom-
mended.
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