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Foam Formation in Wilsonville Recycle Solvent

D. H. S. YING

Summary

small amount of foam (5% to 8% of fluid volume) was observed in Wilsonville
recycle solvent at elevated temperatures (Yess than 400°F) at high gas input
rates. The results indicated the foam formation independent of fluid tempera-
ture above 170°F but its stability, i.e. the duration required for the dis-
appearance of foam, reduced continuously with increasing temperature. Gas
holdup was found to increase with increasing fluid temperature possibly due

to the parallel decrease in fluid viscosity. Furthermore the solvent expanded

in a linear rate of 4.8 vol.% per 100°F temperature increase.
Introduction

The gas holdup study with kerosene/nitrogen system, which was reported last
month, showed tremendous amount of foam at low gas velocities. Foam formation
in this hydrocarbon system initiated the investigation of the possibility of
foam formation in SRC process solvent at elevated temperatures. Wilsonville
recycle solvent/nitrogen system was used in this work. Due to the constrient
of the equipment, the effect of temperature was studied from room temperature
to 392°F. In addition, gas holdup and thermal expansign of solvent were

investigated.

161



Equipments and Experimental Method

The equipments consist of a 500 m) graduate cylinder, heating tape, a variable
power supply control, a 250°C-ranged thermometer, a gas flow meter, and a
stainless steel tube to introduce gas intoc the solvent. The experiment
proceeded by filling half of the cylinder with Wilsonville recycle solvent.
Nitrogen gas was introduced at a constant rate. Foam formation and volume
expansion were recorded. The gas flow was stopped in order to measure the
amount of foam in the case of high turbulence. The stability of the foam

was measured simultaneously by recording the duration reguired for foam dis-
appearance. The final liquid volume was recorded before proceeding to the next
gas flow rate. At the end of the amhient temperature study, the fluid was
heated to higher temperatures. A constant power supply to the heating tape

was used to heat the solvent. The temperature and liquid volume were monitored
continuously until steady values were obtained. Then the experiment proceeded
with same ﬁrocedure described above. A total of five temperatures ranging

from 65°F to 392°F was uysed. At the end of the experiments, the volume

of the solvent was measured as a function of flyid temperature as it cooled

back to room temperature.

Foam Formation

Foam was observed in Wilsonville recycle salvent only at high gas velocities.
One of the goals in this work is to determine the existence of foam in SRC-1
process solvent at typical high and low gas flow rates at elevated tempera-
tures. It is not intended to determine the transition velocity at which
foam is formed. At low gas velocities (approximately 2 cm3/sec) the solvent

did not form fcam for the entire temperature range invéstigated (B3°F to 392°F).
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At high gas velocities (approximately 150 cm3/sec.) small amount of foam was
observed with a slight dependence on the fluid temperature. Because of the
large turbulence at high gas velocities, a distinct layer of foam above the
fluid could not be detected. Instead the amount of foam was recorded after
shutting off the gas flow, thereby giving the minimum amount of foam formed.
By raising the temperature from §5°F (room temperature) to 167°F, the foam
increased from less than 2% to 5% of the fiuid volume. Further increase in
temperature to 392°F did not show substantial change in amount of foam. The
stability of the foam decreased continuously with increasing temperature,
however. The foam stability is defined as the duration for the foam to
completely vanish. As temperature ihcreased, the fluidity of the solvent
increased or equivalently the viscosity decreased. [t is likely that foam
forms more readily in less viscous liquid, explaining the increase oé foam in
the first increment of temperature raise from 65°F to 167°F. The subsequent
insensitive change in the amount of foam with further increase in temperature
could possibly be due to the larger uncertainty associated with the amount of
foam observed because of the increasing instability of the foam. In any event,
the quantity of foam in the wilsonville recycle solvent (at elevated tempera-
ture) is orders of magnitude less than that observed previously in kerosene/
nitrogen system. The qualitative aspects of these results were reproducible,
such as the effect of temperature on foam stability and amount. However, the
absolute quantity of foam formation is not reproducible. One possibie
explanation is the stripping of the light ends of the solvent during the first
set of experiment, thereby reducing the amount of foam when the reproducibility

was checked in a subsequent experiment. Nevertheless small amount of foam (5%
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to 8X) was observed in Wilsonville recycle solvent at elev&ted temperatures
(less than 400°F) at high gas velocities (0.27 ft/sec. to 0.38 ft/sec. based
on the cross section of the gradua;e cylinder), The results also suggested
negligible increase in foam with further increase in temperature above 200°F

but the foam stability continuously reduce.

Gas/Hg1d-Up

Gas void fraction was fouﬁd to increase with increasing temperature at a
constant gas input rate. The gas void fraction was calculated from dividing
the difference between expanded vo]ume and inftial volume by the .i;ﬁﬁ?é&
volume. The results were summarized in Tgble (1). Because of the large
turbulence at these high gas ve]ocities,‘the absolute values of the void
fraction were not highly ré!iable. However, a trend of increasing gas
holdup with increasing temperature is quite apparent. Although this trend
of increasing gas holdup would be partially influenced by foam formation
which was unavoidably embedded in the gas void fraction calculation, yet the
-sizeable difference shown in Table (1) could not be explained by foam form-
ation alone. The increase of gas holdup with increasing temperature could

possibly be due to the reduction of fluid viscos1ty, in agreement with most

investigator's work of viscosity effect on gas holdup.

Thermal Expansion of Solvent

Wilsonville recycle solvent expanded considerably with increasing temperature.
It was unlikely to accurately monitor the expansion of the solvent during the

course of the experiment because gas bubbling stripped part of the solvent
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STIRRED REACTOR HYDRODYNAMICS

D. H. S. Ying*

A hydrodynamics study was conducted to gain a further understanding
of the characteristics of the unbaffled CPOU (Coal Proccess Davelopment
Unit) stirred reactor in ¢rder to improve CPOU data analysis. Speci-
fically, this study included measyrements of gas holdup and the disper~
sion of both gas and ligquid phasas in a Plexiglas reactor simulator.

Vortex faormation, measured in both the air/water and nitrogen/
methanol systems, causes the relatively large gas holdup in the
unpaffled stirred reactor. Because of this vortex, gas holdup increases
dramatically with increasing stirrer speed, but decredses unexpectedly
with increasing gas velocity. At typical operating conditions of 40 min
residance time, 30 M scf Hz/ton of coal (840°F, 2,000 psig), and 1,000
rom, gas holdup is estimated to be 18.5X%.

The Tiquid phase is undoubtedly completely back-mixed, as confirmed
in a tracar study. Likewise, fine solid particles (silica averaging
10 um) are homogeneously mixed in the reactor. However, large particles
(140-170 mesh glass beads) behave differently; their concentratiam in
the exiting slurry is higher than the average value in the reactor,
disagreeing with the completely back-mixed model. This behavior of the
large particles can be explained by the solid bypassing phencmenon that
results from the centrifugal effect induced by the agitater. Since in
the process unit runs the residue particles in the product slurry are
vary fine (<20 um), these particles should be well mixed in the CPOU
reactor. '

*laternational Coal Refining Co. {ICRC).
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INTRODUCTION

Reactian kinetics and hydrodynamics are two key factors governing
the design of the dissolver, a major element in the SRC-1 coal liguefac-
tion process., The kinetic data have been cbtained in a coal process
development unit (CPOU) using a continuous stirred reactor, and the data
have been compared with a completeiy back-mixed model. Although a
gqualitative observation of gas holdup and solid behavior was performed
in the past, this information is not sufficient to fully understand the
reactor hydrodynamics. This study was conducted to determine specific
fluid dynamic behavior of the continuous stirred reactor to improve the
CPOU data analysis. Specific fluid dynamic behavior includes the
following:

© Gas holdup
° |Liquid dispersion

% S$olid dispersion

EXPERIMENTAL PROCEDURE

Fluid dynamic behavior of a stirred reactor depends strongly on the
reactor geometry and internal configuration. Two different internal
configurations of Plexiglas reactor simulators (Figures 1 and 2) were
ysed in this study. The major differences between them are the width of
the agitator blade, the distance of the agitator from the reactor bottom
where the inlet is located, and the outlet position. Other minor dif-
ferences are the dimensions of the thermowell, shaft, and exit opening.
Configuration 11, depicted in Figure 2, is identical to the CPDU
reactor, and most of the experiments were performed with this configura=
tion.

Gas Holdup .
Air and water were allowed to flow into the reactor simulator with

the agitator rotating at a fixed speed. The air and water exited the
reactor through a side opening at the top. After 5 min of steady flow,

the operation was ended by simultaneously stopping the agitator, gas
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flow, and liquid flow. The weight of the liguid retained in the reactor
(wm) was measured. By knawing the weight of Tiquid occupying the reac-
tor at the same liquid flow rate in the absence of gas and agitatien
(NT), the gas holdup or gas volume fra;tion (sg) can be calculated as
follows:

Using Tiquid weight to calculate gas holdup is mo;; accurate than using
liquid volume because the precision in volume measurement is 22.5 mlL,
whereas the weight measurement is within *0.01 g. However, in the
gas/slurry three-phase system, slurry volume was usad to calculate gas
heldup. Air/water, air/water/giass beads (140-170 mesh (105-88 um)],
air/water/silica (average 10 um), and nitrogen/methanol systems were
investigated using configuration II, whereas only the air/water system
was tested in configuration I.

Selid Dispersion

Because of the inability of the presant system to handle homo-
genecus slurry feeds, solid dispersion was determined by a special
method. Two hundred grams of glass beads or fine silica particlas were
placed in the configuration [l reactor, which was half filled with
ligquid. Gas and liquid were then passed into the reactor with the
agitator operating at a fixed rotating speed. As soon as the slurry
began exiting the reactor, a sample was taken. Qther samples were col-
lected at fixed intervals of 5, 10, or 20 min. Between esach sampling,
the exiting slurry was also collected in separate vessels, The solid
concentrations in all samples and collecting vessels were calculatad Dy
measuring the slurry volume and the weight of the dried solid. The

degree of solid dispersion in the reactor was determined by comparing
the measured solid concantrations Teaving the reactor with predicted

’ .
values based upon a completely back-mixed model.
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Liquid Dispersion

Liquid backmixing in the configuration II reactor was measured by
using an approach similar to the solid dispersion study. The conduc-
tivity of the liguid leaving the reactor was measured to determine the
concentration of a sodium chloride (NaCl) tracer from a calibration
curve. The degree of liquid back-mixing in the reactor was determined
by comparing these measured concentrations with the completely back-
mixed model. ‘

RESULTS AND O1SCUSSION

Gas Holdup
Confiquration I. The effect of stirrer speed on gas holdup is

shown in Figure 3, which also provides typical CPDU gas and liquid flow
rates. The gas volume fraction increases from 0.04 to 0.20 as the
stirrer speed increases from 700 to 1,500 rpm. This five-fold increase
in gas holdup with increasing stirrer speed {s not surprising because

gas holdup is largely due tc the vortex formed around the shaft of the
agitator. Since the 1iquid rotates faster as the stirrer speed in-.
creases, .a deeper vortex is formed, thereby resulting in an increase in
the superficial gas holdup. The depth of the vortex increases from 1 to
6.5 in. in the range of stirrer speeds spanned in Figure 3. Because the
gas bubbles dispersed around the agitator contribute to a much lesser
extent to the total gas holdup, the gas/liquid interfacial area is
1imited, although the superficial gas holdup is substantial.
Interestingly, gas holdup decreases with increasing gas velocity at
constant stirring speed and liguid flow rate, as shown in Figure 4. At
both 1,000 and 1,500 rpm, gas holdup is inéensitive to the first incre-
ment of gas input, but then decreases with further increases in gas
velocity., This reduction in gas holdup at higher gas velocities is due
to a reduction in the vortex. Experimental results show that vortex
depth decreases from 3.75 to 1 in. and from 6.5 to 1.9 in. at 1,000 and
1,500 rpm, respectively, as the gas velocity increases from 180 to 760
cm3/m1n. However, as the superficial gas holdup decreases with in=
creasing gas velocity, the amount of dispersed gas bubbles around the
agitator (i.e., the gas/liquid jnterfacial area) increases. Further=

more, this increased amount of dispersed bubbles around the agitator
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reduces the effectiveness of the agitator to rotate the Jiguid, thus
.reducing the vortex depth. At 700 rpm, gas holdup is apparently minimal
at all gas velocities, as shown in Figure 4. The same phenomenan of
vortex reduction can explain the initial reduction at a gas flow rate of
180 cm3/m1n However, the vartex depth at this rotating speed is
fnitially small (i.e, 1.9 in. at zero gas velocity). Since the measured
9as holdup is due to the combined vortex and dispersed bubbles, the
subsaquent increase in gas holdup aﬁ 760 cm3/m}n gas flow rate reflects
an increased amount of dispersed bubbles because the vortex is smaller.
In any event, gas vortex is the major contributor to the gas holdup
measured in this system, particularly at high rotating speeds (e.g.,
1,000 and 1,500 rpm). _

Configuration [I. The effect of stirrer speed in configuration [I
ts very similar to that observed in configuration I. Gas holdup is

largely dependent upon vortex size, and increases with increasing
stirrer speed, as shown in Figure 5. Due to the wider agitator biade in
configuration IT (f.e., 2 vs. 1.75 in.), the tip speed is higher at the
same rotation rate. C(onsaquently, the vortex 15 targer, and results in
a slightly higher gas holdup in the configuration II reactor.

The effect of gas velocity is much less dramatic in configuration
IT than Tn configuration I. When gas velocity is increased from 180 to
760 cm /min at 1,000 rpm, gas volume percent decreases from 15 to 13.7
(Figure 8), and is also accompanied by a small decrease in vortex size.
The smaller reduction in gas holdup with gas velacity in configuratian
I1 can perhaps be attributed to the wider agitator blade. The dispersed
bubbles around the wider agitator may be less effective at decreasing
the liquid rotation speed, which is the key cause of vortex formation.
Likewise, at the higher stirrer speed of 1,500 rpm, the vortex size. and
consequentiy gas holdup, are practically unaffected by increasing gas
velocity. 7 _ '

In studies of the effect of solid particles on gas holdup, the gata
fluctuate within only a few tenths of a percent in a wide range of
solids concentrations. Therefore, gas holdup is practically unaffected
by the presence of solids.

The presance of a vgrtax in the CPOU reactor precludes the compari-

son of air/water/gas ho]dup_data with published correlations to predict
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gas holdup in the actual process, since the literature data were
developed in the absence of a vortex. Thereforas, a liquid medium having
physical properties closely reéembling the coal liguid under process
conditions should be used to determine gas holdup. The physical proper-
ties of methanol are very close to those of coal liquid. As shown in
Table 1, the gas holdup 'in a nitrogen/methancl system at typical
operating conditions is higher than that measured in an air/water system
" (18.6 vs. 15.0%). Since both systems have approximately the same vortex
size, the difference in gas holdup reflects the larger amount of dis-
persed ‘bubbles in methanol, which increases the gas/liquid interfacial
area. It should be pointed out that the gas holdup estimate of 18.6%
does not account for any foam formation if it exists in the coal system;

nevertheless, it is a reasonable value for a nonfoaming system.

S0lid Dispersion

The dispersion of solid particles in a stirred reactor was studied
with the configuration II reactor. In Figure 7, the concentration of
the 140-170 mesh glass beads in the exiting slurry as a function of time

was plotted using typical gas and liquid flow rates with the agitator
rotating at 1,000 rpm. The results clearly indicate that the measured
solid concentration is higher than the expected values based on a com”
pletely back-mixed model, represented by the solid line in Figure 7. In
the comp1ete1y back-mixed mode!, solid concentration in the exiting
slurry is identical to the homogeneous concentration in the reactor at
any time. This solid concentration is calculated as follows:

£ = Co exp {-t/TR)

where ¢ = solid concentration at time t (g/mk), Ca = initial solid
cohcentration (g/mL), t = time {min), and TR = slurry residence time
{min).

Solid bypassing, dep1cted in Figure 8, is one possible explanation
for the higher solid concentration in the exiting slurry. Ligquid rota-
tion induced by the agitator acts Tike a centr1fuge throwing the solid
particles toward the wall of the reactor, and resulting in a radial
solid concentration gradient. Since the exit line is located at the
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side, the higher concentration slurry will preferentially exit the
system, resulting in the data in Figure 7.

The degree of solid bypassing decreases with increasing gas velogc=
ity. Figure 9 plots the concentration of glass beads in the exiting
slurry as a function of time and increasing gas velocity. Ouring the
first 30 min, the slurry leaving the reactor still has a higher solids
concentration than the back-mixed model would predict, but the magnitude
Ts less than that measured at lower gas velocity (Figure 7). This
effect of gas velocity can also be explained by the solid bypassing
concebt; Similar to the effect of gas velocity on gas holdup, the
increased amount of dispersed bubbles around the agitator as a result of
fncreasing gas velocity reduces the esffect of 1iquid rotation. Conse-
quently, the centrifugal influence is decreased, and yields a lower
radial concentration gradient. Therefore, the measured exiting solid
concentration is lower at higher gas velocity.

If the centrifugal effect is the major cause of the observed higher
exiting solid concentration, one would expect the influence of centrifu=
gal force to decrease by reducing the particle size. A simi1af plot aof
the solid concentration versus time for very fine silica particles
averaging 10 um at typical operating conditions 1is depicted in
Figure 10. The results show good agreement with the back-mixad model,
uhich'furtheﬁ suppdrts'the solids bypassing concept, and suggests that
the effect of centrifugal force in this fine-particle system is only
moderate.

Since the feed coal in the CPOU is 150 mesh and finer, the median
coal particle size is small. Therefore, the 140-170C mesh gltass bead
results represent the worst possible case, which is very unlikely to
occur. In addition, as the coal dissolves, the particle size is sig=
nificantly reduced. The residqual material in the product slurry con-
sists‘of particles less than 20 um. Therefore, based upon the results
of this solid dispersion study, the solid particles in the CPOU stirred
reactor are speculated to be homogensously mixed. .

Liquid Dispersion ‘
- The degree of 1liquid back-mixing in the stirred reactor was

examined under typical flow conditions. The exiting tracer concentra-
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tion as a function of time is plotted in Figure 11. The good agreament
between the data and the pack-mixed model prediction indicates a com-
pletely well-mixed liquid phase in the reactor. This agreement also
supports the data on the weli-mixed fine solid particles shown in
Figure 10, thereby indicating a homogereous slurry mixture in the con-

tinuous stirred reactor.
CONCLUSIONS

Gas hoIdup in the st1rred reactor was found to depend strongly on
stirrer speed and slightly on agitator size. A five-fold increase in
gas holdup was observed by doubling the stirrer speed. This strong
dependence on stirrer speed was primarily due to vortex formation in the
unbaffled reactor. More interesting is the reduction in gas holdup with
increasing gas velocity. At typical operating conditions in the CPDU,
gas holdup is 18.6%. . |

Vortex size was found to decrease with increasing gas velocity.
One explanation is the 1ncreased amount of dispersed bubbles around the
agitator with increasing gas velocity, which reduces the effectiveness
of liquid rotation. Consequent1y, the vortex is reduced accord1ng1y
_with the decraase in 11qu1d rotation,

Undoubtedly, the 11qu1d phase is completely back-mixed. Since fine
silica particles were found to be homogeneously mixed in the reactor,
and the residue part1c1es in the product siurry are in the same size
range (<20 ym), it is believed that the 5011d phase is also completely
back-mixed. However,K the other effects influencing solid dispersion,
such as solid density and rate of coal dissolution, should also be
considered. |

This short study has prov1ded an understandwng of the behavior of
the CPDU stirred reactors. However, more detailed information is
needed, including the effect of solid density on solid dispersion, the
mechanisms eliminating vortex (baffle has been tried and causes coke
formation), the effect of foaming on gas ho1du§, and gas/liquid mass
transfer rate.
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Table 1

Gas Holdup in Two Mixture Systemsa

Air/water Nz/methandl
Gas hoidup (%) 15.0 18.6
Ligquid properties
Density (g/miL) 1.00 0.79
Viscosity (cP) 1.00 0.58
Surface tension (dyne/cm) 72.8 22.3

aConfiguration II; 1,000 rpm; gas flow rate = 180 cmafmin; liquid flow
rate = zero and 25 om /min.
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Figure 1
Schematic of Configuration | Reactor®
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Figure 2
Schematic of Configuratian 1} Reactar®
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Figure 8
Depiction of Solid Bypassing Concept
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Gas Holdup in Gas-Liquid and Gas-Liquid-Solid Flow Reactors
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Abstract

A recent article by Lee, Guin and Tarrer raised a number of questions concern-
ing the methodology for designing a three-phase reactor for the solvent refin-
ing of coal (SRC). Laboratory studies of two- and three-phase flow in sub-
scale models of an SRC reactor have now resolved saveral of these questions.
In particular, water/nitrogen and methanol/nitrogen gas ho'dup data from our
2-inch and 5-inch-diameter columns are in good agreement with the correlation
of Yoshida and Akita. The presence of silica particles (140 mesh minus and
30-45 mesh) reduces gas void fraction at Tow superficial gas velocities.
However, at higher gas flow rates.{ 0.20 ft/sec) the reduction effect of solid
particles diminishes to a negligible level, suggesting that the correlation of
Yoshida and Akita is equally adequate for a gas-liquid-solid system at high
gas superficial velocities. Furthermore, gas distribution and liquid flow
rate show no effect on gas holdup. .
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Introduction

Gas holdup in bubble columns has been a subject of great interest, particularily
in reactor column design. Numerous investigators have studied gas holdup with
many different systems, covering a wide range of 1iquid viscosity (0.58-152.0
cp), surface tension (22.3-76.0 dynes/cm), and density (0.79-1.70 gm/cc).
Recently Tarrer et al. (1978) discussed the evaluation of gas holdup in bubble
columns in conjunction with a dispersion model for the solvent refined coal
process. In particular, the authors examined the general applicability of two
gas holdup correlations. One was that of Hikita and Kikukawa (1974) who
proposed the expression :

€ =0.505 vg°-47 (721023 (19«.)0-05 M

The other correlation was from Yoshida and Akita (1373) who expressed the gas
void fraction as a complex function of three dimensioniess functional groups,

€
( Eg)
where
Ngo = 0% @ /0" (Bond number) (3)
Nea = 903/ Ll 2 (Galileo number) 4)
NFr = Vg/4/ gD (Froude number), and (5)

C1 0.20 for nonelectrolyte solution, 0.25 for electrdlyte
solution

Equation (2) also predicts a holdup which is independent of column diameter,
and it may be written in terms of only two dimensioniess groups, such as

é i 6L3%4 1/24 v3 1/3
()" @

Tarrer et al. arrived at the general conclusion that Equation (2) should be
used when column diameter (D) is greater than 5.9 in (15 cm), while an average

of Equations (1) and (2) was recommended for design purposes when b is less
than 5.9 in.

Air Products and Chemicals has been involved in the detailed design of a 6000
T/0 demonstration plant for the sclvent refining of coal through a DOE contract.
As presently envisioned, the dissolver in the demonstration plant will be

11 feet in diameter and 110 feet tall. As part of this design effort, gas
holdup in gas-liquid and gas-liquid-solid flow reactors was investigated.
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Recent work in our laboratory, using water-nitrogen and methanol-nitrogen in
2-inch diameter (5.08 cm) and S5-inch diameter (12.7 cm) Plexiglas columns, has
demonstrated good agreement with the correlation [Equation (2)] of Yoshida and
Akita. In all cases, the correlation of Hikita and Kikukawa [Equation (1))
overestimates the gas holdup. The average of these two correlations does not
fit our results as well as Yoshida's expression alone. We have also found
that neither the gas distributor nor the liquid flow rate affect gas holdup.
An important feature of the present work was the measurement of gas holdup
both in the presence and the absence of suspended solids. The data show that
the gas holdup is reduced by the presence of suspended solid particles at low
superficial velocities. However, at higher superficialrvelocities, there is
very little difference between the two holdups. This almost identical gas
holdup suggests adequate application of the correlation of Yoshida and Akita
for gas-liquid~solid system at high gas flow rates. Moreover, the effect of
solids appears to be stronger in a five-inch diameter column than in a two-inch
diameter column. At relatively low superficial gas ve'ocities, ignoring the
effect of solid particles on gas holdup might Tead to significant error. In
addition, a )-foot diameter by 25 feet tall glass column has been constructed
at Air Products and Chemicals to study fluid flow parameters, including gas
holdup, for both gas-liquid and gas-Tiquid-solid systems. Results from this
large column will be coupled with the present work to provide better confidence
for scaling up to the demonstration dissolver.

Experimental

Gas holdup studies were performed in 2-inch diameter (5.08 cm) and 5-inch
diameter (12.7 cm) Plexiglas columns which are both 5. feet (1.52 m) high. The
experiments were performed in the absence of liquid flow by completely filling
the column with 1iquid (water or methanol) and then passing nitrogen through
the liquid at specified rates. Excess liquid exited the column at the top
through a side opening. A waiting period of 10 to 15 minutes was allowed to
ensure steady state condition achieved. The bottom valve was then closed to
shut off the gas input. The final liquid level was measured, and the differ-
ence between the fnitial (top exit opening) and the final levels represented
the gas holdup at that particular gas flow rate. Measurements were also made
with a gas distributor plate with seven 0.25-inch (0.64 cm) openings inserted
into the 5-inch diameter column.

Both 30-45 mesh (600 um-350 pm) and 140 mesh minus (Tess than 100 um) silica
particles were employed to investigate the effect of solids suspension on gas
holdup. To ensure a true solid suspension effect a slightly modified technique
was used. At the start of an experiment the top exit opening was vaived off

a8s gas passed through the column to allow complete solid suspension to develop.
“Then the valve was opened to empty any excess solution. The rest of the
experiment proceeded as described above.

Continuous silica-water slurry flow experiments were also conducted. The
sturry and nitrogen passed into the column through a centrally located opening
at the bottom. After steady state was reached, a common valve at the bottom
was closed stopping both slurry and gas flow simultaneously. The gas void
fraction was measured as described above.

190



Results and Discussion

Gas holdup data in the water/nitrogen system are shown in Figure (1). Excel-
lent agreement was obtained between Yoshida's correlation and the results from
the 5-inch diameter column. The results from the 2-inch diameter column also
show good agreement at fow gas input rates, but significant deviations were
observed at superficial velocities above 0.10 ft/sec (3.05 cm/sec). At this
gas input rate, fully developed slug flow was observed in the 2-inch diameter
column. In the larger column (5-inch diameter) slug flow behavior was not
seen up to the maximum superficial velocity of 0.27 ft/sec (8.23 cm/sec)
attainable with the equipment.

The gas void fraction predicted by the correlation of Hikita and Kikukawa
{Equation (1)] was always higher than the experimental results from both
columns at low superficial gas velocities, as shown in Figure (1). The predic-
tion from Equation (1) apparently approaches our gas heldup results (5-inch
diameter column) at higher gas superficial velocities. However, as mentioned
by Tarrer, et al., the application of Equation (1) becomes limited at high gas
superficial velocities, since it predicts a gas void fraction greater than
unity.

The methanol/nitrogen system showed similar behavior as shown in Figure (2).
The average bubble size is smaller in methanol than in water because of the
lower surface tension of methanol, resulting in a slightly larger ‘gas holdup.
The deviation between the gas holdup measured from the 2-inch diameter and
5-inch diameter columns is less in the methanol/mitrogen system, presumably
because the wall proximity effect is lower for small bubbles than for larger
ones. Yoshida's correlation shows reasonably good agreement with the methanoi/
nitrogen gas holdup results. However, the prediction from Equationm (1) is
much too high. Since the small dependence on the 1iquid viscosity shown in
Equation (1) has negligible impact on the gas holdup, the dependence an the
liquid surface tension must be responsible for this high gas holdup prediction.
The correlation of Yoshida and Akita, on the other hand, appears to handle the
effect of surface tension very well, since it is very close to the experimental
data for both water/nitrogen and methanol/nitrogen systems. This suggests the
general application of Yoshida's correlation for low-surface-tension systems.
in addition, the correlation of Yoshida and Akita correctiy predicts that at
low gas flow rates, the bubble rise velocity is independent of superficial gas
velocity. This is more obvious when Equation (6) is rearranged to give an
explicit expression for the bubble rise velocity (VBR) as e L.

9
VeR . 1 ( o3 )1/24 -
W G Ve u5

where VBR = Vg/ Gg

Substitution of the physical properties of water gives V., a value of 1 ft/sec,
~hich a%proxi?ates the terminal velocity of single bubb1§§ in water [Datta,
t al. (1850)].
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Tarrer, et al. has recommended an average of Equations (1) and (2) for design
purposes when the column diameter js less than 5.9 in (15 cm). However we
found that an average of these two equations does not fit our results from the
S-inch-diameter column as well as Equatiaon (2) alone. In fact the correlation
of Hikita and Kikukawa is not dimensionless, making it difficult for scale-up
of bench-scale data.

When a distributor plate with seven 0.25-inch openings was used in the 5-inch
diameter column, the measured gas holdup in water was identical to that obtained
without the plate at gas velocities up to 0.09 ft/sec (2.74 cm/sec). At

higher gas input rates, gas was trapped below “he distributor plate. This

extra gas pocket displaced more fluid, causing an apparently larger gas void
fraction. After correcting for this gas pocket effect, the gas void fractions
at high gas input rates, as shown in Figure (3), agreed with those without the
distributor plate (Figure (1)). This agreement shows that the presence of a
distributor plate does not affect gas holdup in the sertion of the bubble

column above the plate. :

The presence of suspended solid particles in a bubble column reduces the gas
holdup. This effect is somewhat dependent on the column diameter. The compari-
son of the gas holdup in a 2-inch diameter column with and without suspended
solid (740 mesh minus) shows a negligible difference, as shown in Figure (4).
When the column diameter was increased to 5 inches, less gas holdup was observed
in the presence of the suspended sotids (140 mesh minus) as shown in Figure
(5). A gas holdup study with air-water-glass spheres by Kato et al. (1972),
showed similar results. They reported visual observation of higher rising
velocity of the coalesced bubbles in the presence of solid particles. In our
system the suspended silica particles made the slurry column opaque, and

"sua) observation of bubble size and rising velocity was not possible. In
any event, the difference in gas holdup is less obvious at high gas flow
rates. This also agrees with the observation of Kato et al. (1972), and it
suggests that high gas turbulence reduces the coalescence effect caused by the
presence of suspended solid. An identical reduction effect at low superficial
gas velocities was observed when larger particles (30-45 mesh) were used in
the 5-inch diameter column. With these larger particles large coalesced
bubbies were observed and the reduction effect extended to slightly higher gas
input rates (0.19 ft/sec versus 0.13 ft/sec) as shown in Figure (6). This
suggests that the gas turbulence required to reduce the coalescence effect is
higher for larger solid particles. Increasing the average solid concentration
from 15.7 wt X to 45.0 wt X% produced no further systematic change in the gas
holdup as shown by Figure (5).

Our laboratory data showed that gas holdup in bubble columns with suspended
solid particles was not affected by the slurry flow rate. Three different
slurry input ratas, ranging from 5 cc/sec to 24 cc/sec, were employed in
testing the sturry flow rate effect on gas holdup in the S-inch diameter
column. The results showed negligible differences between the gas holdups
measured with and without slurry flow.

Both in the presence and absence of suspended solid particles, gas holdup at
low gas velocities is by itself a small quantity. For instance, at a super-
ficial gas velocity of 0.06 ft/sec (corresponding roughiy to the gas feed rate
ir e Wilsonville SRC pilot plant), the gas void fraction was 1reduced from

.~ to 0.04 in the presence of solid particles as shown by Figure (5). This

4
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reduction has little effect on the liquid holdup. However, it is important to
note that this change represents a 20% reduction in the gas void volume, which
together with changes in bubble size could appreciably affect mass transfer
rate. Consideration of the effect of solids suspension on bubble behavior may
be significant in the design of three-phase slurry reactors.
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Nomenclature

ég gas void fraction
Vv superficial gas velocity [m/sec in .E.q'uation (1); cm/sac in Equations
I (5) and ()]
v g surface tension of liqui'd‘(dyne/cm)
/( viscosity of liquid (ep)
g gravitational constant (cn/sec?)
D diameter of column (cm)
eL density of liquid (gm/cm3)
A kinematic viscosity of Tiquid (cmzlsec)
VBR bubble rise velocity (em/sec)
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Figure (1) Gas Holdup in Water/Nitrogen System

@ 2-inch-diameter column
® sg-jnch-diameter column

Figure (2) Gas Holdup in Metharol/Nitrogen System

0 2-inch-diameter column
° g-ipch-diameter column

Figure (3) Effect of Distributor Plate on Gas Holup

in a 5-inch-diameter Column

Figure (4) Effect of Solids on Gas Holup in a

2-inch-diameter Column

Figure (5) Effect of Salid Concentration on Gas Holup

in a 5-inch-diameter Column

Figure (6) Effect of Large Solid Particles (30-45 mesh) on Gas Holdup

in a 5-inch-diameter Column
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Figure (1)
Gas Holdup in Water/Nitrogen System

® 2-inch-diameter coiumn

¢ B-inch-diameter column
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Figure (2)

Gas Holdup in Methanol/Nitrogen System

9 2-inch-diameter column

® S5-inch-diameter column
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Figure (3)

Effect of Distributor Plate on Gas Haldup

in a 5-inch-diameter Column l
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Figure (4)

Effect of Solids on Gas Holdup in a

2=inch~diameter Column
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Figure (5)

Effeci of Solid Concentration on Gas Holdup

in a 5~inch~diameter Column
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Figure (6)

Effect of Large Solid Particles (30-45 mesh) on Gas Holdup

in a 5-inch~diameter Column
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