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ABSTRACT

The hydrodynamics and the mixing properties in a 15.2 cm diameter
x 335.3 ¢m high stainless steel column with three phases (air, water and
coal) in cocurrent upflow were studied. The effect of solids particles
size, s0lids concentration, slurry velocity and gas velocity on gas hold-
up and heat dispersion coefficients were determined. A1}l the experimental
data were correlated empirically and the results were compared with other

published literature. Theoretical explanations of some resulits were pro-

vided.
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INTRODUCTION

Three phase bubble columns are widely used in the chemical process
industries as absorbers or reactors because of their low maintenance costs,
simplicity of construction and absence of moving parts. They are typi-
cally applied to hydrogenation, chlorination, and sulfonation reactions.
In recent years, they are widely used in coal utilization and conversion
processes, such as direct coal liquefaction, oxydesulfurization of coal
etc, Although, easy to construct, the proper design and scaleup of a
bubble column requires a thorough understanding of the prevailing hydro-
dynamic and mixing properties associated with it.

In recent years the holdups of gas, liquid and solid phases in
three-phase slurry operations have been examined usinq a number of techni-
ques, such as pressure drop measurement, mean residence time distribution,
- x-ray transmission, gamma radiation, and electroconductivity. Recently,
Shah (1979) has reviewed these technigues, quite extensively. The pdb-
lished literature {Imafuku et al., 1968; Kato et al., 1972; Viswanathan
et al., 1965; Ostergaard and Michelsen, 1968). indicated that for particles
less than 1 mm size, gas holdup was significantly reduced by the presence
- of solid particles. This was attributed to the fact that small particles

-promote bubble coalescence which results in  higher rising velocities.

- The effect of larger particles was found to be Tess significant, since
- these particles instead tend to cause breakup of ‘bubbles. The effect of
solids concentration on gas holdup were investinated by Kato et al. {1972)
and Ying et al. (1980). The work by Kato et al. (1972) showed that the
-increase in solid concentrations generally decreased gas holdup, but the

effect becomes insignificant at high gas velocities (greater than 10 to



20 cm/sec). However, at low gas velocities (< .1 ft/sec) existence of
solids did not change the holdup according to Ying et al. 1980). In
general, an increase in gas velocity increased the gas holdup (Metzner

and Brown, 1956; Viswanathan et al., 1965; Osterqaard, 1964, Kim et al.,
1972, 1975; Kato et al., 1972). The effect of 1iquid velocity on gas
holdup appeared to depend upon the free settling velocity of the particu-
late phase. In beds of large and heavy particles, the qas holdup de-
creased with liquid velocity; whereas in the beds of smaller particles,
gas holdup was found to be independent of liquid velocity (Sherrard, 1966,
Ostergaard and Michelsen, 1968; Kim et al., 1972, 1975; Yinqg et al.,
1930). Some studies also reported an increase in cas holdup with decrease
in Yiquid velocity (Michelsen and Ostergaard, 1970: Chen, 1975, 1976).

By examining a wide range of liquid velocity (0-2.5 m/s), Hills (1976)
reported similar results for an air-water system,

The extent of backmixing in the individual phases of multiphase
bubble columns has been largely evaluated with the help of one dimensional
axial dispersion model. Other models, such as those by Deckwer {1973),
Baird and Rice (1975) and Joshi (1980) have alsc been proposed to explain
the experimental data. The experimental data for backmixing in three
phase fluidized bed were reported by Kato et al., (1972): Osternaard,
{1978); Michelsen and Ostergaard, (1970): and Vail et.a1.. (1970). These.
data were obtained for large (> 1 mm) and heavy particles where the ter-
minal velocity of the particles was significant. The data showed that
the axial dispersion coefficient increased with gas velocity but remaine’
essentially independent of liquid velocity. The information on bubble
size distribution, in the presence of solids was not available in the

published literature. Recently, Ying et al. {1980) have shown that the



presence of solids decreased the axial dispersion coefficient in five
and twelve-inch diameter columns. In their work solid particle sizes,
less than 100 mesh, were used. Solid concentration was ranging from
zero to 12 1b/ft3.

The purpose of this paper is to illustrate the behavior of phase
holdups and the axial heat dispersion coefficient in gas-liquid-solids
fluidized bed system. The independent system parameters examined are gas
velocity, slurry velocity, solid particles size and concentration. Since
one of the major applications of the present work is for coal conversion
processes, only different sizes of coal particles have been investigated.
Unlike other studies, this work was concentrated on relatively small par-
ticles (3-300u) and for a wider range of slurry velocity (0 to 10 cm/sec).
The heat dispersion coefficients obtained from this work have been com-
pared with both the mass dispersion coefficients (Deckwer, 1972; Towell
and Ackerman, 1972; Kato et al., 1972) and the theoretical correlations

gbtained by Joshi (1980) and Baird and Rice (1975).

Experimental Setup and Procedure

The schematic diagram of the experimental setup is shown in Fig-
ure 1. The experimental study was carried out in an eleven-feet-high and
six-inch stainless steel column having three major sections:

1) conical bottom section for gas inlet and distribution,

2) one foot high "calming section" filled with 1"x1/2" copper,

rings for mixing of gas and slurry,

3) main test section below the heater, and

4) heat source at the top.



Two distributor plates, one between the test section and calming
section, had sixty 10 mm diameter holes; the other between the calming
section and the conical bottom had 239 holes of 1 mm size. These were
used to ensure uniform flow at the bottom of the test section.

Although six pressure taps at intervals of 2 feed were provided,
only the two bottom most and the two top most pressure taps, connected to
two different manometers were normally used. To overcome the difficulty
of plugging these manometer lines, a water backflushing system was used.

In addition to the pressure taps, six sampling tubes of 1/4" in
diameter were inserted to collect solid-liquid sampies. Each of these “L"
shaped sampling tubes had five 1/8" holes dri11ed on one leq and was in-
stalled horizontally. This arrangement provided radially averaned phase
concentration at each location. In case of plugging, these tubes could
be backflushed. The solids concentration in the sampled slurrv was
measured gravimetrically,

For heat tracer experiments, eleven iron constantan thermocouples,
. located one foot apart from each other along the length of the column were
used. A1l thermocouples were connected to a single digital readout device
{with + 0.1°C accuracy). A shell and tube heat exchanger was located in
the outlet line of the column to cool the heated slurry to the desired
inlet temperature of slurry. This was employed during the steady state
heat tracer experiments. A steam-heated coil was used as a heat tracer.
Steam was introduced at the top through copper coils, at & temperature of
120°C. Gas and slurry flow rates were measured by rotameter and ultra-
sonic device (Hersey Products, Inc.}, respectively. All the experiments
were carried out at atmospheric pressure, with cocurrent upflow of qas

and slurry, in a continuous steady manner.



The ranges of system parameters studied are given in Table 1. The
settling properties of the particles as a function of the particle size,
and the slurry properties, such as density, viscosity etc. are summarized
in Tables 2 and 3, respectively. The viscosities of the coal-water slurry

were calculated using the relationship given by Larosa (1979).

Analysis of Raw Data

A) Holdups

The manometer reading measurements were converted to absolute
pressures by a simple hydrostatic head technqiue. It was required that
the holdup of gas, liquid and solids, expressed as the fractional volumes,
should add up to unity. A second equation was obtained from the oressure
drop measurements. Overall pressure drop, measured between the two points,
consists of two terms: the hydrostatic head and the frictional pressure
drop term. It was found that frictional pressure drop was negligible and
pressures measured were linear with respect to the axial distance. This
proves that the mbst important term which contributed to the overall pres-
sure drop was the hydrostatic head term that includes the holdups and
densities of the phases. The final form that was used is qiven by the

following equation for the gas holdup:

HH,._~ - HH

[ =
6 Mygeo

To determine solid and liquid holdups, solid-liquid samples were
collected at several locations along the length of the column at various
gas and liquid velocities. By measuring the volume and weight of each
sample, the slurry density was obtained. After filtering and drying the

samples, it was possible to calculate the fractional volume and weight of



solid and/or liquid within the slurry itself, From this information, in-

dividual liquid and solid holdups were calculated by using the equations

3 and 4.
Sampling data provided:
s - ts - Volume of Coal
3 €, e Voiume of Coal + Volume of Water
SL L ~S
and
£
)
€c = Ee (=) (3)
S SL gL
Therefore, € - 1 - €~ &g (4)

B) Axial Mixing and Dispersion Coefficients

The measured temperature distributions were correlated by the axial
dispersion model based on the following assumptians:

1) the contribution due to the latent heat of vaporization was
negligible. (This assumption was justified by calculation under experi-
mental conditions.)

2) the thermal conductivity and the density of the gas phase were
small compared to those of slurry and was therefore neqlected.

3) the molecular thermal conductivity of slurry was neqligible
compared to the axial dispersion coefficient of heat.

4) there was no radial temperature gradient over the entire lennth
of the column., {This assumption was checked by measuring the temperatures

at different radial positions for different sets of parameters.)



5} wall heat losses were negligible. (Column was insulated
with one-inch thick fiberglass insulation.)

6) steady state flow.

7) no chemical reaction is occurring,

8) solid-liquid mixture behaves as homogeneous slurry.

9) gas phase backmixing was relatively small.

Based on these assumptions, the folilowing Equation (5) was ob-

tained:

2
a9 T, g% =0 (5)
d2°

where A = DSLDSLCDSLESL

B = og Vg tog,
Solution of this differential equation with the general boundary

conditions of the form,

]
-4

ez=2 T=T,
(6)
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resulted in the following relationship:

's1 (7-1.)
EESLESL ¢

"W Te sL
e Iy te)
. Dsitst R

To eliminate the end effects due to the existence of the steam
coil at the top and the distributor plate at the bottom of the test sec-

tion, the temperatures at a distance of 23.5 and 267.3 cm from the



distributor plate were taken as the boundary conditions (Equation (6)).
Some typical data for the measured and calculated temperatures
as a function of the axial distance from the distributor plate are illus-
trated in Figure 2.
The calculated values of dispersion coefficients were found to

be independent of the amount of heat input to the system,

Results and Discussion

A. Flow Regimes

Determination of the flow regime in a multiphase mixture is one of
the most important steps in evaluating the characteristics of the flow,
because each flow regime provides different phase behavior and mixina
characteristics. In the present study, a flow regime chart was prepared
similar to the one given by Darton and Harrsion (1975), usina the results
of the measured gas holdup and the drift flux theory. The chart is based

on the slip velocity which is defined as,

_ L
U = 8- (8)

and the drift flux of gas, v, (Wallis, 1962, 1969) which is defined as

the volumetric flux of gas relative to a surface moving at the averane

velocity, i.e.

Vep = Useq (v - cg) (9}

The drift flux plotted as a function of gas holdup appears to
fall into two regions: one in which the gas holdup increases rapidly

with the drift flux, and the other, in which its increase is markedly



slower. These correspond to the "uniform bubbling” and "churn turbulent”
regimes, respectively.

It can be seen from Figures 5-7 that most of our data fall in
the transition region. For the data that fall in the uniform bubbling
regime, rise velocity of bubble swarms was equal to the rise velocity of
single bubble in an infinite medium, which was 180 mm/sec. In this reqion
there was no effect of liauid flow rate, solids concentration or particle
size, on either drift flux velocities or gas holdup. However, deviation
from the uniform bubbling regime occurs at smaller ga$ holdup values {or
Tower superficial gas velocities) as either the particle size, solid con-
centration or liquid velocity increases.

The point of transition from one regime to the other was hypo-
thesized to depend chiefly upon the physical properties of the gas and
}iquid, the particle size and the fluid flow-rates as was observed in the
present work, since these factors principally determine the onset of
coalescence.

A relationship between the drift flux and the gas holdup of the
following general form has been suggested for both bubble and sluqg-flow

regimes

vep ™ €g%0 (1 - &) (10)
Different values of m (0 < m < 2) have been reported by different investi-
gators (Nicklin et al,, 1962; Turner, 1966; Richardson and Zaki, 1954} for
two-phase systems. The value of m was considered to be an indication of
how the rise of a particular bubble is affected by its neighbors as well

as surrounding fluid properties. Darton and Harrison (1975) indicated that

the knowledge of how the drift flux-gas holdup plot changes with solids
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concentration, particle size and slurry velocity was needed.
In the present study m was correlated to slurry and particle

Reynolds numbers, and liquid and solid holdup according to the relation

me- (1.95 x 10" Re

E
)
SL +16.13 ES+EL + 0.97 Rep + 3.34) (1)
As shown in Figures 5 to 7, the predictions of Equations (10} and (11}

agreed quite well with the present experimental data.

B. Holdups

1. Gas Holdup
Within the range of system variables examined in this work,

nas holdups were found to depend on gas and liquid velocities, solid con-
centration and solid particle size. Some typical results illustrating
the effect of superficial gas and liquid velocities on the gas holdup is
shown in Figure 6. At low gas velocities ( 5-10 cm/sec), the bubbles
rise separately in the liguid, i.e. the homogeneous bubble flow reqime ..
prevails, and the effect of gas velocity on the gas holdup is quite pro- .
nounced., Similar results have been reported for two-phase (i.e. gas-
liquid) systems {Lockett and Kirkpatrick, 1975). At high gas velocities,
significant coalescence of bubbles occurs, and a large fraction oflthe_
column was occupied by large bubbles. As reported previously {Nicklin,
1962) under this situation, an increase in gas velocity does not signifis.
cantly increase the gas holdup. The ﬁresent data for both low énd high

gas velocities were correlated by an empirical correlation

o Re '
e = G = {(12)
A+BReG+CReSL+D (;S-;-EI:)
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where the values of the four constants are given in Table 4. The typical
predictions of o from Equation (12) are shown by the solid curves in
Figures 6-10. The parity plot, Fiqure 11, presents the comparison be-
tween all the predicted and observed values of gas holdups obtained in
this work.

In the bubble flow regime, a linear relationship between gas hold-
up and superficial gas velocity exists. Although it is generally claimed
that in a bubble column there is little effect of liquid (or siurry)
velocity on the gas holdup, the present work shows a decrease in gas hold-
up with an increase.in liquid velocity. This result is in agreement with
the observations of Michelsen and Ostergaard (1970) and Kim et al. (197?)
for three phase systems; and of Hills {1976) for two phase systems.

It has been found previously that liquid viscosity plays an im-
portant role in determining the behavior of fluidized beds (bubble coalesc-
ing or bubble disintegrating). In general, low viscosity solutions exhibit
bubble disintegrating behavior. However, a trend towards bubble coalescing
behavior is observed by increasing the viscosity of the liquid f1uﬁdizinq
medium. This finding is supported by the work of Calderbank et al. (1967)
and Vasalos et al. (1980) who observed that bubble coalescence was very
much more pronounced in beds containing liquids of higher viscosity. This
probably explains the reduction in gas holdup with the increase in solids
concentration shown in Figure 7. This reduction is more pronounced at
lower solids concentration.

" The effect of solids concentration on gas holdup is less signi-
ficant at higher superficial slurry velocities. The typical effect of
solids concentration on bubble diameter is illustrated in.Figure 8. These

bubble diameters, calculated by Nakanoh and Yoshida's (1980) method,
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increase with the increase in the solids concentration, and a decrease in
gas velocity.

Figures 9 and 10 illustrate the effect of solids particle size
on gas holdup for low (0.02 m/s) and high (0.102 m/s) values of slurry
velocities, respectively. In the low liquid velocity reqion the data by
Kato (1972) and Kato and Nishiwaki (1971) are presented and they match well
with our experimental data. As can be seen, an increase in the solid par-

ticle size decreases the gas holdup.

2. Liquid Holdup

As shown in Figure 12, in the present study , 1iquid holdup
decreased with an increase in the gas velocity and a decrease in slurry
velocity. The effect of particle size on the liquid holdun was found to
be more significant for the higher values of superficial gas velocities.
llowever, Kim et al. (1972) reported a decrease in liquid holdun with the
increase in both gas and liquid velocities. They also indicated that the
presence of solids reduces the liquid holdup in three phase beds. For a
fixed particle size and, slurry and gas velocity, liquid holdup in th{s
work was found to be higher for lower solid concentration as shown by

broken lines in Figure 12.

3. Solid Holdup

The solid holdup behaved in a way similar to liquid holdup.
Some typical results for the solid holdup are shown in Figure 13. Al-
though no explicit information on solid holdups were readily available
from their work, solid concentration profile in the bubble column sturry
reactors has been investigated by Cova {1966), Imafuku et al. (1968},
Farkas and Leblond (1969), and Narayanan et al. (1969). Cova {1966)
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studied the effects of 1iquid velocity, gas velocity and liquid viscosity
on the solid concentration profile and concluded that hiqher gas and liguii
velocities and high viscosities all tend to give more uniform solid dis-
tributions. Imafuku et al. (1968), reported that the critical gas velocity
for complete suspension of solid particles was affected by liquid flow

near the gas distributor, this liquid flow being governed by the shace of
the bottom of the column and the position of the gas distributor, solid
particle size, liquid-phase surface tension and solid-liquid wettability

on the critical solid holdup, which is defined as the maximum quantity oV
suspended solid particles in liquid within the column. In all these
studies, density difference between the solid and liquid was higher and

the rann=2s of liquid and qas velocities were smaller than those used in

the present work. Hiqgh fluid velocities, small particle sizes and small
density differences between the solid and liquid were also believed to be
major causes for the flat solid concentration axial profiles as can be

seen from Table 5.

C. Dispersion Coefficient

In the present study the measured axial dispersion coefficient
was found to be dependent upon gqas and slurry velocities and the particlr
size, and relatively independent of solids concentration.

For an air-water system, the dispersion coefficient increased with
an increase in superficial gas velocity and a decrease in superficial
liquid velocity. A comparison of the present data with those published
in the literature is shown in Figure 14, The heat dispersion coefficients
obtained in this work for low gas and liquid velocities, are someghat higher
than those observed by Deckwer (1973), Baird and Rice (1975) and Towell

and Ackerman (1972). At high gas velocities, the predicted values from
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those correlations agreed well with the present data. Deviations at Tow
gas velocities may be attributed to the differences in the distributor
devices used in those studies, as it is generally claimed. The effect
of distributor design is more pronounced in the low qas velocity renion
where independent gas bubbles are formed.

The effects of phase velocities on the dispersion coefficient are
similar to the ones observed for two-phase system. The present data for
3, 30 and 300 micron particles at the highest (.102 m/s) and the Towest
(.034 m/s) slurry velocities, under the conditions of 10% solid concentra-
tion, are shown in Figures 15 and 16, respectively. The data are compared
with those predicted from the correlations ot Kato et al. (1972), Baird and
Rice (1975) and Joshi (1980) along with the empirical correlation of this
work. Kato et al. (1972} and Baird and Rice (1975) have neither taken the
effect of solid concentration nor the particle size into account in their
correlations. Therefore fheir correlations predicted identical values of
dispersion coefficients regardless of the size of the particles and solid
concentration. The bubble diameter required for the calculation of cir-
culation velocities was estimated by Calderbank's (1967) and Nakanoh's
(1980) methods. Although at lower slurry velocites the present experimen-
tal results can be predicted by other correlations, significant discre-
pancy at higher slurry velocities emphasizes the stronger effect of §1urry
velocities on dispersion coefficients obtained in this work relative to
the ones mentioned. Although the effect of particle size cannot be seen
clearly due to the scattered nature of these data, the empirical correla-
tion, given by Equation 13, indicates some effect of particle size and it
predicts lower values of dispersion coefficient at larqer particle sizes.

A typical correlation for 300u particles at the hinhest slurry velocity
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is shown in Figure 15.

" A1l the correlations used for the comparisons are summarized in
Table 6. Based on the present data, we also conclude that the axial heat
dispersion coefficient matches well with the mass dispersion coefficient
(Figure 16). The present data were correlated by an empirical relation

of the following form.

B

c
S (13)

=AY sL

D5,

Constants in Equation 13 along with the asymptotic standard deviations
estimated for them are listed in Table 6. A comparison of the predicted
and experimental results is presented in Figure 18 for all the dispersion

data obtained in this work.

CONCLUSION

The fluid dynamics of three-phase cocurrent flow in a 15,2 cm
diameter by 335 cm long column were studied. Gas, liquid and solid hold:~~
in gas/liquid/solid systems were investigated both in the presence aﬁd
absence of liquid flow. The variables studied were: particle size (3-
300 microns), solids concentration (0-407), gas velocity (3-30 cm/sec), and
1iquid velocity (0-10 cm/sec). It was found that gas holdups increased
with gas velocity, but decreased with liquid velcoity, solids content, and
particle size. Axial heat dispersion coefficients were als¢o determined
in the same system. The heat dispersion model represented the observed
axial temperature profiles. The heat dispersion coefficients were found

to increase with gas velcoity, to be independent of solids concentration.

The heat dispersion coefficients were found to decrease with both increasinn
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slurry velocity and increasing size of the solids over the ranges studied.
The dispersion coefficients for both heat and mass were judged to be
equivalent. Flow regime maps were also déetermined by relating drift flux
and gas holdup. Most of the present data fell in the turbulent-bubbling
or transition region. The éffects of solids concentration, particle size,
and slurry velocity on the prevailing flow regimes were found to be signi-
ficant. An increase in values of all these parameters caused an éarlier
deviation from bubble flow regime.

The experimental data for flow regimes, qas holdup and dispersion
coefficient were empirically correlated and are given in Equations 10, 12

and 12, respectively.



17

TABLE 1

Ranges of System Parameters

System Parameter Range
- Suyperficial Gas Velocity (VSG) 3.0 - 30.0 cm/sec

Superficial Liquid Velocity (VSL) 0.0 - 10,0 cm/sec

Solid Concentration 0 - 40% by weight

Average Particle Size 3 - 300

Type of Solids Dried Mineral Residue from SRC-I

Plant (Fort Lewis) (3u)

West Virainia and Pittsburgh Seam
Coal (30u)

Kentucky coal (300y)

Density of Solid Particles Approximately 1.3 (g/cc)(for all
types of solids used in this work)
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TABLE 3
Physical Properties of Coal-Water Slurry

Temperature = 25°C

Particle Conc. €5 p Yo, *
. - SL SL
Size wth €S+EL (g/cc) (CP)
(1)
10.5 .085 1.02% 1.265
300 24 . 195 1.060 2.379
36 .305 1.093 5.966
14 L1158 1.034 1.480
30 25 .215 1.044 2.720
N .250 1.077 3.498
40 . 340 1.107 7.547
3 n .0BS 1.075 j.265
21.5 175 1.052 2.095 _
Air-Water 0 0 1.000 1.000

*Calculated from the relationship of Larosa (1979).
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TABLE 5
Solids Concentration Profiles (weinht percent) for 300 Micron Particles

Average
Solid v v D . ,
Conc. st G istance from Distributor (cm)
{twt)  (cm/sec)  {cm/sec) 23.5 145.4  206.4  267.3 Exit
2.1 7 --- 107 —e- -
0.00 10.7 120 - 104 --- --
23.8 N7 .- 12 .- -
2.1 110 .-- 107 --- 106
10.5 3.40 10.7 .105 - .103 --- .096
23.8 .107 .ee " ,109 .- .109
2.1 .100 --- 103 --- AN
10.16 10.7 .106 .- 109 - .099
23.8 .105 ——- .103 .- 103
2.1 . 245 .246 --- - -
0.00 10.7 .253 .250 --- - -—--
23.8 .244 .244 --- - ---
o 2.1 222 .255 --- 283 235
3.40 10.7 .237 .245 .- 281 230
23.8 .256 .247 - 239 242
2.1 -—- - .367 --- ---
0.00 10.7 --- -- .364 --- ---
23.8 --- -e- .359 --- ---
36
2. .370 --- .378 --- .355
3.40 10.7 --- --- .362 --- ---
23.8 .368 ——- .359 --- .357
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TABLE 6

Constants for Heat Dispersioh Coefficient Equation 13

dp(u) A B C

Air-Water 240.051 + 34,27 .205 + .032 - .235 + ,0620
3 179.591 + 22.60 .336 + .034 - 126 + .049
30 285.320 * 40.70 .262 + .03% - .450 + .060

300 165.933 + 15.35 .249 + .030 - .465 + .033
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DEFINITIONS FOR FIGURE 1
Agitator
Ball valves
Backflushing System
Condensate
Conical Bottom Section
Calming Section
Cooling Water Inlet and Qutlet
Distributor Plates
Pressure Gauges
Shell and Tube Heat Exchanger 1" 0D SS tubes on the
tube {slurry side) Heat transfer area 25 ft2
14" 0D, 6 ft long Black iron shell side (cooling
water)
2" 0D, Schedule 80, PVC pipes
Manometers
Galigher Horizontal Centrifugal Pump
Pressure Taps
Reservoir (550 liter, plastic)
Gas Rotameter
Steam Inlet
Sampling Taps
Main Test Section

Transducer and Flow Indicator (ultrasonic)

Thermocouple Holes
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PREDICTED QAS HOLDUP

FIGURE 11
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LIQUID HOLDUP

FIGIRE 12 37
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SOLID HoLpyup
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FIGURE 33
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NOMENCLATURE

specific heat of slurry, cai/goc

particle size; microns

column diameter, cm

dispersion coefficient of slurry or liquid phase, cmzfsec
gravitational acceleration. Cm/sec

hydrostatic head;'com of water

hydrostatic head in the absence of gas; cm of water
empricial constant defined by equation 11

Reynolds number of gas and slurry phases respectively

Reynolds number of particles based on the free settling
velocity

temperature, ¢

temperatures at the boundaries of cold side and hot side
of the test section respectively, OC

terminal rise velocity of a single bubble in infinite medium;
em/sec

s1ip velocity; cm/sec
circulation velocity; cm/sec

superficial velocities of gas, liquid and slurry phase re-
spectively; am/sec

axial distance from the distributor plate; cm

distances of boundaries {cold side and hot side) from the
distributor plate; cm

Greek Letters

€ eL.c,:cSL holdup of gas, liquid, s0lid and slurry phase, respectively
[ e

P51

density of slurry phase; g/cm3



Ve

drift flux velocity; cm/sec

- i i ' m
viscosity of slurry or liquid phase; mr

45
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