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Abstract—According to axial profile of solid concentration, the cocurrent upward three-phase reactors with liquid as
continuous phase can be classified into three types: (a) gas-sparged slurry reactors, (b) three-phase bubble columns, and
(c) three-phase fluidized beds. Comparative study shows that the gas hold up, bubble characteristics and mass
transfer are significantly dependent on the type of three-phase reactors. Three types of reactors exhibit the different
hydrodynamic and transport behaviors with particle size, solid concentration and gas holdup. The structural a-
nalysis of the axial solid distribution indicates the bubble and bubble wake dynamics are the key factors to the hy-

drodynamic and transport behaviors of three-phase reactors.
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INTRODUCTION

The concept of ‘three-phase reactor’ includes all the reactors
where gas, liquid and solid three phases exist simultaneously in
contact with other phases. Such reactors can present various
features of hydrodynamic behaviors depending on the type of
discrete phases and flow direction of each phase. Based on the
contacting mode of gas, liquid and solid phases, Fan [1989]
proposed a classification of three-phase reactors which includes
all kinds of three-phase reactors. Among these diversities, we
will consider only the gas-liquid-solid system where gas and
solid phases are dispersed in a continuous liquid phase (mode
E-I-a and E-lll-a in Fan’s classification). Such types of three-
phase reactors are by far the most commonly encountered in-
dustrial applications. In this paper, the term ‘three-phase reac-
tor(s)’ represents for the column-typed three-phase reactors in
which the gas and liquid flow cocurrently upward and the solid
particles are fluidized by gas and/or liquid flows.

Despite their wide use in various industrial processes, it is
well known that there is no sufficient knowledge of reactor
design because of a large number of variables which are able to
influence the performance of three phase reactors. In addition,
individual research work in the literature usually put their focus
on one aspect of the characteristics of the reactors. The system-
atic and comprehensive research work is scarce. This leads to
the barrier of understanding the hydrodynamic and transport
mechanisms of three-phase reactors.

The present paper describes the classification method of
three-phase reactors based on the axial solid distribution pro-
files, and characterizes the hydrodynamic and transport proper-
ties of each type of three-phase reactors.
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CLASSIFICATION OF THREE PHASE REACTORS

In general, many types of three-phase reactors are divided
into two categories according to the size of particles and the
force causing the solid suspension.

Ostergaard [1968] pointed out early that the bubble column
slurry reactor can be distinguished from the usual fluidized bed
where solid particles are fluidized by the upward liquid flow
while the gaseous phases moves as discrete bubbles through
the liquid-fluidized bed. Deckwer and Schumpe [1984] also pro-

- posed the similar classification method.
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Epstein [1981] stated that three-phase bubble fluidization is
distinguishable from bubble column slurry operation only in its
use of large and/or heavy particles, which are not subject to the
hydraulic transport characteristics of slurry operation when the
liquid is moving.

Muroyama and Fan [1985] distinguished the three-phase
fluidized-bed reactor form the gas-sparged slurry reactor ac-
cording to particle size and solid concentration. In the gas-sparg-
ed slurry reactor, the size of the solid particle is usually less
than 100 um in diameter, the volumetric fraction of the solids
is less than 0.1, and the particles are maintained in a suspended
state by bubble agitation. In the three-phase fluidized bed, the
particle size is relatively large, normally greater than 200 pm,
and the volumetric fraction of the solid particles varies from
0.6 (packed state) to 0.2 (close to the dilute transport state). The
particles are supported by the liquid phase and/or the gas phase.

Pandit and Joshi [1986] stated that the three-phase sparged
reactors should be called gas-liquid-solid fluidized bed or slur-
ry reactors, respectively, corresponding to batch-wise or contin-
uous mode of operation for solid particles. They further divided
the behavior of three-phase reactors in to four regions accord-
ing to the effects of particle size and solid concentration on
bubble diameter.

In spite of considerable discrepancy among the above classi-
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(a) gas-sparged slurry reactor; (b) three-phase bubble columu; (c) three-phase flwidized bed.

Fig. 1. Three types of three-phase reactors.
(a) gas-sparged slurry reactor, (b) three-phase bubble column,
(c) three-phase fluidized bed.

fication methods, it can be recognized that there is general
agreement among those papers that larger and/or heavier parti-
cles are used in three-phase fluidized bed than in slurry bubble
column reactors. In the case of very large and/or heavy parti-
cles the bed consists of the upper dilute region (freeboard) and
the lower dense region where the solid distribution is uniform.
As the size and density of particles decrease, the entrainment of
particles into the freeboard due to the rising gas bubbles is ap-
preciable and particles are dispersed throughout the reactor, but
the solid concentration, in general, decrease exponentially with
the axial position. The particles are suspended by momentum
transferred from the gas phase to the solid phase through the
liquid medium. When very small and/or light particles are us-
ed, the effect of setting velocity is insignificant. A uniform dis-
tribution over the reactor is expected and the solid dispersion
coefficient is very close to that of liquid.

As mentioned above, according to the axial profile of solid
concentration, the cocurrent three-phase reactors with liquid as
continuous phase can be classified into three types: (a) gas-
sparged slurry reactors, (b) three-phase bubble columns, and (c)
three-phase fluidized beds, as shown in Fig. 1. In the gas-sparg-
ed shury reactor solid-liquid suspension can be regarded as a
pseudo-homogeneous fluid and solid particles are distributed
almost uniformly in the bed. The three-phase bubble column is
characterized by an exponential decay of solid concentration from
the bottom to top of the bed. The solid particles are suspended
by liquid circulation induced by rising gas bubbles. On the
other hand, in the three-phase fluidized bed solid particles are
fluidized by both gas and liquid, and the bed is divided into
two regions such as freeboard and dense regions. Based upon
the authors’ experiment by using 10 sizes of glass beads and 8
sizes of alumina particles, it was found that the substantial fac-
tors affecting the solid concentration are particles size and the
density difference between solid and liquid.

In order to establish the criteria for the classification, experi-
mental data as well as literature data on solid concentration
profiles previously published were collected and plotted on the
map given by two axes: particle size d, and density difference
between solid and liquid (p,—p,)as shown in Fig. 2. Three sym-
bols, i.e., triangle, square and circle represent respectively, (a)
gas-sparged slurry reactor (GSSR), (b) three-phase bubble col-
umn (TPBC), and (c) three-phase fluidized bed (TPFB). The open
signs corresponds to the author’s experimental results, and the
solid signs to data published in the literatures. In addition, the
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Fig. 2. Classification map for three-phase reactors. Open and
closed signs stand for our results and data previously
published, respectively.

(a) triangles: gas-sparged slurry reactors, (b) squares: three-
phase bubble columns, (c) circles: three-phase fluidized beds.

experimental conditions in the literatures were summarized in
Table 1. In Fig. 2, it is shown that all the data are divided clear-
ly into three regions. The boundaries between (a) and (b) regions,
and (b) and (c) regions can be represented by two straight lines
of which the slope is —1. Then, they are given respectively by:

(a)-(b) boundary
d,(p.—p) =03
(b)-(c) boundary
d,(p.—p) =10
Thus, the criteria for three-phase reactors are expressed with:

(a) gas-sparged slurry reactors: d,(p,—p)<0.3
(b) three-phase bubbie columns: 0.3<d,(p,—p)<1.0
(c) three-phase fluidized beds: 1.0<d(p,—p))

Although the literature data contains the various experimental
conditions as can be seen in Table 1, the criteria of classifica-
tion were obtained in Fig. 2. This confirms that the dominant
factors which affect the axial dispersion characteristics of solid
particles are particle size and density difference between solid
and liquid. The effects of other factors such as gas velocity, sur-
face and interfacial tensions, liquid velocity, etc., are insignifi-
cant. On the other hand, liquid velocity has much effect on the
axial distribution of solid particles especially for small particle
systems.

GAS HOLDUP

The gas holdup is one of the most important factors for
the reactor design, which depends on many variables, such
as: geometrical characteristics of the reactor, type of dis-
tributor, physical properties of each phase and the operat-
ing conditions.

The authors’ research work [Kim, 1987, 1988] clearly show-
ed that the dependence of gas holdup on particle size and solid
concentration was entirely different in three different types of
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Table 1. Experimental conditions of hydrodynamic studies in three phase reactors

Authors Particles d, [mm] p, [kg/m’] Gas Liquid
(a) Gas-sparged slurry reactors
Capuder & Koloini [1984] Ca(OH), 0.010-0.015 2240 CO,-air water
CaCo, 2710
Deckwer et al. [1980] AlLO, <0.005 2750 N, paraffin, xylenen decalin, kogaa-
sin
Imafuku et al. [1968] glass spheres 0.0642,0.0743 2550 air water+glycerine
ion-exchange resin 0.11 1200
Kara et al. [1982] mineral ash 0.01 1300 air water
coal 0.03-0.07 1300
Kato et al. [1972] glass spheres 0.075-0.163 2520 air water
Kawamura et al. [1965] CH,COOH 0.06 1270 air water
CaCoO, 0.015 2710
BaCoO, 0.0053 4430
Pbl, 0.017 6160
Kelkar et al. [1984] polystyrene beads 0.3 1006 air water+CMC, triton 114
oil shale 0.044-0.254 2300
Seda et al. [1986] Ca(OH), 0.007 2240 0, N,  water+Na,SO,, NaCl, KCl
glass beads 0.04, 0.096 2480
nylon 6 particle 2 1140
Sanger & Deckwer [1981] ion-exchange resin 0.115-0.875 1082-1269 air water+glycol, PEG, glucose
Schumpet et al. [1987]) activated carbon  0.0054 1800 air water+Na,SO,, Na,SO,
kieselguhr 0.0066 2360
aluminium oxide  0.0081 3180
Smith & Ruether [1985] glass beads 0.0965, 0.0485 2420 N, water+methanol
0.0485 3990
Yasunishi et al. [1986] glass beads 0.16 2500 air water+glycerol
(b) Three-phase bubble reactors
Capuder & Koloini [1984] sand >0.4 2580 CO,;-air  water
Fan et al. [1987] glass beads 0.330, 0.460 2500 air water
Heck & Onken [1987] glass beads 0.308 2440 air water
. Imafuku et al. [1968] glass beads 0.11,0.18 2550 air water+glycerine
FeSiO, 0.0735 7000
Cu 0.0645 8800
Kojima & Asano glass beads 0.115-0.425 2390-2490 air water+glycerol
acryl 1.7 1200
Roy et al. [1964] coal 0.063 1440 air water-+alcohol
quartz 0.131-0.675 2630 light diesel oil
Ni-Al Alloy 0.127 3466 til oil
F. T. catalyst 0.347 2601 compressor oil
Smith & Ruether [1985] glass spheres 0.1935 2420 N, water+ethanol
0.0965 3990
Yasunishi et al. [1986] glass beads 0.16 2500 air water+glycerol
(c) Three-phase fluidized reactors
Alarez-Cuenca et al. [1983] glass beads 1,3,5 2,480-2,950 air water
Baker et al. [1978} glass beads 1,3,5 2,484-2 955 air water
Begovich & Watson [1978] alumina 6.2 1,990 air water
glass beads 4.6 2,240
alumina-silicate 1.9 1,720
plexiglass 6.3 1,170
glass 6.2 2,200

Korean J. Chem. Eng.(Vol. 16, No. 6)
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Table 1. Continued
Authors Particles d, [mm] p, [kg/m’] Gas Liquid
Blumn & Toman [1977] catalyst 3.53 1,245-1,290 N, light mineral oil
catalyst 4.23,5.41 865-1,038
Bruce & Revel-Chion glass spheres 2,4,6,8 2,360-2,750 air water
Catros et al. [1985] glass beads 3 2,253 air water
Chiu & Ziegler [1985] glass spheres L3 2,670,2,830  air water
Y-alumina 3.49-5.33 1,975-2,031
Dakshinamurty et al. [1971] rockwool shot 1.3 2,700, 11,000 air water, kerosene
sand 1.06,2.235 2,700, 2,710
glass beads 3.348, 6.844 2,400
glass ball 4.89 2,260
iron shot 3 7,707
Dakshinamurty et al. [1972] glass ball 4.18-6.03 2,448 air, N,  water, electrolyte
glass beads 3.35,6.84 2,420, 2,470
lead shot 2.13 11,175
rockwool shot 1.3 2,700
Dhanuka & Stepanek [1980] glass beads 1.98-5.86 2,960 CO, water+Na,CO,, NaHCO,
Fan et al. [1987] glass beads 0.778-6.11 2,200-2,876 air water
Jean & Fan [1986] glass beads 3.04-6.11 2,200-2,525 air water
alumina beads 2.27-6.69 3,644-3,690
lead particles 3.33 11,075
Kato et al. [1985] glass spheres 0.52-5.2 2,520 air water
porous alumina 1.5 1,800
Capuder & Koloini [1984] sand >0.4 2580 CO,-air  water
Kim et al. [1975] glass beads 1.6 2,300, 2,520°  air water+acetone
gravel 26 2,950 sugar, CMC
Kim & Kim [1983] glass beads 1.7,3.0,6 2,500 water+glycerol, CMC, methanol,
Triton, X-100
Lee & Al-dabbagh [1978] glass beads 4.03, 6.08 2,560-2,590 air water
Morooka et al. [1982] glass beads 0.58-2.2 2,500 air water
Muroyama et al. [1984] glass beads 0.61-6.9 2,500 air water
activated carbon  1.8,3.9 1,300
alumina beads 2 3,550
Nikov & Delmas [1987] plastic spheres 10 1,340 N, water+NaOH
glass spheres 3,10 2,520, 2,560 K;Fe(CN),
brass spheres 3 8,150 K, Fe(CN),
Saberian-Broudjenni et al. [1985] glass beads 1.37 2,640 air water, gas oil
porous alumina 2.15,2.65 1,380-2,145 cyclohexane
kerosene, C,Cl,
Soung [1978] Co-Mo catalyst 2.79-3.79 1,370-1,390 N, heptane

three-phase reactors discussed above (GSSR, TPBC and TPFB).
As shown in Fig. 3 and Fig. 4, the gas holdup increases with
particle size in GSSR and TPFB, but decreases in TPBC. In GSSR
the gas holdup decreases with increase of solid concentration.
This effect is more pronounced at lower solid concentration.
On the other hand, in TPFB and TPBC it was found that the
increase of solid concentration does not reduce gas holdup.
From the observation of the hydrodynamic state in this range
of gas velocity the transition from homogeneous bubbly flow
to heterogeneous churn-turbulent flow was found at the gas
velocity 0.04-0.06 m/s. It was interesting to note that the criti-
cal gas velocity for this transition was substantially independ-
ent of particle size and solid concentration even for the case of
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porous alumina and coal particles system.

Zuber and Findlay [1965] developed a theory to calculate the
gas holdup for churn-turbulent flow regime. The equation is
given by

U/, = Co(U+Up+Vy

When the liquid is fed batchwise, the value of U, is zero, and
C, is a distribution parameter representing a nonuniformity of
radial distribution and V,, represents free rising velocity of a
single bubble.

Fig. 5 shows plots of U /e, against U, for glass beads system.
For each size of particle the data can be expressed by a single
straight line with the gradient C, and the intercept V,, in the
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churn turbulent flow regime (U>0.04-0.06 m/s). Similar plots
can be obtained for other particle systems. For two-phase sys-
tem, where no solid particles exist, the values of C(; and V;O
were 2.67 and 0.203 m/s, respectively.

To elucidate the effects of particle size and solid concentra-
tion, C,/C, were plotted against particle size as a function of
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Fig. 6. Effects of particle size and particle concentration on
Cy/C, for glass beads system.
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solid concentration for glass beads system, as shown in Fig. 6.
There was only a slight decrease with particle size in both gas-
sparged slurry reactors and three-phase bubble columns, whereas
an increase in three-phase fluidized beds. In addition, the value
of C, was found to be independent of solid concentration.

Fig. 7 shows the relationship between V,,/ V,,and particle
size for glass beads system. It was found that the dependence
of the value of V,, on particle size is different in each type of
reactors. The increase in particle size causes a predominant de-
crease of V,, in both gas-sparged slury reactors and three-phase
fluidized beds. On the contrary, in three-phase bubble columns
the opposite tendency was observed. The value of V,, in both gas-
sparged slurry reactors increases strongly with solid concentra-
tion, but this effect was negligible in three-phase fluidized beds.

Considering that the parameter d (p,—p,) may characterize the
hydrodynamics of three-phase reactors, data on Cy C, and V,/
V,, for three different particles system were plotted against d,
(p,—p»), as shown in Fig. 8 and Fig. 9, respectively. Both C, and
V,, were found to be well correlated with d (p,~p,) and solid
concentration ¢:

(a) gas-sparged slurry reactor
Cy/Cy=0.96-0.114 log[d,(p.—p)]
Korean J. Chem. Eng.(Vol. 16, No. 6)
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Vio/Vio = 0.723+6.19¢-0.137 log[d,(p.—p)]
(b) three-phase bubble columns
Cy/Cy=0.96-0.114 log[d,(p,~p)]

Vio/Vio = 2.05+(2.51-11.849) log[d,(p.—py)]
(c) three-phase fluidized beds

Cy/V, = 0.95+0.105 log[d,(p,~p))]

Vio/ Vi = 2.04-0.843 log[d,(p,~p)]

Thus the gas holdup can be calculated by the above correla-
tions when Cj and V,,and for gas-liquid system are known.

MASS TRANSFER

1. Background

The volumetric mass transfer coefficient is also recognized
as one of the important parameters for a proper design of three-
phase reactors. The presence of solid particles can significantly
affect mass transfer characteristics. Many experimental studies
of the solid particle effects on the mass transfer in three-phase
reactors have been conducted comprehensively but most of them
covered only narrow ranges of particle size.
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In the case of large and heavy particle systems, both the volu-
metric liquid-phase mass transfer coefficient, ka, and the gas-
liquid interface area, a, are larger than those in two-phase sys-
tems. Pstergaard and Fosbgl [1972] reported that ka in beds of
6,000 um glass ballotini is higher than that in beds of 1,000 um
particles, and ks in two-phase bubble column is of intermedi-
ate magnitude. Similar results are also reported by Nguyen-Tien
et al. [1985].
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Fig. 10. Dependence of volumetric gas-liquid mass transfer co-
efficient ka on superficial gas velocity.
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For small particle systems, the contradictory results have
been reported with respect to the effect of solid particles on
gas-liquid mass transfer and gas holdup. Using glass beads of
60-270 um Koide et al. [1989] reported that the presence of sus-
pended solid particles reduces values of ka and €,. On the other
hand, Nguyen-Tien et al. [1987] found a noticeable increase of
ka in 50 um particles systems at low solid concentration, com-
pared with that in two-phase systems. They suggested that the
particles increase the liquid-side mass transfer coefficient by pe-
netrating into liquid-side diffusion film. Sada et al. [1987] also
showed that both k, and a in three-phase systems are larger than
those in two-phase systems.

2. Effects of Particle Size and Solid Concentration on Mass
Transfer

The mass transfer characteristics in three-phase reactors with
various sizes of particles ranging from 18 to 5,000 pum have studi-
ed for three types of three-phase reactors, i.e. GSSR, TPBC and
TPFB [Charinpanitkul et al., 1993].

Figs. 10(a), (b) and (C) shows ka plotted against the superfi-
cial gas velocity in GSSR, TPBC and TPFB, respectively. In
all cases, at gas velocity below 0.05 m-s™ small bubbles were
observed to disperse uniformly in the column (bubbly flow re-
gime). In this regime, the population of bubbles increases line-
arly with gas velocity, leading to growing gas-liquid interfacial area.
Thus, the values of ka increase considerably with gas velocity.

When gas velocity was increased above 0.05 m-s™, the bub-
ble size became larger and the coalescence took place, i.e.,
churn-turbulent flow appeared. In spite of an increase in gas
holdup no significant change in gas-liquid interfacial area ap-
peared because of large bubble sizes. The influence of gas
velocity on mass transfer is not so significant at high gas veloc-
ities above 0.05 m-s™".

It is evident that the values of ka in three-phase systems
were larger than that in two-phase systems except for 360-
1,000 um glass beads systems. In particular, large particle sys-
tems (2,700 and 5,000 um glass beads) exhibit a remarkable in-
crease in ka. These trends are consistent with the results re-
ported by Nguyen-Tien et al. [1985].

The effect of particle size, d,, on ka is shown in Fig. 11. In
the case of TPBC, ka decreased with increasing the size of
glass beads particle, while increasing in the case of GSSR and
TPFB. The value of ka, therefore, has a maximum at a particle
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Fig. 11. Effect of particle size on ka at solid concentration of
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Fig. 12. Effect of solid concentration on ka.

size of 88-180 um and a minimum at 500-1,000 wm.

The effect of solid concentration on mass transfer is shown
in Fig. 12. It was found that the value of ka decreases signifi-
cantly with solid concentration in the case of GSSR, whereas
the same effect on ka is less pronounced in the case of TPBC
and TPFB.

In a word, the effect of glass beads size and concentration on
the mass transfer coefficient are notably different in three types
of three-phase reactors.

BUBBLE CHARACTERISTICS

Both the gas holdup and mass transfer rate are directly de-
pendent on the bubble characteristics such as bubble size, size
distribution and bubble frequency.

By using a dual optical fiber probe system, Kim [1989] meas-
ured the bubble length and bubble frequency in a cocurrent
three-phase reactor. The experimental results indicated that the
effect of particle size on bubble length appears to be different
in three types of three-phase reactors. As shown in Fig. 13, the
bubble length decreases with particle size in both GSSR and
TPFB. On the contrary, in TPBC the increase in particle size
causes enlargement of bubble size. It is suggested that the in-
crease of particle size may cause bubble break-up in former two
types of reactors, but rather coalescence in the last type of re-
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Fig. 13. Effect of particle size on bubble length at various solid
concentrations.
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Fig. 14. Effect of particle size on bubble frequency at various
solid concentration.

actors. The presence of particles promotes bubble coalescence,
resulting in the increase of bubble length in all types of three-
phase reactors compared to two-phase reactors. It was evident
that the solid concentration gives considerable effects on bub-
ble length in different way in three types of reactors.

Fig. 14 shows the bubble frequency in relation to particle
size and solid concentration. It can be seen that the effect of
particle size on bubble frequency is contrary to that on bubble
length as previously shown in Fig. 13. There was an increase
of bubble frequency with an increase in particle size in both
GSSR and TPFB, while a decrease in TPBC. The dependence
of bubble frequency on the solid concentration was reduced
with an increase in particle size as in the case of bubble length.

As the particle size increases, the promotion of bubble coa-
lescence due to the presence of solid particles becomes more
pronounced in TPBC, whereas both TPFB and GSSR show an
opposite trend. Therefore, the gas holdup increases with parti-
cle size in GSSR and TPFB, but decreases in TPBC. Accord-
ingly, one can infer that bubble coalescence is intensified in the
transient region between GSSR and TPFB, then a decrease in
gas-hiquid interfacial area exceeds an increase in k,, resulting in
a reduction of k,a. Moreover, the presence of solid particles can
be considered to reduce the gas-liquid interfacial area. There-
fore, an increase in ka in three-phase reactors is considered to
be mainly attributable to increasing the value of k,. Large bub-
bles become more irregular in shape and unsteadily oscillate,
leading to an increase in k.. In addition, large bubbles enhance
circulation flow of liquid phase because of high rise velocity
and turbulent motion. This effect also enhances the gas-liquid
mass transfer rate.

SOLID CONCENTRATION PROFILES PREDICATED
BY A WAKE SHEDDING MODEL

As discussed above, both hydrodynamic and transport char-
acteristics of three-phase reactors considerably depend on the
type of three-phase reactors classified based on the solids dis-
tribution along the reactor. Thus, it is essential to study the mech-
anism of the solid concentration profile development.

Considerable efforts have been made toward the quantitative
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description of the axial solid distribution. Most of them have
been based on the sedimentation-dispersion model that was ori-
ginally proposed by Cova [1966] and Suganuma and Yaman-
ishi [1966]. The model considers a solids axial dispersion flux
and a solids sedimentation flux superimposed on the average
slurry convection flux. For the batch mode with respect to solids
and liquids the sedimentation-dispersion model gives the expres-
sion of the axial solid distribution as

C;=Cp exp(-v/E, z) €))]

where v, is the hindered settling velocity and E, the solid axial
dispersion coefficient. This model can describe the solid parti-
cle behavior successfully. However, the physical meaning of
two parameters in the model is unclear and there are some dis-
crepancies in their interpretation [Jean et al., 1989; de Bruijn
et al., 1989]. The parameters in the sedimentation-dispersion
model, i.e., v, and E,, are not obtained independently, but
given as the ratio v/E, from empirical fitting of the model with
data relating C; to z at steady state conditions. Consequently,
the sedimentation-dispersion model must be regarded as being
phenomenological and merely a one-parameter empirical cor-
relation.

A mechanistic approach to the analysis of the axial solid mix-
ing can provide a fundamental understanding of hydrodynamic
phenomena. The solids mixing behavior inherently depends on
the turbulent dispersion induced by rising gas bubbles and the
entrainment due to the bubble wake motion. In the chumn-turbu-
lent flow regime the particle entrainment due to the bubble wake
motion is considered to be the predominant mechanism respon-
sible for the upward motion of particles.

1. Mechanism of Particle Entrainment by Bubble Wake

As the gas bubble is initially introduced into the bed the
wake is developed almost instantly, transported upwards be-
hind the rising bubble at the same velocity. After travelling a
short distance the wake is shed into the slurry phase and then
the reformation of the wake takes place immediately. The wake
carries solid particles and liquid elements at a velocity greater
than the average liquid velocity. Since the solid concentration
in the wake is lower than that in the slurry phase, the wake en-
trains some amount of liquid upwards, resulting in the longitu-
dinal decay of solid holdup.

2. Wake Shedding Model

The bed consists of a gas phase, a wake phase and a slurry
phase. For simplification batch operation with respect to solids
and liquids is assumed here. The bubbles and their wakes are
assumed to travel at the same velocity. The holdups of gas, wake
and slurry phases, €, £,, €, are assumed to be constant at any
cross section of column. From the definition of individual hold-
ups, the following expression can be written:

£, +E+€, = | )

The solid concentration in slury phase C(z) can be ex-
pressed as a function of the height z. There is assumed to be no
particle exchange between wake and slurry phases except at
the shedding and formation of wake. The wake is shed from
the bubble after travelling a constant distance. The vertical dis-
tance traveled, “wake shedding length,” is defined to be /. The
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model is schematically illustrated in Fig. 15.

At a certain level z the average travelling distance of bubble
wake passing through the column cross section from the for-
mation point can be denoted by &/, which satisfies the follow-
ing equation

H;C,(z)dz =C(z-81) 3)

The ratio of solid concentration in the wake to that in slurry
phase at the height where wake formation takes place is de-
fined to be x. The solid concentration in wake phase at the
level z is given by

C,=xC[z-dl) 4)

Thus, the upward mass flux of solid particles due to the en-
trainment by the wake is given by

F, = xC,(z—Sl)%ew (&)

In order to satisfy the mass balance the downward velocity of
solid particles in slurry phase is given by

_Ug
U= . £/»+v,, 6)

where v, is the particle settling velocity. Thus, the downward
mass flux of solid particles through the slurry phase is given by

F,=c_,<z>(g—g%j+vp)ef %

Since the mass balance of solid particles at any cross section
of column is satisfied for steady-state flow conditions, combi-
nation of Egs. (5) and (7) yields,

X

| v, Ciz-81) =C/(2) )
T U/e) )

By taking logarithms of both sides of Eq. (8) and differentiating
with respect to z, the following differential equation is obtained

Cfz-8l) Cfz)
C(z-8l) C(z)

With the solid concentration at the bottom of the column, Cy,,
the solution of Eq. (9) is given as follows

)]

Clz) = C,Uexp(lﬁsglgz) = Cpexp(~Pz) (10)

where
X
o= ————-——-——1 N v, (11)
(U/E)(e/E)
and
_ loga
B= S (12)

Introducing a parameter, k, defined by

k= 2— (13)
and combining Eq. (2) and (13) gives

€, ke,

g I-g-ke, (1
Substituting Eq. (14) into Eq. (11) gives

T — (15)

v,

KU A1-¢,—ke,)

Since the axial solid concentration distribution can be regard-
ed as a linear function for a short distance provided the expo-
nential term P is relatively small, the value of & in Eq. (3) can
be assumed to be 0.5.

3. Discussion

The wake shedding model involves three parameters, k, /
and x. From the model deduction, it is indicative that the ratio
of solid concentration in wake phase to that in slurry phase
height (x) plays a very important role in determining the axial
solid concentration profiles. If x is equal to unity or close to
zero, the other two parameters do not influence the axial solid
concentration profile. Therefore, x is considered to be the gov-
erning parameters for predicating the axial solid concentration
profile.

Although several studies have been made on the solid con-
centration in the literature [Kitano and Fan, 1988; Tsutsumi et
al., 1988; Kreischer et al., 1990; Song et al., 1991], there is little
agreement so far. Therefore, the values of x were obtained di-
rectly from fitting the model to experimental data [Tsutsumi et
al., 1987] as well as published data on the axial solid concen-
tration profiles.

Considering the process of particle trapping into the bubble
wake region, the effect of particle size and density on the solid
concentration in the wake phase can be described qualitatively
as follows: when the particle size is very small and the density
of solid approaches that of the liquid, the particles can be re-
garded as a tracer of the liquid motion so that the solid concen-
tration in the bubble wakes is considered to be same as that in
the slurry. On the other hand, when the particle size and densi-
ty difference (p,—p,) increase, the particle is more difficult to fol-
low the liquid flow because of its large inertia, and thus the solid
concentration in the bubble wake decreases. When the interia
of the particle is larger enough, the solid concentration in the
bubble wake approaches zero.

As mentioned in the previous section, the axial solid concen-
tration profile can be characterized by density difference (p,—p))

1
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and particle size d,. Accordingly, the relative solid concentra-
tion x was plotted versus d,(p,~p,) in Fig. 16. It is noteworthy
that the values of x did not exceed unity for most of particle
systems. This result indicates that the solid concentration in
wake phase is not greater than that in slurry phase. In the case
of small and/or light particle systems the value of x was found
to be equal to unity independent of particle size. For x=1 the
value of B is close to zero, indicating that particles are distri-
buted almost uniformly.

For large particle systems the value of x became less than
unity and gradually decreased with the increase in particle size.
Both the decrease in x and the increase in particle settling ve-
locity raise the value of B significantly, leading to a consider-
able drop in solid concentration from the bottom to the top.

From Fig. 16, the relationship between x and particle size and
density can be correlated by:

dp(ps’pl)50~3; x=1.0 (21)
0.3<d,(p,~p)<1.0; x = -1.912log[d,(p,~p)] 22)
1.0<d,(p,—p); x=0 23)

The above correlations are fairly consistent with the criteria
for classification of three types of three-phase reactors. In the
gas-sparged slurry reactor, where very small and light particles
are used, the solid concentration in wake phase is almost same
as that in slurry phase. The significant particle entrainment by
bubble wake leads to the uniform axial solids distribution. When
the solid particles become larger and heavier, the solid concen-
tration in bubble wake gradually decreases and the wake entrains
fewer particles resulting in the axial decay of solid holdup. This
is the case of three-phase bubble columns. In the three-phase
fluidized beds, the particles are too large and heavy to follow
the motion of liquid. Therefore, the solid concentration in bub-
ble wakes is near zero and two regions, i.e. freeboard and dense
regions, can be clearly observed in such reactors.

CONCLUDING REMARKS

Cocurrent upward three-phase reactors with discontinuous
gas phase can be classified into three types according to the
axial solid concentration profile: (a) gas-sparged slurry reac-
tors, (b) three-phase bubble columns and (c) three-phase fluid-
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ized beds. Hydrodynamic and transport characteristics of three-
phase reactors were found to depend on the type of reactors.
The gas holdup, bubble characteristics and mass transfer rate
show the different dependency of particle size, solid concentra-
tion and gas velocity in each type of three-phase reactors.

The wake shedding model was proposed for describing the
axial solid concentration profiles in three-phase reactors. A mech-
anistic analysis of particle entrainment by bubble wake indi-
cates the relative solid concentration in bubble wake phase is
the dominant factor for predicating the solid holdup.

On the basis of the experimental data, the correlations for the
relative solid concentration in wake phase (x) in three types of
three-phase reactors were obtained as a function of d (p,—p)):

(a) gas sparged slurry reactors
d,(p,~p)<0.3;x=1.0
(b) three-phase bubble column

0.3<d,(p,~p)<1.0; x=—1.912 log[d,(p,—p)]
(c) three-phase fluidized bed

1.0<d,(p,—ps); x=0
NOMENCLATURE

a : gas-liquid interfacial area [m™']

C(z) : solid concentration at height z [kg-m™]

C, :solid concentration at the bottom of column fkg-m™]
d, :bubble diameter [m]

d, :particle size [m]

: solid axial dispersion coefficient [m?s™']

F : void function

F,  :downward mass flux of solid particles [kg-m™s™]
F, :upward mass flux of solid particles [kg-m™s™]

f,  :wake shedding frequency [s']

g : gravitational acceleration [m-s™]
k  :ration of wake volume to bubble volume wake shedding
length [m]

k; :liquid-phase mass transfer coefficient {m-s™']

ka :volumetric liquid-phase mass transfer coefficient [s™']

l : wake shedding length [m]

Re :reynolds number

Sr, :strouhal number

U, :bubble rising velocity [m-s™]

U, :velocity of solid particles in slurry phase [m-s™]

U, :superficial gas velocity [m's™']

U, :liquid velocity [m-s™]

V, :hindered settling velocity in sedimentation-dispersion mod-
el [ms™]

: settling velocity of solid particles [m-s™']

We : Weber number

X :ratio of solid concentration in wake phase to that in

slurry phase height

Greek Letters
o :exponential term defined by Eq. (11)
B :parameter defined by Eq. (12) [m™]
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d  :parameter in Eq. (3)

€ < holdup

0] : 4solid concentration

A :ratio of the vortex traveling velocity to the bubble rise
velocity

1 viscosity [Pa-s]

p  :density [kg:m™]

p:  :liquid density [kg:m™]

p,  :solid density [kg-m™’]

0, : wake life after shedding [s]

Subscripts

b : bubble phase
f : slurry phase
g : gas phase

! : liquid phase
s : solid phase
w  :wake phase
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