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The phase holdups and the heat-transfer behavior were studied experimentally in
three-phase fluidized beds over a pressure range of 0.1—15.6 MPa. Bubble characteris-
tics in the bed are examined by direct flow visualization. Pressure effects on the bubble
coalescence and breakup are analyzed mechanistically. The study indicates that the
pressure affects the hydrodynamics and heat-transfer properties of a three-phase flu-
idized bed significantly. The average bubble size decreases and the bubble-size distribu-
tion becomes narrower with an increase in pressure. The bubble-size reduction leads to
an increase in the transition gas velocity from the dispersed bubble regime to the coa-
lesced bubble regime, an increase in the gas holdup, and a decrease in the liquid and
solids holdups. The pressure effect is insignificant above 6 MPa. The heat-transfer coef-
ficient between an immersed surface and the bed increases to a maximum at pressure
68 MPa and then decreases with an increase in pressure at a given gas and liquid flow
rate. This variation is attributed to the pressure effects on phase holdups and physical
properties of the gas and liquid phases. A mechanistic analysis revealed that the major
heat-transfer resistance in high-pressure three-phase fluidized beds resides in a liquid
film surrounding the heat-transfer surface. An empirical correlation is proposed to pre-

dict the heat-transfer coefficient under high-pressure conditions.

Introduction

High-pressure operations are common in industrial appli-
cations of gas-liquid-solid fluidized-bed reactors for resid
hydrotreating, Fischer-Tropsch synthesis, coal methanation,
methanol synthesis, polymerization, and other reactions (Fan,
1989). The design and scale-up of these reactors require
knowledge of the hydrodynamics and the heat-transfer char-
acteristics of three-phase fluidized beds at high pressures. Al-
though such characteristics have been extensively reported in
the literature, most studies were limited to the ambient con-
ditions and little has been reported on high-pressure phe-
nomena with relevance to industrial processes.

The pressure has a significant effect on the hydrodynamic
properties of three-phase fluidized beds. The incipient flu-
idization velocity of three-phase fluidized beds decreases as
the pressure increases (Jiang et al., 1995). Tarmy et al. (1984)
investigated the hydrodynamic characteristics of three scales
of three-phase fluidized beds operated under coal liquefac-
tion conditions (P = 17.2 MPa; T = 450°C) and two scales un-
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der cold conditions (P = 0.122-0.621 MPa; T = 25°C). They
reported that elevated pressures delay the transition from the
dispersed bubble to the coalesced bubble regime and in-
crease the gas holdup. Their results showed that the gas
holdup in the coal liquefaction conditions can reach as high
as 0.5 at a superficial gas velocity of 7 cm/s. A similar high
gas holdup (~ 0.5) was reported by Blum and Toman (1977)
in a three-phase coal methanator (P = 6.89 MPa; T =
100-350°C). Due to the variations of liquid-phase properties
and bubble size with pressure, the bed expansion behavior is
affected by pressure (Jiang et al., 1996). For a 2.1-mm glass-
beads system, increased pressures lead to increased bed ex-
pansion, that is, lower solids holdup, while for 1-mm parti-
cles, an opposite trend was reported. Only in systems with
sintered metal plates or porous plates as the distributor (P =
0.4-1.1 MPa; T = 143-260°C; U, = 0-3.5 cm/5), pressure was
found to have little effect on the gas holdup (Deckwer et al.
1980).

Although most of the studies attribute the pressure effects
to the variation of bubble size with pressure, direct measure-
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ment of bubble size in three-phase fluidized beds at high
pressures is rare. Recently, Jiang et al. (1992) conducted di-
rect flow visualization and reported smaller bubbles with nar-
rower size distributions when the pressure was increased up
to 1.0 MPa in a rectangular air—water—glass bead fluidized
bed. Similar effects of pressure on the bubble behavior based
on flow visualization were reported under both the incipient
fluidization and fully fluidized conditions (Jiang et al., 1997)
at pressures up to 20 MPa. Two possible reasons for bubble-
size variation with pressure were suggested; that is, the in-
creased gas momentum in the bubble-formation process
(Tarmy et al., 1984) and the variation of gas-liquid interfacial
properties with pressure (Clark, 1990). However, the mecha-
nisms by which the variations in the gas—liquid interfacial
properties affect the bubble characteristics have not been fully
understood, especially in the coalesced bubble regime where
the contribution of the bubble-formation process may not be
significant.

Three-phase fluidized beds are characterized by high
heat-transfer rate and good temperature controliability. The
coefficient of heat transfer between an immersed heating
surface and a three-phase fluidized bed under ambient con-
ditions has been measured by a number of investigators
(Baker et al.,, 1978; Kato et al., 1984; Kang et al., 1985; Kim
et al., 1986; Magiliotou et al., 1988; Saxena et al., 1989; Ku-
mar et al., 1993a,b; and Kumar and Fan, 1994). Kim and
Laurent (1991) provided a review of the wall-to-bed and the
heating object-to-bed heat transfer in three-phase fluidiza-
tion systems. Generally, the heat-transfer coefficient in-
creases with an increase in gas velocity, liquid thermal con-
ductivity and heat capacity, and the size and density of the
particles; an increase in liquid viscosity reduces the heat-
transfer coefficient. The variation of the heat-transfer coeffi-
cient with liquid velocity or bed voidage exhibits a maximum.
The heat transfer depends strongly on the hydrodynamics,
that is, bubble characteristics and phase holdups. Motion of
bubbles can enhance the heat transfer in liquids or liquid—
solid suspensions due to bubble-wake-induced turbulence that
increases with the bubble size (Kumar et al., 1992). Magnil-
iotou et al. (1988) studied the immersed object-to-bed heat
transfer under low and high gas holdup conditions. Surfac-
tants were used to attain the high gas holdups. They found
that the heat-transfer coefficient under high gas holdup con-
ditions is always higher than that under low gas holdup con-
ditions. Therefore, the effect of pressure on the heat transfer
could be complicated with the bubble-size decrease and the
gas holdup increase at high pressures.

Deckwer et al. (1980) conducted the heat-transfer study
under coal liquefication conditions (P =04-1.1 MPa; T =
143-260°C). No apparent variation of heat-transfer coeffi-
cient with pressure was reflected in their experimental data.
They also reported that the heat-transfer coefficient can be
predicted by extending the correlation for ambient condi-
tions, using the apparent viscosity and the effective thermal
conductivity of the liquid—solid medium and the gas holdup
under the experimental conditions. These results are consis-
tent with the fact that the pressure does not have a signifi-
cant effect on the gas holdup in their system, as discussed
earlier. However, for systems with significant pressure effect
on the hydrodynamics, the effect of pressure on the heat-
transfer behavior would be appreciable and simple extrapola-
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tion of correlations based on the ambient conditions may not
be feasible.

This study examines the effects of pressure on the hydro-
dynamic and heat-transfer properties of a three-phase flu-
idized bed. Specifically, the overall or averaged phase holdups
and the heat-transfer coefficient between an immersed heat-
ing object and the bed are measured over a wide range of
pressures. The bubble behavior in the bed is studied based
on the flow visualization, and the effect of pressure on the
flow transition from the dispersed bubble regime to the coa-
lesced bubble regime is quantified. In addition, the mecha-
nism underlying the heat-transfer phenomenon is discussed
and an empirical correlation is proposed to predict the heat-
transfer coefficient at high pressures.

Experimental Studies

Experiments are conducted in a high-pressure muitiphase
flow and visualization system (Figure 1). The maximum oper-
ating pressure and temperature of this system are 21 MPa
and 180°C, respectively. The system comprises seven main
components, the high-pressure fluidized bed, a liquid storage
tank, a liquid piston pump, a liquid pulsation damper, a bank
of high-pressure gas cylinders, a gas-liquid separation tank,
and pressure and temperature control systems. The pre-
heated liquid from the storage tank is driven by the piston
pump and fed into the high-pressure fluidized bed. Before
the liquid enters the bed, the pulsation is dampened by the
liquid pulsation damper. Nitrogen from the high-pressure
cylinders (42 MPa) is introduced into the fluidized bed after
the pressure and temperature are adjusted to desired values.
The gas and liquid streams from the bed flow through a
back-pressure regulator and then enter the gas-liquid sepa-
ration tank, where the gas is vented and the liquid is recircu-
lated. The back-pressure regulator controls the system pres-
sure. The flow rate of the liquid is controlled by adjusting the
power of the piston pump. The liquid flow rate is measured
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Figure 1. High-pressure three-phase fluidization sys-
tem.

1. Nitrogen cylinders (408 atm); 2. liquid storage tank; 3.
high-pressure three-phase fluidized bed; 4. liquid piston
pump; 5. liquid pulsation dampener; 6. back-pressure regu-
lator; 7 gas—liquid separation tank (PC: pressure control; TC:
temperature control).
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Table 1. Physical Properties of the Paratherm NF Heat-Transfer Fluid*

Densi Viscosity Surface Tension Heat Capacity Thermal Conductivity
Properties (kg/m?*) (Pa-s) (N/m) (ki/kg-K) {(W/m-K)
Values 863 0.018 0.0285 1.926 0.132

*T = 34°C; P =0.101 MPa.

by reading the liquid level in the storage tank and is also
monitored with a magnetic high-pressure liquid flowmeter.
The gas flow rate is measured with either an electromagnetic
high-pressure gas flowmeter or three rotameters of various
ranges in the gas exhaust line. In this study, Paratherm NF
heat-transfer fluid is used as the liquid phase. The physical
properties of this liquid are shown in Table 1. Two glass beads
of diameters of 2.1 mm and 3 mm (p, = 2,520 kg/m?) are
used as the solid phase. The bed temperature is controlled at
34 + 1°C in the experiments.

The detailed structure of the high-pressure three-phase
fluidized bed is shown in Figure 2. The bed is a cylindrical
stainless-steel column divided into three sections: a plenum
section, a test section, and an expansion section. The total
height of this column is 800 mm. The lengths of the plenum
and the test sections are 100 mm and 500 mm, respectively.
The plenum and the test sections have an inside diameter of
50.8 mm. The liquid enters the plenum section through a
12.7-mm stainless-steel tubing at the bottom, and the gas is
introduced into the plenum section through a multiorifice
sparger. The orifices on the sparger are in a ring arrange-
ment and have a diameter of 3.7 mm. The gas-liquid mixture
in the plenum section is distributed into the test section by a
perforated plate with 37 square pitched orifices of 2.4 mm
diameter. Three pairs of quartz windows are installed on the

Figure 2. Design and instrumentation for the high-pres-
sure fluidized bed.

1. Gas inlet; 2. liquid inlet; 3. perforated-plate distributor; 4.
quartz windows; 5. heat-transfer probe; 6. support of the
probe; 7. copper screen; 8. sealing and signal cables; 9. gas
and liquid outlet; 10. lighting; 11. differential pressure trans-
ducer; 12. thermocouple; 13. video camera; 14. TV and VCR;
15. dc source; 16. signal amplifier; 17. data-acquisition sys-
tem; 18. computer.
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front and rear sides of the test section through which the
bubble characteristics and flow phenomena under high pres-
sure and temperature conditions can be directly observed.
The windows have a viewing area of 12,7 mm X 92 mm and
are evenly mounted along the test section. The expansion
section has a larger inside diameter (101.6 mm) to prevent
the entrainment of the particles by the gas and liquid streams.
For the same purpose, the gas—liquid stream passes through
a copper screen with an opening size of 0.5 mm prior to en-
tering the gas-liquid outlet.

The overall or averaged solids holdup in the bed, ¢, is
calculated from a mass balance on the particles:

W,

* p,AH’

e}

where the bed height, H, is obtained by direct visualization.
The dynamic pressure gradient in the bed is measured by a
differential pressure transducer, and the overall or averaged
gas and liquid holdups are determined from the following re-
lationships:

dP,

- E = Es( Ps — p[)g_ Eg( pPs— pg)g

€+e+e=1

2

It is noted that, in arriving at Eq. 2, the axial variations of the
phase holdups and the fluid-wall friction are neglected. Bub-
bles emerging from the bed surface are recorded using a video
camera with a shutter speed of 1/1,000 s. The images of the
bubbles are analyzed to determine the bubble size and bub-
ble-size distribution.

The heat-transfer coefficient is measured with a heat-
transfer probe that is designed specifically for high-pressure
operations. The probe is placed in the center of the bed (see
Figure 2). This probe uses a microfoil heat-flow sensor, which
is attached to a dc-powered heater. The design is similar to
that used by Kumar et al. (1992). The heat-flow sensor mea-
sures directly the local heat flux through the heating surface
of the probe by detecting the temperature difference across a
thermal barrier of a known thermal resistance. The sensor
also detects the temperature of the heating surface. The
overall dimensions of this probe are 25.4x19.1 X4 mm. The
bulk temperature is measured using a thermocouple (type T)
that is placed 15 mm away from the wall, inserted horizon-
tally in the bed. A Das-16 data-acquisition board interfaced
with a PC computer digitizes the signals of the heat flux and
the temperature difference between the probe surface and
the bulk, at a sampling rate of 109 Hz for 18.96 s. In this
study, the temperature difference between the heating sur-
face and the bed is maintained at 9°C, unless otherwise speci-
fied. Knowing the heat flux and the temperature difference,
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the time-averaged heat-transfer coefficient can be calculated
from

1 q(t)

=2 T -nw

(3)

Results and Discussion
Bubble characteristics and regime transition

Three flow regimes characterize the bubble flow behavior
in three-phase fluidized beds: the dispersed bubble regime,
the coalesced bubble regime, and the slugging regime. The
dispersed bubble regime is characterized by relatively uni-
form bubble sizes with a small averaged bubble size. In this
regime, no bubble coalescence occurs. In contrast, bubbles
coalesce in the coalescence bubble regime, and both the bub-
ble size and velocity are large and exhibit wide distributions.

The effect of pressure on the regime transition can be ex-
amined through flow observation (Figure 3). It is observed
that a few large bubbles and a large number of small bubbles
emerge simultaneously from the bed surface in the coalesced
bubble regime at low pressures (Figure 3a). As the pressure
increases, the emerging frequency and the maximum size of
the large bubbles decrease, resulting in the reduction of the
average bubble size and the narrowing of the bubble-size dis-
tribution. With a further increase in pressure, the large bub-
bles disappear and bubbles of relatively uniform size are ob-
served, which is characteristic of the dispersed bubble regime
(Figure 3b).

The effect of pressure on the regime transition can be
elaborated by analyzing the drift flux of gas in three-phase
fluidized beds (Figure 4). For gas-liquid flows, the drift flux
of gas is defined as the volumetric flux of gas relative to a
surface moving at the average velocity of two phases (Wallis,
1969). This definition was extended to three-phase fluidized

12.7 mm

12.7 mm

Figure 3. Bubbles under conditions: d,=2.1 mm; T=
34°C; U_,=0.7 cm/s; U,=0.4 cm/s; (a) P=0.79
MPa; (b) P=10 MPa.
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Figure 4. Effects of pressure on the variation of the drift
flux with the gas holdup under two condi-
tions: (a) d,=2.1 mm, U,;=0.4 cm/s; (b) d, =
3.0 mm, U,=0.84 cm/s.

beds (Darton and Harrison, 1975; Fan, 1989). The drift flux
of gas, j.,, in the three-phase fluidized bed can be expressed
by

_ l—eg

jcd"

4

(Ugfl - L][fg).
€

The drift flux of gas increases with an increase in the gas
holdup in the dispersed regime; in the coalesced bubble
regime, the rate of increase is much larger. It is clear from
Figure 4 that the dispersed bubble regime prevails over a
wider range of gas holdups and that the drift flux in the coa-
lesced bubble regime is smaller at a higher pressure. Tarmy
et al. (1984) reported that three pilot-scale coal liquefaction
reactors operating at P =17.3 MPa and T = 450°C with U, =
0-7.0 cm/s, and €, = 0—0.49 were in the dispersed bubble
regime. For two cold units operated over P = 0.122-0.621
MPa, they indicated that the regime transition takes place at
higher gas holdups as the pressure increases.
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Figure 5. Effect of pressure on the transition gas veloc-
ity.

From the relationship between the gas holdup and superfi-
cial gas velocity, the gas velocity at the regime transition or
the transition gas velocity (U;*) can be identified. Figure 5
shows the effect of pressure on UJ. As the pressure in-
creases, the transition gas velocity and the gas holdup at tran-
sition increase, under all the particle size and liquid velocity
conditions. The pressure effect on the regime transition is
significant, but the effect levels off at a pressure around 6
MPa. It can also be seen from Figure 5 that U;® increases
with liquid velocity and slightly with particle size, similar to
the regime transition behavior at ambient conditions.

The pressure effect on the flow regime transition is a result
of the variation in bubble characteristics. In general, the bub-
ble size and bubble-size distribution are closely associated
with factors such as initial bubble size, and bubble coales-
cence and breakup rates; all of these factors depend on the
gas and liquid properties. Bubble behavior is thus affected by
pressure since the physical properties of the gas and liquid
vary with pressure (see Table 2). Therefore, it is important to
examine mechanistically the pressure effect on bubble forma-
tion and the rate processes involved in the bubble coales-
cence and breakup.

Bubble Coalescence. In the coalesced bubble regime, the
size of bubbles is closely associated with the rates of bubble
coalescence and breakup. For gas-liquid systems, the experi-
mental results available in the literature indicate that an in-
crease of pressure retards the bubble coalescence (Sagert and

Quinn, 1977, 1978). There are three steps in the bubble coa-
lescence process (Vrij, 1966; Chaudhari and Hofmann, 1994):
(1) approach of two bubbles to form a thin liquid film be-
tween them; (2) thinning of the film by the drainage of the
liquid under the influence of gravity and suction due to capil-
lary forces; (3) rupture of the film at a critical thickness. The
second step is the rate-controlling step in the coalescence
process and the bubble coalescence rate can be approxi-
mated by the film-thinning rate (Vrij, 1966). The film-thin-
ning velocity can be expressed as (Sagert and Quinn, 1977,
1978)

d 8P (40 A,
e

= —— —_.+_._
dt 3¢Riu, \d, 6mD3

where the parameter ¢ is a measure of the surface drag or
velocity gradient at the surface due to the adsorbed layer of
the gas. Detailed discussion about ¢ is given in Sagert and
Quin (1977, 1978). The analysis of the order of magnitude of
40/d, and A,/67!°) for the present system indicates that
the term A4,/67!*) can be neglected (A4, ~ 1072, ¢ ~ 0.02,
1~107% and d, ~ 107> —10"2 in SI units).

With increasing pressure, the surface tension decreases and
the liquid viscosity increases (Table 2). In addition, ¢ in-
creases with pressure. All these variations contribute to the
reduction of the film thinning velocity and hence, the bubble
coalescence rate, as the pressure increases. Figure 6a shows
the relative film-thinning velocity, the ratio of the film-thin-
ning velocity at a given pressure to that at the ambient pres-
sure. In the calculation, the variations of the physical proper-
ties are incorporated and the parameter ¢ is assumed to be
constant. From Figure 6a, it can be seen that the film-thin-
ning velocity significantly decreases as the pressure increases.
As a resuit, the time required for two bubbles to coalesce is
longer and hence the rate of overall bubble coalescence in
the bed is reduced at high pressures. At pressures above 6
MPa, the reduction in the bubble coalescence rate is rela-
tively small. The suppression of bubble coalescence by a pres-
sure increase is even more when the calculation takes into
account the increase in ¢ with pressure. Moreover, the fre-
quency of bubble collision decreases with pressure. An im-
portant mechanism for bubble collision is bubble wake ef-
fects (Fan and Tsuchiya, 1990). When the differences in bub-
ble size and bubble rise velocity are small at high pressures,
the likelihood of small bubbles being caught and trapped by
the wakes of large bubbles is relatively small. Therefore, the
bubble coalesence is suppressed by the increase in pressure,
due to the longer bubble coalescence time and the smaller
bubble collision frequency.

Bubble Breakup. While the bubble coalescence is sup-
pressed, the bubble breakup is enhanced by an increase in
pressure. The pressure effect on the bubble breakup can be

Table 2. Physical Properties of the Gas and Liquid Phases at Various Pressures*

Pressure (MPa) 0.79 2.86
Gas density (kg/m>) 8.7 313
Liquid density (kg/m®) 865 868
Liquid viscosity (Pa+s) 0.019 0.022
Surface tension (N/m) 0.0282 0.0265

5.62 10.4 12.5 15.6
61.2 114.5 1371 171.0
872 880 883 891
0.025 0.029 0.030 0.032
0.0252 0.0244 0.0243 0.024

*T =34°C.
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Figure 6. Effects of pressure on: (a) relative film-thin-
ning velocity for two coalescing bubbles; (b)
minimum bubble size for particle penetration.

accounted for by considering two mechanisms of bubble
breakage, particle—bubble collision and Rayleigh-Taylor in-
stability. Chen and Fan (1989) reported that the penetration
of a bubble by a particle upon their collision is the main
mechanism for bubble breakup in three-phase fluidized beds.
Since the bubble breakup in three-phase fluidized beds is in-
herently related to the stability of single bubbles, their theory
is extended to the analysis of bubble breakup in high-pres-
sure systems. They considered the collision between an as-
cending spherical cap bubble and a descending particle and
established three criteria for particle penetration:

- 60(1+d,/2R)
Criterion 1: a5 =g PP + g <
Ps pid,
W, +U )w
Criterion 2: ——22" > 1 6)
L)
2 L2
ag— [a% - (U, + Upo)“wZ]
Criterion 3: 5 >H,
w
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where
12
3
w= (—i f—l i) . (63.)

Physically, criterion 1 states that a particle always penetrates
a bubbie when the initial particle acceleration upon the colli-
sion is downwards. Criterion 2 implies that when the particle
inertia is sufficient, the particle penetrates a certain depth
into the bubble; beyond that depth the liquid head above the
particle is so large that the particle continues to penetrate
the bubble. Criterion 3 indicates that the particle velocity
should be smaller than the ascending velocity of the bubble
during the collision process in order for the particle to pene-
trate the bubble. Since the shape of most large bubbles is
close to spherical in the in-bed region (see Figure 3), 2R
in the preceding equation is approximately equal to the vol-
ume-equivalent bubble diameter (d,). Furthermore, the par-
ticle penetration is mainly dictated by first and second crite-
ria in the present experimental system.

Consider a particle-bubble system that does not satisfy any
of the criteria just given at the ambient pressure, that is, the
particle does not penetrate the bubble. When the pressure
increases, the surface tension decreases and the liquid den-
sity variation is negligible, resulting in a decrease in a, (crite-
rion 1). Hence, criterion 1 could be satisfied at higher pres-
sures for the same particle—bubble system. Meanwhile, the
value of (U, +U,o)w/a, increases (criterion 2). Thus, the
particle penetration can occur at a pressure that is high
enough based on either the first or the second criterion. That
is, particles can penetrate and disintegrate smaller bubbles at
higher pressures. The minimum bubble size for particle pene-
tration can be calculated based on Eq. 6. Figure 6b shows the
values of dp—the ratio of the minimum bubble size for par-
ticle penetration at a given pressure to that at the ambient
pressure—at different pressures for the 3-mm particle sys-
tem. For simplicity, a bubble rise velocity of 7.5 cm/s is em-
ployed and the particle velocity is set at zero, based on visual
observation and the available experimental data in the litera-
ture (Fan and Tsuchiya, 1990). It can be seen from Figure 6b
that the bubble breakup by particle penetration is enhanced
by a pressure increase. Figures 6a and 6b exhibit a common
feature. The pressure effects on both the bubble coalescence
and bubble breakup start to level off above a pressure of 6
MPa; this is also the pressure above which pressure does not
significantly affect the flow regime transition. This result sug-
gests that the higher transition gas velocities in high-pressure
systems are related to the pressure effect on the bubble coa-
lescence and breakup phenomena.

The Rayleigh-Taylor instability concerns the stability of a
system in which a fluid is superposed on another fluid of
smaller density in a gravitational field. Bubbles may break
due to the Rayleigh-Taylor instability on the roof of a bubble
(Henriksen and Ostergaard, 1974). It has been suggested that
a particle with a diameter greater than half of a critical wave-
length (A,) generates enough disturbance to break up the
bubble (Henriksen and Ostergaard, 1974). The critical wave-
length (A.) can be calculated from the theory of Bellman and
Pennington (1954), expressed by
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Equation 7 was developed for a plane surface with a two-
dimensional sinusoidal disturbance. Chen and Fan (1988) took
into account the effect of the curvature of the bubble roof
and obtained an equation to calculate A, at the nose of the
bubble. Their equation has the same form as Eq. 7, except
that the coefficient is 2y2 7 instead of 2. It is found that A,
remains virtually constant over the entire pressure range in
this study, by employing the physical properties of the fluids
at high pressures (o', p;, and p,; see Table 2} in Eq. 7. The
implication is then that the pressure does not affect bubble
breakage due to the Rayleigh-Taylor instability.

Bubble Formation. The bubble formation process in the
gas distributor also contributes to the bubble size and its dis-
tribution in the bed, particularly in the dispersed bubble
regime. Most studies on the bubble formation in liquids at
high pressures have indicated that, at the same gas flow rates,
smaller bubbles are formed at elevated pressures. This is due
to an increased gas momentum in the bubble formation
process (LaNauze and Harris, 1974; Idogawa et al., 1987).

In summary, the bubble coalescence is suppressed and the
bubble breakup by particles is enhanced under high-pressure
conditions. Also, the distributor tends to generate smaller
bubbles. All these factors contribute to the small bubble sizes
and narrow size distributions and, consequently, the flow
regime transition characteristics in high-pressure three-phase
fluidized beds.

QOuerall phase holdups

Gas and Liquid Holdups. The gas holdup is affected by
the pressure through the variations in the bubble characteris-
tics and the flow regimes. The average bubble rise velocity
(based on the volume of bubbles) in three-phase fluidized
beds, U, relates to the gas holdup and superficial gas veloc-

ity by
U, =¢,U,. (8

When the distributions of the bubble size and the bubble rise
velocity are taken into account, U, can be expressed as

d,
fd g3 £1(d, U, (d,) dd,
Ub — b.min i (9)
fdb,maxdgf(db) ddb

db.min

Most of the available correlations of bubble rise velocity in
three-phase fluidized beds are given in the form:

where m and B are positive constants ( 8 > 0.5 for large bub-
bles) (Fan, 1989). Substituting Eq. 10 into Eq. 9 yields
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fdb.maxndg+ﬁf(db) ddb
7, = "d : 1)
[ dif(dy) dd,

b.min

From this equation, it is clear that the large bubbles would
play an important role in detemining the average bubble rise
velocity and hence, the gas holdup. U, significantly decreases
as the pressure increases at constant gas and liquid velocities
because of the decrease in both the number and the size of
the large bubbles. From Eq. 8, this results in an increase in
the gas holdup in the fluidized beds.

The experimental results of the gas and liquid holdups at
different pressures are shown in Figures 7 and 8. The gas
holdup at high pressures is always larger than that at low
pressures, regardless of the liquid velocity and the particle
size. The liquid holdup decreases with an increase in pres-
sure. The pressure effect on the gas holdup is more pro-
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Figure 7. Effects of gas velocity on gas and liquid
holdups for d, of 2.1 mm at various pres-
sures and (a) U,=0.4 cm/s; (b) U;=2.6 cm/s.
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Figure 8. Effects of gas velocity on gas and liquid
holdups for d, of 3 mm at various pressures
and (a) U,=0.84 cm/s; (b) U,=2.55 cm/s.

nounced at high gas velocities. Figure 9 shows the variation
of gas holdup with pressure. It is seen that the initial increase
in the gas holdup with pressure is significant; when the pres-
sure is above approximately 6 MPa, the increase in gas holdup
is substantially reduced. Comparing the results obtained in
the 2-mm particle bed and in the 3-mm particle bed, the
overall gas holdups in these two systems are similar. How-
ever, the gas holdup increases slightly with the liquid velocity
for the 2-mm particle system and an opposite trend is ob-
served for the 3-mm particle system.

Solids Holdup. The bed expansion behavior or the solids
holdup in three-phase fluidized beds have been extensively
studied under ambient conditions (Massimilla et al., 1959;
Stewart and Davidson, 1964; Michelsen and Ostergaard, 1970;
Bhatia and Epstein, 1974; El-Temtamy and Epstein, 1979).
Generally, the solids holdup is more sensitive to the liquid
flow rate than to the gas flow rate; the bed always expands
with an increase in liquid velocity, independent of the prop-
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Figure 9. Effects of pressure on gas holdup for various
values of U;, U, and (a) d,=2.1 mm; (b) d,,=3
mm.

erties of the liquid and solid phases, gas velocities, and bed
geometry. Liquid-solid beds can either expand or contract
upon the introduction of gas, depending on the particle prop-
erties and the liquid velocity. Bed expansion normally takes
place in a bed of large/heavy particles; while for fine/light
particle systems, the bed contraction occurs. The bed con-
traction is caused by the entrainment of liquid and particles
in the bubble wakes. Figure 10 shows the variation of the
solids holdup with the gas velocity at different pressures for
the 2.1-mm glass beads. Under the condition of Ug =0, the
bed expansion can be described by the Richardson-Zaki
equation. Under all the pressure conditions, the bed expands
at a liquid velocity of 0.4 cm/s (Figure 10a), but contracts
upon the introduction of the gas at a liquid velocity of 2.6
cm/s (Figure 10b). In the entire gas velocity range, the solids
holdup decreases with pressure. Figure 11 shows the same
trend for the 3-mm particle system as Figure 10a.

The effect of pressure on the solids holdup of three-phase
fluidized beds can be attributed to the changes of physical
properties of liquid and the bubble characteristics. When the
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Figure 10. Effects of gas velocity on solids holdup at
various pressures and (a) U,=0.4 cm/s; (b)
U,=2.6 cm/s.

pressure increases at a constant liquid velocity, both the vis-
cosity and density of the liquid phase increases, leading to a
smaller solids holdup under the condition of U, =0. In
three-phase fluidized beds, the variations of bubble charac-
teristics with pressure contribute to the bed expansion behav-
ior in two aspects. The decrease in bubble size at high pres-
sures directly reduces the liquid entrainment by the bubble
wakes. In addition, the linear liquid velocity (U,/¢,) increases
because of the smaller liquid holdup. The overall effect of
the bubble-size reduction is to increase the effective fluidiz-
ing liquid velocity in the liquid—solid region, hence resulting
in an increased bed expansion or smaller solids holdup.

Heat transfer

Figure 12 shows the variation of the coefficient of heat
transfer between the immersed surface and the bed with the
liquid holdup for liquid-solid fluidized beds under ambient
conditions. It is seen in the figure that the heat-transfer coef-
ficient in the bed of 3-mm particles is larger than that in the
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Figure 11. Effect of gas velocity on solids holdup at
various pressures.

bed of 2-mm particles for a given liquid voidage. For both
particles, the heat-transfer coefficient exhibits maximum val-
ues at a voidage of approximately 0.62. The existence of a
maximum is a result of the counteracting effects of an in-
crease in the liquid velocity and a decrease in the solids con-
centration. A similar result was reported on the heat transfer
in liquid~solid fluidized beds previously (Wasmund and
Smith, 1967; Richardson et al., 1976).

The variations of the heat-transfer coefficient with the gas
and liquid velocities at a high pressure are shown in Figure
13. 1t is seen that upon the introduction of the gas into the
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Figure 12. Effect of liquid holdup on heat-transfer coef-
ficient for two sizes of particles in a
liquid-solid fluidized bed.
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Figure 13. Effects of U, and U, on heat-transfer coeffi-
cient at a pressure of 2.86 MPa.

liquid-solid fluidized beds the heat transfer is greatly en-
hanced. The heat-transfer coefficient levels off as the gas ve-
locity continues to increase. The gas velocity appears to have
greater effect on the heat transfer compared to the liquid
velocity.

A variation in pressure alters the physical properties of the
gas and liquid and the hydrodynamics of the bed, yielding a
complex effect on heat-transfer behavior in the bed. Previous
studies on the heat transfer in three-phase fluidized beds with
liquids of different viscosities indicated that liquid viscosity
has a negative effect on the heat transfer (Kato et al., 1981;
Kang et al.,, 1985). Since the liquid viscosity increases with
pressure (Table 2), the pressure would have a negative effect
on the heat transfer. Other liquid physical properties that are
less affected by pressure include p;, k;, and C,, (Reid et al,
1977). Studies on instantaneous heat transfer in liquid and
liquid—solid systems upon the introduction of single bubbles
revealed the importance of bubble wakes (Kumar et al., 1992).
The heat-transfer enhancement by bubbles was found to in-
crease with bubble size due to an increased wake size and
wake vortical intensity. When the pressure increases, the
bubble size decreases and hence the wake contribution to the
heat transfer by single bubbles is reduced. Meanwhile, the

decrease in the solids holdup may also yield a smaller heat-
transfer coefficient. In chain bubbling systems, Kumar and
Fan (1994) reported that the time-averaged heat-transfer
coefficient is dependent on bubbling frequency. The heat-
transfer coefficient in chain bubbling systems increases
with bubbling frequency, due to the intense bubble-wake,
bubble—-bubble, and bubble—surface interactions. Because the
gas holdup and the bubble number density increase signifi-
cantly with pressure, the frequency of bubble passage over
the heating surface increases, which promotes the heat trans-
fer. The effect of pressure on the heat transfer due to the
variations in liquid properties and hydrodynamic parameters
is summarized in Table 3.

The heat-transfer coefficients of the three-phase fluidized
beds at various pressures as a function of the gas velocity are
shown in Figure 14. It can be seen from this figure that as the
pressure increases, the heat-transfer coefficient increases un-
til a critical pressure is reached, beyond which the heat-trans-
fer rate decreases, independent of the liquid velocity and the
particle size. This trend is more apparent in Figure 15 where
the heat-transfer coefficient reaches a maximum value at
pressures of 6—8 MPa for two particles of 2.1-mm and 3.0-mm
glass beads. It is important to note that the point where the
pressure effect on the hydrodynamics (Figures 4, 6, and 9)
and the heat transfer diminishes occurs in the same pressure
range. When the pressure effect on the gas holdup levels off,
a further increase in pressure could lead to a decrease in the
heat-transfer coefficient (see Table 3). Thus, an increase in
gas holdup or frequency of bubble passages over the heating
surface could enhance the heat transfer in three-phase flu-
idized beds. This enhancement is dominant over other fac-
tors, such as an increase in liquid viscosity and a decrease in
bubble size and solids holdup, that impose a negative effect
on the heat transfer as the pressure increases. This is due to
the fact that the variation in pressure mainly alters the size
and number density of large bubbles. Even a small decrease
in the number and size of large bubbles can lead to a signifi-
cant increase ia the gas holdup and the bubble number den-
sity in the bed (see Equations 8~11).

Heat-Transfer Mechanism. In liquid-solid fluidization sys-
tems, the major factor contributing to the heat transfer is the
liquid convection; the particle-convective heat transfer is neg-
ligible (Wasmund and Smith, 1967). A mechanistic model, that
is, the consecutive film and surface-renewal model originaily
developed by Wasan and Ahluwalia (1969) for gas—solid and
liquid—solid systems has been employed by Kumar and Fan
(1994) to account for the heat transfer in three-phase flu-

Table 3. Variations of Various Parameters with Pressure and the Effects on Heat-Transfer Coefficient

Effect of Inc. in Parameter
Value on Heat-Transfer

Parametric Effect on Heat-

Effect of Pres. Inc. on Transfer Coeff. with

Parameters Coeff. Parametric Value Inc. in Pres.
Hy - + -
o + + (small) + (small)
k, + + (small) + (small)
Cy + + (small) + (small)
g No direct effect - No direct effect
d, + - -
€ + + +
€, + - -
Note: +: increase; —: decrease.
AIChE Journal October 1997 Vol. 43, No. 10 2441



1100 —r—r—r——

L L) ] L L] L I L] L L}
| T=34°C 1
3 d =21 mm, U=04cm/s 1
L P
900 - -
X J
£ 700 -
s P=079MPa |
£ P=18@2MPa
P=28MPa
500 P=562MPa -
P=101MPa 1
P=156MPa |
300 +— PUREE VN W VR SN 1
0.0 4.0 8.0 12.0 16.0
Ug (cmifs)
1100 L] L] L I L] L] L] l L] L) L]
- 1
- T=34°C b
- d, =3 mm, U= 0.88 cm/s .
900 -
! 2 .
£ | ]
g 700 | -
< | O P=079MPa |
@ P=1382MPa J
500 A  P=5862MPa -
A  P=101MPa ]
4 P=156MPa
300 ' '] A l L L A
0.0 40 8.0 12.0
Ug(cmls)

Figure 14. Effects of U, on the heat-transfer coefficient
at various pressures for (a) d, = 2.1 mm; (b)
d, =3 mm.

idized beds. In this study, the consecutive film and surface-
renewal model is extended to examine the heat-transfer be-
havior at high pressures. Consider that a thin liquid film of
thickness & exists surrounding the heating surface, through
which the heat transfer takes place by conduction. The outer
surface of the film is continuously renewed with fluid ele-
ments induced by the passage of bubbles, in contact with the
surface for a time period of 6. During the contact, the heat
is transferred by the elements through unsteady-state con-
duction. The time-averaged heat-transfer coefficient from the
heating surface to the bed can be expressed in terms of the
physical properties of the liquid, the film thickness, &8, and
the contact time between the liquid elements and the film,
6., as (Wasan and Ahluwalia, 1969)

)Je‘“"cwz—l}. (12)

{ [ 1—erf (
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Figure 15. Effect of pressure on heat-transfer coeffi-
cient at various values of U, for (a) d, = 2.1
mm; (b) d, =3 mm.

The contribution of the film resistance to the total heat-
transfer resistance can be expressed solely in terms of
(‘/a—()c /), as shown in Figure 16. The controlling mechanism
of the heat transfer in three-phase fluidized beds at high
pressures can be identified when the parameter (‘/ZE /8) is
known.

Following the analysis of Kumar and Fan (1994), the order
of magnitude of the film thickness can be estimated by

6.14L

=WPI'_1/“, (13)

where Re= p,LU,/u, and the bubble rise velocity, U,, can
be approximated by U,/e,. Calculations based on Eq. 13 re-
veal that & is typically larger than 0.2 mm in the present
high-pressure system.

The contact time between the liquid element and the film
is equivalent to that between the bubbles and the film, as
bubbles are the source of the liquid element replacement as
noted earlier. The contact time between the film and the
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Figure 16. Variation of the parameter hé/k, with param-
eter («0_.)°5/8. (After Wasan and Ahluwalia,
1969.)

bubbles, 6., can be evaluated by considering a film of unit
width and height. The area occupied by the bubbles is ¢,.
Therefore, the number of bubbles on the film becomes

N,=—%, 14
b=l (14)

t,=—. (15)

The contact time, 6,, is the reciprocal of the collision fre-
quency between the bubbles and the film, that is,

1 1 wd}
b=—=— =, (16)

Based on Eq. 16, 6, decreases as the pressure increases. An
alternative method to estimate 6, is to apply the isotropic
turbulence theory (Deckwer, 1980; Suh et al., 1985), as given
by

17)

Equation 16 gives smaller values of 6, than does Eq. 17. But
6. is typically less than 0.02 s from both equations, under the
current experimental conditions. Thus, the parameter
(‘/ar_é?C /8) is less than 0.2 and, from Figure 16, the film re-
sistance accounts for more than 88% of the total heat-trans-
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Figure 17. Effect of temperature difference on the
heat-transfer coefficient between the heating
surface and bed.

fer resistance. Thus, it can be stated that the heat transfer in
high-pressure three-phase fluidized beds is predominantly
determined by the film mechanism. Experimental evidence
confirming this point is given in Figure 17, which shows the
variation in heat-transfer coefficient when the temperature
difference between the heat-transfer surface and the bed is
changed. Similar results are found in three-phase fluidized
beds. In Figure 17, with an increase in the temperature dif-
ference by 8°C while the bulk temperature in the bed re-
mains the same, the temperature of the heating surface in-
creases from 43°C to 51°C. This increase in the heating sur-
face temperature leads to a 25% decrease in the liquid vis-
cosity surrounding the heating surface, which results in the
increase in the heat-transfer coefficient at constant superfi-
cial liquid velocities. The result of Deckwer et al. (1980) in
F-T synthesis slurry bubble columns, that is, the heat-trans-
fer coefficient slightly increases with the heating-surface tem-
perature, can also be illustrated by the film heat-transfer
mechanism.

Since the film heat transfer is the controlling heat-transfer
mode, the high heat-transfer rate in three-phase fluidized
beds can be attributed to the erosion of film induced by bub-
bles and particles. When the pressure increases, the gas
holdup and the bubble number density increase and so does
the contact frequency between the bubbles and the film, re-
sulting in more erosion of the film by bubbles. In this man-
ner, the heat-transfer coefficient increases with pressure up
to 6—-8 MPa. Beyond this pressure range, the gas holdup es-
sentially does not change; an increase in the liquid viscosity
and a decrease in the solids holdup yield a decrease in the
heat-transfer coefficient when pressure further increases.

Based on the preceding discussion, phase holdups are im-
portant to the heat-transfer coefficient in three-phase flu-
idized beds. The following empirical equation is thus pro-
posed to correlate the data of the heat-transfer coefficient
obtained in this study with the gas holdup:

2443



1000 L] L] L} L I L T T L I Ll L} L} L I L] L] T L2
- d,=3mm, T=34C -
- U= 0.88 cm/s, Ug= 4 cmi/s -
800 -
L N §
A4 4
& L A 4
£
§ 600 |- -
= L 4
i A Experimental data i
400 - -
i Prediction based on i
i Egs.(18) and (19) |
200 L L L L I L 1 1 A I L L AL I;J‘ L ' L. 'l
0.0 5.0 10.0 15.0 20.0

P (MPa)

Figure 18. Comparison between experimental data and
the prediction based on the correlation.

0.39% 0.6768
+ —
Ug0.45 Upt,O

h= h’egf’-“ ( ) (U, > 0), (18)

where /' is the heat-transfer coefficient of a liquid—solid flu-
idized bed with the same solids holdup, and U, is the parti-
cle terminal velocity in the fluidizing liquid at the ambient
pressure. We can calculate 4’ by the correlation given below
(Richardson et al., 1976):

0.38
s

Nu' = 0.67R 0.62 p,.0.33 .
u' = 0.67Re’*“Pr —(l—es)

(19

In applying Eqs. 18 and 19, the in situ liquid physical proper-
ties and phase holdups are used with U, , based on the
properties at the ambient pressure. Figure 18 shows that Eqs.
18 and 19 can correctly predict the pressure effect on the
heat-transfer coefficient of three-phase fluidized beds in this
work. The average deviation of the prediction from the ex-
perimental data is within +10%.

Concluding Remarks

The pressure is found to have a significant effect on the
hydrodynamics and heat-transfer characteristics of three-
phase fluidized beds. Through the variation of the physical
properties of the gas and liquid phases, the pressure affects
the bubble size and size distribution and the bubble coales-
cence and breakup phenomena. Higher pressures yield
smaller bubbles and more uniform bubble-size distribution,
and thus higher gas velocities are required for the regime
transition from dispersed bubbles to the coalesced bubbles.
The reduction in bubble size due to increasing pressure also
leads to an increase in the gas holdup and a decrease in the
liquid and solids holdups. At pressures exceeding 6 MPa, the

pressure effect on the hydrodynamic properties is insignifi-
cant.
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With an increase in pressure, the heat-transfer coefficient
increases, reaches a maximum at pressures of 6—-8 MPa, and
then decreases. The major heat-transfer resistance is found
to be within the liquid film surrounding the heat-transfer sur-
face. High heat-transfer coefficients at high pressures arise
from the high extent of film erosion induced by the motion of
small bubbles. The heat-transfer coefficient at high pressures
can be predicted by an empirical correlation, taking into ac-
count the phase holdups and the physical properties of the
liquid.
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Notation

A =cross-sectional area of the column, m?
A, =Hamaker constant of the liquid, J
a, =initial particle acceleration upon the collision between a
bubble and a particle, m/s?
C,, =heat capacity of the liquid, J/kg-K
dp =particle diameter, m
f(d,) = probability distribution function of bubble size, based on the
number of bubbles, 1/m
f. =frequency of contact between the film and bubbles, 1/5
g =gravitational acceleration, m/s?
h =heat-transfer coefficient in three-phase fluidized beds, W/m?>
‘K
k =thermal conductivity, W/m-K
I =thickness of the liquid film between two coalescing bubbles,
m
L =vertical length of the heating surface, m
N, =number of bubbles per unit area
Nu' =Nusselt number in liquid—solid fluidized beds, #'d,/k,
P, =dynamic pressure in three-phase fluidized beds, Pa/m
P, =energy dissipation per unit volume, W/m?
q =heat flux, W/m?
Pr =Prandtl number, C,, , u,/k,
R =frontal radius of curvature for a spherical cap bubble, m
R, =radius of the contacting circle between two coalescing bub-
bles, m
Re =Reynolds number, p,LU,/u,, in Eq. 15; Reynolds number,
£d,Uy/1y, in Eq. 21
t =time, s
T, =temperature of the bed, K
T, =temperature of the heating surface, K
U, =superficial gas velocity, m/s
U, = superficial liquid velocity, m/s
U, =initial descending velocity of the particle, m/s
Vy =ratio of the film-thinning velocity at a given pressure to that
at the ambient pressure
W, =weight of particles in the bed, kg
z =distance from the distributor in the bed, m
a = thermal diffusivity, kK, AC,, p)), m%s
u =viscosity, Pa-s
v, =kinematic viscosity of the liquid, m/s
p =density, kg/m?
o =surface tension, N/m
T =total sampling time, s
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