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Flow properties in a dissolver for direct coal liquefaction were simulated by using a cold bubble column of 12 cm
i.d. To generate small gas bubbles in the column, a surfactant was added to tap water and a gas distributor with fine
holes was employed. Whenglass spheres of 44 and 113 /nn dia. were suspended in the presence of the surfactant, the
gas holdup was 1.5-4 times that for the tap water system, and the axial dispersion coefficient of liquid showed a
minimumat superficial gas velocities of 3-5 cm à"s~ *. Themeansettling velocity of solid particles, vp, wasaffected
by the quality of flow in addition to gas velocity and terminal velocity of solid particles. Most values of vp obtained in
this experiment were larger than those for the tap water system where no fine gas bubbles were generated.
Experimental equations for the correlation of vp are presented.
An introduction of secondary gas in the homogeneous bubble flow regime effectively increased the axial liquid

mixing. This suggests that in the design of a dissolver quenching gas injection is important to attain spontaneous
discharge of ash particles from the top of the vessel.

Introduction

In a dissolver for direct coal liquefaction, mineral
matter such as C4CO3, FeS2 and SiO2 are likely to
form agglomerates and accumulate at the reactor
bottom.17) If the axial liquid mixing is sufficiently
large, however, these solid particles can be spon-

taneously discharged from the outlet at the top of the
column even at low liquid velocities.10) Thus the
understanding of flow properties is an important
factor in the design and operation of the dissolver.
The axial concentration distribution of solid par-

ticles in bubble columns has been investigated by
many authors.3'5'7'15* Kato et aL5J) described the

axial concentration distribution with a sedimentation-
dispersion model, and correlated the axial dispersion
coefficients of liquid and solid particles and the mean
settling velocity of solid particles.
Under the conditions of direct coal liquefaction, the

gas holdup in the dissolver is much larger than that
for air-water systems in the heterogeneous bubble
flow and turbulent flow regime.2'8'9'12'13'16) The axial
liquid mixing measured in dissolvers of SRCll)12) and
EDS16) processes is also quite different from that in
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the air-water systems.6'7* Therefore, the flow pattern
in the dissolver at lower gas velocities seems to belong
to the homogeneousbubble flow regime, where small
gas bubbles with a narrow size distribution ascend at
nearly the same rising velocities. However, the data of
liquid mixing in dissolvers are not confirmed, and the
characterization of homogeneous bubble flow is quite
insufficient.

In this study, inter facial properties of water are
changed by adding a surfactant and the characteristic
flow in dissolvers is simulated in a cold flow model
reactor. Gas holdup and axial liquid mixing in the
homogeneous bubble flow regime are determined as
functions of gas and liquid velocities. The effects of
the presence of suspended solid particles and the
inter facial property of liquid are also studied.
1. Experimental

Figure 1 shows the bubble column with suspended
solid particles. The main column was 12 cm in i.d. and
205 or 226.5cm high, and was made of an acrylic
plastic pipe. Air was used as the gas phase and was
introduced through two distributors. The primary gas
distributor was a perforated plate 3 mmthick, having
85 holes of 1 mmdia. A bronzenet of65 meshwas put
on the perforated plate to prevent the fall of solid
particles. The mesh was partially clogged by solid
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Fig. 1. Schematic diagram of experimental apparatus.

particles. The secondary gas distributor was a 3 or
6mmi.d. single nozzle which was fixed 4cm above the
plate at the center of the cross section.
The liquid phase was tap water containing a sur-
factant (100 ppm of Trion X405; polyoxyethylene-/?-
iso-octylphenyl ether, Rohm & Haas). Tap water
without the additive was also used. The solid phase
was sieved glass spheres (density=2500 kg- m"3) with
an average diameter of 44, 113 and 230/mi.

After steady state was attained, the slurry was
sampled from sampling taps on the wall. The solid
concentration was obtained by weighing dried par-
ticles in each sample.
The axial dispersion coefficient of liquid was mea-
sured by the impulse response method. About 5ml of
a 2kmol-m~3 KC1 solution was injected at the inlet
and was detected by an electric conductivity cell at the
outlet. The gas holdup was calculated from the gas
volume in the column after the gas and liquid flows
wereinterrupted simultaneously.

Table 1 shows the experimental conditions. The
surface tension of water in the presence of the sur-
factant was 0.055N-m"1. Experiments were carried
out at temperatures between 287-303 K.

2. Experimental Results and Discussion
2.1 Gas holdup

Figure 2 shows the relationship between gas holdup
and superficial gas velocity. The data obtained in
dissolvers of EDS,16) SRC12) and IG8) processes are
also shown in the figure. Whenthe surfactant is added
and solid particles of44 or 1 13/mi dia. are suspended
in the range of Ug<6cm-s"x, small bubbles of about
2mmdia. are produced without coalescence. As a
result homogeneous bubble flow prevails in the bed.
The gas holdup is 1.5-4 times larger than that for the
tap water system without the addition of surfactant
and is about the same as in actual dissolvers. The gas
holdup increases with increasing gas velocity and
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Table 1. Experimental conditions

dp C U{ Key
[urn] [Mg - mT3] [crn - s'1] W T

44 0.2 O à"

44 0.05-0. 1 0.5 © 3

44 1.0 0 ©

44 0. 1 7 0.5 (j) (p

\\\ «**>~Y~g s
230 0.6 A å²

z »»«à"' s i T
230 4.0 A A

W, tap water; T, 100ppm Triton-X-405 solution.

Fig. 2. Effect of gas velocity on gas holdup.

decreases with increasing liquid velocity.
In the range of Ug>6cm-s~19 gas bubbles in the
surfactant-containing water begin to coalesce. The
gas holdup decreases with increasing gas velocity, and
the flow regime changes to heterogeneous bubble flow
and then to turbulent flow.
When solid particles of 230 fim dia. are suspended,
coalescence of bubbles occurs in spite of the addition
of the surfactant. The gas holdup is 1.2-1.5 times

larger than that for the tap water system without the
addition of surfactant. The effect of superficial liquid
velocity on gas holdup for dp=230 /im is negligible in
the range of Ul<4cm-s~1.
2.2 Liquid mixing

Figure 3 shows the longitudinal dispersion coef-
ficient of liquid in the bubble column with suspended
solid particles, Esl. With increasing gas velocity, Esl in
the presence of the surfactant first decreases, passes
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Fig. 3. Effect of gas velocity on Esl.

the minimumvalue and then increases.
Kato and Nishiwaki6) correlated the axial disper-
sion coefficient of liquid for the air-water system in
the heterogeneous bubble flow and turbulent bubble
flow regime by the following equations.

( UgDT/EJ m Ug/y/g&r) ( 1)
(W i+e.siujjgDrr8

9 31+4.5*7°-8{l-exp(-0.040C/,18)} K }

a= l-exp(-0.2£/J) (3)

where the superficial gas velocity, Ug, is expressed in
the unit ofcm-s"1. The broken line in Fig. 3 shows
the values calculated from Eqs. (l)-(3). In the range
of Ug=3-5cmà"s~1, the experimental values of Esl in
the presence of the surfactant are 1/2-1/5 those of
Kato and Nishiwaki.6) When the solid particles of
230/im are suspended in the presence of the sur-
factant, however, the value of Esl is nearly in agree-
ment with Eqs. (l)-(3). This means that the presence
of coarser solid particles causes the coalescence of gas
bubbles.

Figure 4 shows the correlation of Esl. The de-

finitions of the coordinates are identical with that of
Kato et al.6) The experimental values of Esl in the
homogeneousbubble flow regime can be expressed by
the solid line, while those for the tap water system are
well expressed by Eqs. (l)-(3).
Figure 5 shows the correlation of Esl obtained in
dissolvers for direct coal liquefaction. These data are
in agreement with the solid line, which expresses the
correlation of Esl in the presence of the surfactant.
The values of Ex obtained by Aoyamaet al.1] and
Kato4) show the same tendency as the solid line.

However, the axial dispersion coefficient of liquid in
the presence of the surfactant is strongly dependent
on liquid properties and gas distributor type. Schiigerl
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Fig. 4. Correlation ofEsl.

Fig. 5. Correlation of Esl and El in literature.

et <a/.14) also reported the complex effects of additives
and gas distributors.
2.3 Secondary gas
The secondary gas which is introduced through a

single nozzle produces large bubbles. These bubbles

ascend along the central axis of the column, inducing
an upward flow in the central region and a downward
flow in the peripheral region.

Figure 6 shows the effect of the secondary gas
velocity on the gas holdup and the axial dispersion

coefficient of liquid. The total superficial gas velocity,
(Ug+ Ugs), is fixed at 3 and 4cm-s"1. The gas holdup
decreases with increasing secondary gas velocity. The
value of Esl increases with increasing secondary gas
velocity and becomes equivalent to that of the heter-
ogeneous bubble flow when ;Ugs exceeds about

0.5cm-s"1. This means that the axial liquid mixing is
much affected by internal recirculation flow, which is
easily induced by a small amount of coalesced bub-
bles. In this sense, the solid line in Fig. 4 indicates a
typical correlation of Esl in the homogeneous bubble
flow regime. The value of Esl under other circum-
stances varies between the solid and broken lines in
Fig.4.
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Fig. 6. Effect of secondary gas flow on gas holdup and
liquid mixing.

2.4 Axial concentration distribution of solid particles
If the concentration of solid particles is low, the

settling velocity of solid particles. vp, is not affected by
the local solid concentration, C, which is then ex-

pressed as follows:5'7)

V vp-u, J { Ep J vp-ut

JcL+^C*)eJV-?p<L -Z)} -^C*\ Vp-Ui J \Ep J vp-u,

(4)

where Co and CL are the solid concentration extrapo-
lated to z=0 and z=L, respectively. C* is the solid
concentration in the feed.
Figure 7 shows examples of the axial concentration
distribution of solid particles. The axial concentration
gradient in the presence of the surfactant is generally
larger than that for the tap water system and becomes
maximumat Ug= 3-5 cm- s"1. Figure 8 also illustrates
how the secondary gas improves the axial concen-
tration distribution of solid particles in the column.
2.5 Mean settling velocity of solid particles
Whensolid particles of 230/im were suspended, sg
and Esl were not affected by the liquid velocity, as
shown in Figs. 2 and 3. Then Ep and vp were

calculated separately from Eq. (4) by using the linear
relationship between (vp-u^)\Ep and ux. The value of
Ep obtained in this way was in agreement with Esl as
determined by the impulse response method. Solid
particles smaller than 230^mare supposedto behave
more like liquid phase.5) Therefore, the axial disper-
sion coefficient of solid particles can be approximated
by that of liquid in the range of the present experi-

ment. With this assumption, vp is the only unknown
parameter in Eq. (4) and is obtained by comparing an
experimental concentration distribution of solid par-
510

Fig. 7. Axial concentration distributions of solid particles.

Fig. 8. Effect of secondary gas flow on axial concentration
distribution of solid particles.

tides with Eq. (4).
Figure 9 shows the mean settling velocity normal-
ized with the terminal velocity of a solid particle on
the basis of the correlation ofKato et al.5J) The solid
lines indicate vp in the presence of the surfactant,
while the chain line shows that for the tap water
system. The broken line is the correlation of Kato et
al.5) in the heterogeneous flow and turbulent flow

regime and is calculated from
vp= vt{l + l.5(Ug/vt)}°-3Otf-5 (5)

Most of the values obtained in this experiment are
larger than those from Eq. (5). Especially, the mean
settling velocity in the presence of the surfactant
deviates nonlinearly from Eq. (5) and is strongly
affected by the quality of flow as well as the terminal
velocity of solid particles and superficial gas velocity.
The quality of flow is dependent on type of gas
distributor, properties of the liquid, column size and
gas and liquid velocities.
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Fig. 9. Relationship between vp/vt and UJvt.

Figure 10 shows the effects of particle diameter and
gas holdup on (vp-vt)/vt. The value of (vp-vt)/vt
increases with increasing gas holdup and with de-

creasing mean particle diameter.
Figure ll shows the correlation of vp in the homo-

geneous bubble flow regime, and the following ex-
perimental equation is obtained.

vp/vt= l + 3.5eg(dpvtlvd-0-55 (6)

where the gas holdup is a function of superficial gas
velocity and other factors and can be estimated from
Fig.2.

Figure 12 is the correlation of vp in the heter-
ogeneous bubble flow and turbulent flow regime. The
solid line in Fig. 12 is expressed by the following
equation.

vJv^ l + lOs^vJv^0-25 (7)
Values obtained by Kato et al.1} and Smith and

Ruether15) are roughly in agreement with Eq. (7).

C onclusion
Flow characteristics in dissolvers for direct coal

liquefaction processes were simulated in a cold flow
model reactor by producing small gas bubbles in the
presence of a nonionic surfactant.
The gas holdup decreased with increasing particle

diameter. With solid particles of44 or 1 13 jum dia., the
gas holdup decreased with increasing liquid velocity.
The longitudinal dispersion coefficient of liquid in
the presence of a surfactant was 1/5-3/2 that for the
tap water system, and showed a minimum in the
range of Ug=3-5cm-s~1. When solid particles of
230jim dia. were suspended, however, the liquid

mixing was approximately in agreement with that for
the tap water system.

The introduction of secondary gas in the homo-
geneous bubble flow regime effectively increased the
axial mixing of liquid and solid. This indicates that
the design of quenching gas injection in a dissolver

plays an important role in avoiding the accumulation
of ash particles at the dissolver bottom.
VOL 19 NO. 6 1986

Fig. 10. Effects of particle diameter and gas holdup on vf

Fig. ll. Correlation of vp in homogeneous bubble flow
regime.

Fig. 12. Correlation ofvp in heterogeneous bubble flow and
turbulent flow regime.

The mean settling velocity of solid particles in the
homogeneousbubble flow regime was correlated by
Eq. (6). The value of vp in the heterogeneous bubble
flow and turbulent flow regime was expressed by Eq.
(7). However, more research is. needed to clarify the
boundary between the homogeneous bubble flow
regime and the heterogeneous bubble flow and turbu-
lent flow regime.

511



Acknowledgment

This work was supported by a Grant-in-Aid for Energy Research
(No. 60040005) from the Ministry of Education, Science and

Culture of Japan.

Nomenclature

= local concentration of solid particles in slurry
[kg-m"3]

= kinematic liquid viscosity
= liquid fraction in slurry [-]

Q

c*
c
DT

dN

dP
E,

EP

E*

L

U9

ugs
u»
v,
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C extrapolated to z=0
C extrapolated to z=L
C in feed
C averaged in column
columndiameter
vlotlXz diameter
mean particle diameter

[kg-m-3]

[kg -nT3]
[kg-m-3]

[kg- rn"3]

[m]
[m]
[ml

= longitudinal dispersion coefficient of liquid
K-s-1]

= longitudinal dispersion coefficient
of solid particles [m2 à"s~x]

= longitudinal dispersion coefficient of liquid
in slurry

= column height
=Reynolds number, dpvt/vt
= superficial velocity of primary gas
= superficial velocity of secondary gas
= ug+ugs
= superficial velocity of slurry

[m]
H

[m-s-1]

[m-s-1]

[m-s-1]

[m-s-1]

= actual velocity of slurry, J7j/(l -eg) [m-s"1]
= mean settling velocity of solid particles [m-s"1]
terminal velocity of solid particle

axial coordinate

exponent defined by Eq. (3)
gas holdup

gas holdup defined by Eq. (2)
liquid viscosity

[rn-s"1]

[m]

[-]
H
[-]

[Pa-si
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