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Hydrodynamic properties in the coal liquefaction reactors at the Kashima pilot plant,
which was constructed based on the NEDOL process, were in®estigated using the neu-
tron absorption tracer technique. The reactor system is composed of three ®essels, each
with 1.0 m ID and 11.8 m in height. The gas ®elocity in the reactors under coal lique-
faction conditions was estimated using a reaction simulator that contained reaction
rates and ®apor ] liquid equilibrium. The axial dispersion coefficients in the first and
third reactors at superficial gas ®elocities of 0.06 ] 0.07 mrs were much smaller than
those reported for air ] water systems under ambient conditions. This suggests that the
pilot-plant reactors operated fundamentally in the homogeneous bubble flow regime.

Introduction
The direct coal liquefaction plant at Kashima, Japan, was

designed based on the concept of the NEDOL process, and
Ž .processes 150 tons of coal per day Onozaki et al., 2000 . The

plant is equipped with three reactors, each of which is 1 m in
diameter and 11.8 m in length, connected in series. The char-
acterization of the flow properties in the reactors is critically
important in terms of analysis of the gas and oil yields pro-
duced, as well as for the design of a demonstration plant with
a larger production capacity. Gas and liquid holdups and liq-
uid-phase dispersion coefficients in bubble columns for

Žair]water systems have been intensively studied Deckwer,
.1992 . The effect of pressure on the hydrodynamics in bubble

Žcolumns also has been investigated Wilkinson et al., 1992;
.Luo et al., 1999; Lin et al., 1999 . However, investigations of

coal liquefaction reactors of Exxon Donor Solvent process,
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Ž .EDS Tarmy et al., 1984 , and Solvent Refined Coal process,
Ž .SRC-II Panvelker et al., 1982 , pilot plants indicate that the

flow properties were different from those of bubble columns
for air]water systems. The homogeneous bubble flow pre-
vails in coal liquefaction reactors under conditions of high
temperature and pressure, while heterogeneous bubble flow
or churn turbulent flow prevails for air]water systems at am-
bient pressure and temperature.

Electrolyte tracers, which are water soluble and frequently
used in bubble columns for air]water systems, cannot be used
in coal liquefaction reactors. Isotope tracer techniques pro-
duce a large quantity of radioactive wastes when they are ap-
plied to a large-scale plant, such as the Kashima pilot plant.
Thus, a nonradioactive tracer technique, which is based on

Žthe interaction of neutrons with tracers hereafter, referred
.to as the NAT technique , is desirable since no hazardous

Ž .wastes are produced during the tests Clark, 1998 . The NAT
technique has been applied to the process supporting units of

Ž .the NEDOL process PSU; reactor sizes0.175 m ID at
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Ž .Kimitsu, Japan Mochizuki et al., 1997 , as well as to a direct
Ž Ž .coal liquefaction process Process Development Unit PDU ;
. Žreactor sizes0.24 m ID at Kawasaki, Japan Ogawa et al.,

. Ž1987 , and a brown coal liquefaction pilot plant BCL; reac-
. Žtor sizes0.6 m ID at Victoria, Australia Tanaka et al.,

.1992 . However, the reactors of the Kashima pilot plant were
larger than those of the PSU, PDU and BCL plants. This
caused a variety of problems in terms of installations as well
as data collection in the case of the Kashima plant. This arti-
cle reports the essential results of the experiments. Further
analysis and discussion are currently under way.

Pilot-Plant Reactors
Table 1 shows the properties of the Tanitoharum coal that

was typically processed in the plant. The feed was prepared
Žusing pulverized coal, recycled oil, fine-powder pyrite aver-

.age diameter s0.7 mm , and hydrogen-rich recycled gas, and
was heated to 660]690 K with a slurry heat exchanger and a
fired heater. The coal concentration in the makeup slurry was
40 or 48.5 wt. %. The mixture was heated and introduced
into the first reactor through a 107-mm ID upward nozzle.
Figure 1 shows a flow chart of the Kashima pilot plant, at
which three reactors of 1.0 m ID were installed. The effective
height of each reactor was 11.8 m, as calculated by consider-
ing the volume of the spherical cap section at the top of the
reactor and the conical section at the bottom. The outlet noz-
zle of the first reactor was connected to the inlet nozzle of
the next reactor, and the second one to the third one.

Tracer Tests
Ž . ŽFine-powder gadolinium oxide Gd O average diameter2 3

.s2 mm was used as the tracer for the neutron absorption.
The measuring procedures used at the Kashima pilot plant
will be reported in a separate article. A tracer slurry was pre-
pared by suspending the gadolinium powder in the coal oil at
a concentration of 50 wt. %. Approximately 0.05]0.06 m3 of
the slurry, which had been stored in the tracer reservoir, was

Table 1. Properties of Tanitoharum Coal

Ž .Proximate analysis dry coal basis
Volatile matter 47.0 wt. %
Fixed carbon 48.0 wt. %
Ash 5.0 wt. %

Moisture in feed coal 16.2 wt. %
Ž .Ultimate analysis, wt. % dry ash free basis

Ž .C: 76.9; H: 5.8; N: 1.9; S: 0.15; O difference : 15.25

injected into the feed line to the first or third reactor within
Ž .15 s. At the vertical exit line 0.11 m ID from the first or

third reactor, low-energy neutrons were irradiated horizon-
tally using californium-252 as the neutron source. Neutrons
were counted using a 3He-filled proportional counter, which
was installed at the opposite side of the pipe from the neu-
tron source, and the neutron intensity was converted to the
concentration of the tracer based on calibration curves, which
were obtained prior to the measurement. Table 2 shows the
operating conditions of the pilot plant when the tracer tests
were carried out. Tracer tests were also performed for the
case of the cold solvent in order to obtain reference data.
The cold solvent contained neither coal fragments nor cata-
lyst particles. The superficial velocity of the gas phase in the
reactors under liquefaction conditions were estimated using a
simulator, which included the physical properties of the gas
and liquid phases, reaction rates, and vapor]liquid equilib-

Ž .rium Hiraide et al., 1999 . Table 3 shows the estimated phys-
ical properties of the slurries and the cold solvent under the
experimental conditions. The coal particles disintegrated
when the makeup slurry was transferred through the heating
section. Thus it can be assumed that coal fragments, as well
as catalyst and gadolinium particles, are completely and uni-
formly suspended in the liquid phase, with no slip velocities.
Thus the dispersion coefficient of the slurry phase is identical
to that of the liquid phase. Hereafter, the slurry phase in the
reactor is denoted as the liquid phase for the sake of simplic-
ity.

Figure 1. Coal liquefaction system equipped with a NAT apparatus.
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Table 2. Operating Conditions and Data for the Kashima Pilot Plant

Cold Solv. 40 wt. % Slurry- 48.5 wt. % Slurry]
Operation Mode Oper. Liquef. Oper. Liquef. Oper.

Makeup slurry
Slurry feed rate, kgrh 7,800 15,600 12,400
Coal conc. in slurry, wt. % 0 40 48.5

dry coal basis
Ž .Catalyst pyrite powder in slurry, wt. % 0 3 3

dry coal basis
Reaction

Operating pres., MPa 16.6]16.8 16.6]16.8 16.6]16.8
Operating temp. at the top of first reactor, K 313 728 733

U 3Ž .Recycle gasrfeed slurry, m STP rkg 3.38 0.75 0.96
Ž .Yields daf coal basis , wt. %

Gas 0 17.2 20.4
Water 0 10.2 9.9

Ž .Oil C4 to bp 811 K fraction 0 51.0 55.6
Ž .Residue )811 K fraction 0 26.1 18.8

Total 0 104.5 104.8
Hydrogen consumption, wt. % 0 4.5 4.8

dry ash free coal basis

UŽ . Ž .Volumetric flow rate of recycled gas fed to the feed slurry r mass flow rate of makeup coal slurry .

Results and Discussion
The residence-time distribution curve of the tracer that is

Ž .introduced into the reactor as an impulse, C t , can be de-
scribed by the following equation.

­ C t ­ 2C t U ­ C tŽ . Ž . Ž .l
s D ? y ? , 1Ž .l 2­ t 1ye ­Z­Z

where D is the axial dispersion coefficient of liquid, U thel 1
superficial liquid velocity, and e the gas holdup in the reac-
tor. When the reactor is modeled as a closed vessel, the first
and the second moments of the residence-time distribution
curve are related to the mean residence time, t , and the axial

Ž .dispersion coefficient, D , respectively Levenspiel, 1962 :l

t sÝtC t rÝC t 2Ž . Ž . Ž .

s 2 sÝt 2C t rÝC t yt 2 3Ž . Ž . Ž .t

2 2 2 w x 2s ss rt s2rPey2 1yexp y Pe rPe 4Ž . Ž .t

D s L Ur 1ye rPe 5w xŽ . Ž .l l

where L is the length of the reactor, which is 11.8 m in the
present case.

Table 3. Physical Properties of Gas and Liquid

40 wt. % 48.5 wt. %
Cold Solv. Slurry]Liquef. Slurry-Liquef.

Oper. Oper. Oper.

Coal conc. in slurry, wt. % 0 40 48.5
dry coal basis

Gas
3Density, kgrm 20 59 62

Viscosity, mPa ? s 0.01 0.02 0.02
Liquid

3Density, kgrm 960 730 730
Viscosity, mPa ? s 7 0.5 0.5

Figures 2, 3, and 4 show normalized residence-time distri-
Ž .bution curves, f trt , using the cold solvent, the 40 wt. %

slurry, and the 48.5 wt. % slurry, respectively. Data were ob-
tained for each run at the exits of the first and third reactors
and were normalized using the mean residence time and the
amount of tracer injected. From Eqs. 2]5, the axial disper-
sion coefficients of the liquid phase in the first and third re-
actors were determined to be 0.11 m2rs and 0.13 m2rs for the
cold-solvent operation, 0.029 m2rs and 0.039 m2rs for the 40
wt. % slurry liquefaction, and 0.022 m2rs and 0.029 m2rs for
the 48.5 wt. % slurry liquefaction, respectively. The mean
residence time of the liquid phase was also determined for
each run, as shown in Table 4. Figures 2]4 also show the

Ž .residence-time distribution curves, E trt , calculated from
the analytical solution for Eq. 1 with the boundary conditions

Ž .for a closed vessel Yagi and Miyauchi, 1955 , using the Peclet
number determined experimentally from Eqs. 2]5. The mea-
sured curves were generally in agreement with the calculated
values. However, the experimental value of each dimension-
less peak height was higher than the calculated value. This
suggests that the flow of the slurry phase in the reactors is
not solely diffusional, but is substantially influenced by an
internally circulating flow. This aspect remains a topic of fu-
ture studies.

Figure 5 shows the data of the axial dispersion coefficients
of the liquid phase obtained in the present study. The data

Ž . Ž .reported by Tarmy et al. 1984 and Tanaka et al. 1992 in
the range of U s0.04]0.08 mrs are also plotted in the fig-g
ure. These data were obtained in the coal liquefaction reac-

Ž .tors D s0.61y0.6 m ID of the EDS and BCL processes.T
The axial dispersion coefficients of liquid for air]water sys-
tems have been correlated by the following equations.

Ž .Kato and Nishiwaki 1972 :

U D rD s13Frr 1q6.5Fr 0.8 , 6Ž . Ž .g T l

Ž .0.5where Fr s U rgD .g T
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Figure 2. Residence time distributions using cold sol-
vent.
Ž . Ž . Ž .a First and b third reactors, as well as c three reactors
connected in series: ` experimental; calculated.

Ž .Deckwer et al. 1974 :

D s0.678 D1.4Ug 0.3, 7Ž .l T

where the axial dispersion coefficient, D , is expressed in unitsl
of m2rs, the reactor diameter, D , in m, and the superficialT
gas velocity, U , in mrs. Both equations give nearly the sameg
values as shown in Figure 5. The axial dispersion coefficients,
which were measured in this study under the liquefaction
conditions, are one order of magnitude smaller than those
calculated from Eqs. 6 and 7 for air]water systems at ambi-
ent pressure and temperature, and 1r3]1r6 of those ob-
tained for the cold solvent. The axial dispersion coefficients
in this study are clearly smaller than in the present study,

Figure 3. Residence time distribution using a 40 wt. %
coal slurry.
Ž . Ž . Ž .a First and b third reactors, as well as c three reactors
connected in series: ` experimental; calculated.

although they are under nearly the same coal liquefaction
conditions. These small axial dispersion coefficients affect the
temperature profiles, as well as the sedimentation profiles of
grown solid particles, in the liquefaction reactors. Details

.were reported by Onozaki et al. 2000 .
Other important information that was obtained by the

tracer tests relates to the mean residence time of the liquid
in the reactors. During the liquefaction reaction, oil fractions
with lower boiling points vaporize to the gas phase and cease
to be in contact with the catalyst particles that are suspended
in the liquid. As a result, the residence time of each compo-
nent in the liquid phase should be estimated from the
vapor]liquid equilibrium. However, no reliable data are
available for heavy components, although their residence
times actually control the oil yield of the reaction. The mean
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Figure 4. Residence time distribution using a 48.5 wt. %
coal slurry.
Ž . Ž . Ž .a First and b third reactors, as well as c three reactors
connected in series: ` experimental; calculated.

residence time of the gadolinium tracer particles corresponds
to that of the heaviest component. The mean residence time
through the three reactors was 84 min for the cold solvent
operation, 81 min for the 40 wt. % coal slurry liquefaction,
and 110 min for the 48.5 wt. % coal slurry liquefaction. These
data are useful for the analysis of reaction rates and phase
holdups in the reactors.

Conclusions
The axial dispersion coefficients of the liquid phase were

determined using the NAT technique under coal liquefaction
conditions at the Kashima pilot plant. The values calculated
from residence-time distribution curves were in the range of
0.11]0.13 m2rs for the cold solvent operation and 0.02]0.04

Table 4. Fluid Dynamic Characteristics of the Liquefaction
Reactors

40 wt. % 48.5 wt. %
Operation Cold Solv. Slurry] Slurry]

Mode Oper. Liquef. Oper. Liquef. Oper.

First reactor
Mean residence 29 30 38

time, min
Variance 0.80 0.49 0.48
Peclet number 0.73 2.7 2.7
Axial dispersion 0.11 0.029 0.022

2coeff., m rs

Third reactor
Mean residence 28 27 35

time, min
Variance 0.81 0.54 0.54
Peclet number 0.66 2.2 2.3
Axial dispersion 0.130 0.039 0.029

2coeff. m rs

Three reactors
Mean residence 84 81 110

time, min
Variance 0.31 0.30 0.18
Peclet number 5.2 5.5 10.0
Axial dispersion 0.050 0.047 0.020

2coeff. m rs

m2rs for the liquefaction operation at superficial gas veloci-
ties of 0.06]0.07 mrs. These data were one order of magni-
tude smaller than the data obtained for air]water systems at
ambient pressure and temperature. Data relative to liquid-
phase axial dispersion and mean residence time in the reac-

Figure 5. Axial dispersion coefficients.
Calculation: line 1, Eq. 6 for D s 0.61 m; line 2, Eq. 6 forT
D s1.0 m; line 3, Eq. 7 for D s 0.61 m; and line 4, Eq. 7T T
for D s1.0 m.T
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tors under liquefaction conditions can be utilized to analyze
the performance of the reactors.
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Notation
wŽ . xPesPeclet number defined by LUr 1ye Dl l

tstime, s
zsaxial coordinate, m
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