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HYDROCARBONIZATION RESEARCH: COMPLETION REPORT

E. L. Youngblood, H. D. Cochran, Jr., P. R. Westmoreland,
C. H. Brown, Jr., G. E. Oswald, and R. E. Barker

ABSTRACT

Hydrocarbonization is a relatively simple process used
for producing oil, substitute natural gas, and char by
heating coal under a hydrogen-rich atmosphere. This report
describes studies that were performed in a bench-scale
hydrocarbonization system at Oak Ridge National Laboratory
(ORNL) during the period 1975 to 1978. The results of
mock-up studies, coal metering valve and flowmeter develop-
ment, and supporting work in an atmospheric hydrocarboniza-
tion system are also described.

0i1, gas, and char yields were determined by hydro-
carbonization of coal in a 0.l-m-diam fluidized-bed reactor
operated at a pressure of 2170 kPa and at temperatures
ranging from 694 to 854 K. The nominal coal feed rate was
4.5 kg/h. Wyodak subbituminous coal was used for most of
the experiments. A maximum oil yield of ~21% based on
moisture- and ash-free (maf) coal was achieved in the
temperature range of 810 to 840 K. Recirculating fluidized-
bed, uniformly fluidized-bed, and rapid hydropyrolysis
reactors were used. A series of operability tests was
made with IT11inois No. 6 coal to determine whether caking
coal could be processed in the recirculating fluidized-bed
reactor. These tests were generally unsuccessful because
of agglomeration and caking problems; however, these prob-
lems were eliminated by the use of chemically pretreated
coal. Hydrocarbonization experiments were carried out with
I[11inois No. 6 coal that had been pretreated with Ca0-NaOH,
NapCO3, and Ca0-NapCO3. 0il yields of 14, 24, and 21%,
respectively, were obtained from the runs with treated coal.
Gas and char yield data and the composition of the oil, gas,
and char products are presented.

1. INTRODUCTION

Hydrocarbonization is an important type of coal liquefaction process
that combines low-temperature, high-pressure, and fluidized-bed opera-
tion, using hydrogen-rich gas for fluidization. The hydrocarbonization
process can produce liquid fuels and substitute natural gas and charﬁ
with a reduced sulfur content, and the relative yields of these products



can be controlled. In addition to the valuable liquid and gas products
obtained, the char is also useful for gasification or as a fuel.

This project was sponsored by the Division of Fossil Fuel Processing
for supporting research and development in coal hydrocarbonization. The
program was composed of three tasks. The first was a review and evalua-
tion of existing process technology. This was completed and a summary
report1 published in August 1975. Task 2 consisted of testing models of
hydrocarbonization system components and measuring yields from atmospheric-
pressure carbonization and hydrocarbonization. The results of these
experiments are given in Appendices A, B, and C of this report. Task 3
consisted of the design and operation of a bench-scale hydrocarbonization
system. The main purpose of this report is to summarize the results
obtained from operation of the bench-scale system. Results of this work
nave also been reported in monthly and quarterly ORNL Coal Technology
Program progress reports that were published from 1975 through 1978.

The objectives of the bench-scale hydrocarbonization project were as
follows: (1) establish the optimum conditions for operation of fluidized-
bed hydrocarbonization reactors, (2) operate a fluidized-bed reactor
capable of continuously processing 4.5 kg of coal per hour at conditions
up to and including 922 K and 2170 kPa, and {3) establish hydrocarboni-
zation conditions favoring operability, Tow char yield, and economics.

In the course of the program., a bench-scale hydrocarbonization
reactor using a 0.1-m-diam fluidized-bed reactor was constructed, and
28 experiments were conducted using Wyodak subbituminous coal and I1linois
No. 6 coal. Both a description of the process and equipment and the
results of the experiments are presented in this report.

2. SUMMARY

The bench-scale hydrocarbonization studies were carried out in a
fluidized-bed reactor constructed of 0.1-m (4-in.) sched 80 pipe. In
most experiments, a 0.017-m-ID x 0.74-m-long draft tube was installed in
the reactor to produce a recirculating fluidized bed. For comparison,



experiments were also performed in a uniformly fluidized reactor (no

draft tube) and in a rapid hydropyrolysis reactor in which the draft

tube was connected directly to a cyclone to give rapid disengagement of
the gas and solids. Coal {-45 +170 mesh) was processed at a nominal

rate of 4.5 kg/h. Hydrogen gas was used for fluidization and to provide

a hydrogen atmosphere in the reactor. The normal operating pressure for
the reactor was 2170 kPa; however, two experiments were performed at 1136
kPa to study the effect of pressure on product yield. A total of 28
experiments were performed. Initially, product yields were determined

as a function of temperature for Wyodak subbituminous coal., A series of
operability tests were then made with I1linois No. 6 coal to determine
whether caking coal could be processed in the recirculating fluidized-

bed reactor. These tests were generally unsuccessful because of agglom-
eration and caking in the reactor; however, these problems were eliminated
by chemical pretreatment of the coal. Hydrocarbonization experiments

were carried out with I11inois No. 6 coal that had been pretreated with
Ca0~NaOH, Na
products from typical runs were then determined.

2COfg, and CaO—Na2C03. The composition and properties of the

Product yields were determined as a function of temperature in the
range of 694 to 854 K for Wyodak subbituminous coal from the Roland-
Smith seam. Wyodak is a noncaking coal having a Tow sulfur content
(0.5 wt 4). Maximum oil vields of 21% (based on maf coal) were obtained
in the temperature ranage of 810 to 840 K using coal that had been dried
and sized under an inert atmosphere. Coal that was freely exposed to air
during preparation gave a considerably lower o0il yield of only ~11% in
the same temperature range. The typical oil product from Wyodak coal
had a relatively low viscosity (0.018 Pa-s at 311 K). On a dry basis,
the o0il contained 86% carbon, 8% hydrogen, 1% nitrogen, 0,4% sulfur,
and 4.6% oxygen (by difference). The gas yield from hydrocarbonization
of Wyodak coal increased as a function of temperature from 15 to 19%
(based on maf coal) over the temperature range of 700 to 850 K, Coal
exposed to air during preparation gave a somewhat higher gas yield (17%
to 28%). Under the operating conditions used, there was very little
production or utilization of hydrogen. The composition of the gas



product was highly dependent on operating temperature. The concentra-
tions of CH4, Co, C2H4 + CZHS’ and C3H6 + C3H increased as a function
of operating temperature while the concentration of CO2 decreased. The
typical composition (vol % on a Hy- and N,-free basis) of the gas pro-
duced at 840 K was 53% CH4, 22% C0, 8% COZ’ 13% 62H4 + CZHG’ and 4%
C3H6 + C3H8. The HZS concentration was near the lower Timit of detec-
tion (<1%). Char yields (on a maf basis) decreased as a function of
temperature from 60% at 700 K to 46% at 850 K. Typical char product
from runs made with Wyodak coal at 840 K (on a dry basis) contained 0.3
wt % sulfur, 80 wt % carbon, 13 wt % ash, and had a heating value of 31
MJd/kg. Experiments performed with Wyodak coal in the uniformly
fluidized-bed reactor and the rapid hydropyrolysis reactor at 830 and
854 K gave essentially the same product yields as those achieved in the
recirculating-bed reactor. FExperiments done at a reduced operating
pressure (1136 kPa) gave slightly lower o0il yields as predicted based
on correlations developed in the Phase 1 study.] The general equipment
performance with Wyodak coal was good. Pressure surges that caused
operational difficulties during the earlier runs were eliminated by

installing a filter upstream of the pressure control valve.

Although noncaking coal 1is easily processed in fluidized-bed
reactors, most of the coal found in the eastern United States agglom-
erates when nheated above ~672 K and requires special methods of proc-
essing. Two methods that have been used to reduce the problems of
agglomeration are char dilution and dilute phase f]ow.2’3 These two
methods are provided by the recirculating-bed reactor. FEight operability
tests were made with IT1inois No. 6 bituminous coal to study the behavior
of caking coal in the reactor. The studies were carried out in the tem-
perature range of 714 to 872 K with the coal feed diluted with char at
ratios up to 6/1. The system was successfully operated at 714 K using
a char-to-coal ratio of 6/1: however, very little devolatilization took
place at that temperature. Bed caking occurred at the top of the draft
tube at higher temperatures, indicating that the coal had not been suffi-
ciently devolatilized during the short residence time (~0.3 s) in the
draft tube to prevent agglomeration in the mildly fluidized annuiar



region of the reactor. The length of the draft tube was increased from
0.74 m to 2.26 m in order to increase the coal residence time to ~0.8 s.
Because of time 1imitations, only one experiment was performed at 872 K
with the longer draft tube. Caking occurred early in the experiment;
however, the amount of testing done was not sufficient to definitely
determine whether agglomeration problems can be eliminated by longer
residence times in the draft tube.

The agglomeration problems of I11inois No. 6 coal were eliminated
by three chemical pretreatment methods using Cal-NaOH, Na2003, and Ca0-
Na2C03. The pretreatment methods are similar to4t205@ used by Battelle

>>  The Ca0-NaOH and

NaOCO3 pretreatments were done by heating a slurry of coal, water, and

Memorial Institute for sulfur removal from coal.

reagents in an autoclave for 1 to 2 h at temperatures in the range of
473 to 573 K. The Ca0~Na2CO3 pretreatment was performed by heating the
coal slurry at 353 K for 16 h and is based on scouting tests done at
ORNL to develop a pretreatment method that could be conducted at atmo-
spheric pressure. Hydrocarbonization runs using the pretreated coal
were conducted at ~844 K and at 2170 kPa. 011 yields (based on maf
coal) of 14, 24, and 21% were obtained from the CaO-NaQH-~, Na2C03~,
CaO—NaZCO3~treated coal, respectively. The 24% o0il yield obtained from
the NaZCOB—treated I[1Tinois No. 6 coal is higher than the maximum yield

and

of 21% obtained from Wyodak coal under the same operating conditions.
Sufficient data are not available to determine whether the improved oil
yield is a result of the chemical pretreatment method or is due to the
‘type of coal used. The oil product from the Na2603—pretreated coal has
a somewhat higher viscosity (0.120 Pa-s at 311 K) than the o0il produced
from Wyodak coal. The sulfur content of the oil was ~1.5%, as compared
to 4% sulfur in the coal. Although not studied extensively in this
program, the use of chemical pretreatments may also offer advantages in
improved o0il and gas quality and yields and increased char reactivity
for gasification.

Work done in support of the bench-scale hydrocarbonization studies
included atmospheric-pressure carbonization and hydrocarbonization
studies in a 0.1-m-diam reactor. Eleven experimental runs were made in



the temperature range of 802 to 922 K using Wyodak subbituminous coal.
Ambient mock-up studies were performed to study fluidization and bed
recirculation. Work was also done to develop a coal feeder valve and

coal flowmeter for use in the bench-scale system.
3. EXPERIMENTAL EQUIPMENT

The bench-scale hydrocarbonization equipment is designed to process
coal at a nominal rate of 4.5 kg/n at temperatures of up to 922 K and
pressures of up to 2170 kPa. The equipment is sized to handle a coal
charge of ~45 kg per run. The focus of the system is the hydrocarboni-
zation reactor in which a fiuidized bed is used to convert coal into
liguid, gas, and char by heating under a hydrogen atmosphere. Minimal
facilities, as necessary for tne experimental objectives, were provided

for feed preparation, gas handling, and product recover

A simplified flowsheet of tne system is presented in Fig. 3.1.
Pulverized coal (nominally -45 +170 mesh) was fed from the fesd hopper
through a metering valve into a pneumatic tiansfer line. A portion of
the hydrogen feed was used to transport the coal to the reactor. In
later runs, a preheater was used to heat the coal stream to 477 K
before it entered the reactor. In the reactor, the coal was pyrolyzed
under a hydrogen atmosphere to produce liquid, gas, and residual solid
char. The liquids, as vapors and fine aerosols, were carried with the
gas stream through an internal cyclone for solids removal and then out
the top of the reactor. The solids overflowed from the reactor to the
char receiver, where they were collected. The product stream from the
reactor passed through a heated Tine to a scrubber in which vapors were
condensed and *thne aerosol removed. The cooled product stream then
passed through a cold trap to condense any remaining vapors. System
pressure was controlled by a throttling valve located downstream of
the cold trap. After pressure letdown, the gases passed through an
absolute filter and charcoal trap to remcve entrained solids and Tight
nydrocarbon vapors. The gas effiuent rate and composition were measured
by a flow orifice and gas chromatograph located downstream of the char-
coal trap. The gas effluent was vented through a 4.5-m stack that
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extends above the building. A photograph of the equipment is shown in
Fig. 3.2.

The facility was located in Building 2528. Three blowout panels
measuring 4.5 m wide and 6 m high were located immediately behind the
equipment. A block wall separated the experimental area from the control
room. The ventilation system provided an airflow of 105 std m3/m1n at
all times through the experimental area to prevent hydrogen accumulation.
The hydrogen supply to the system was automatically shut off if the
ventilation airflow was Tow or if the hydrogen flow rate into the
building became excessive. A description of the reactor is given below,
Other eguipment used in the bench-scale hydrocarbonization system is

described in Appendix D.

The reactor vessel consisted of a 0.1-m (4-in.)-djam sched 80 pipe
fluidized-bed section and a 0.15-m (6-in.)-diam sched 80 pipe expanded

section for solids disengagement from the gas stream, as shown in Fig.

[#2]

3.3. A char overfiow line was located on the side of the vessel as shown.
The gas distributor plate at the bottom of the reactor was 0.0064 m thick
and had a diameter of 0.097 m with seventy-three 0.001-m-diam holes on
0.012-m centers (staggered). The length of the 0.1-m-diam bed sections of
the reactor was 1.02 m for the first 26 experiments (HC-1 through HC-76).
The 0.1-m-diam section was lenghened to 2.54 m for the last two experi-
ments (HC-27 and HC-28) to provide increased coal residence time in the
dratt tube. The reactor was heated by tubular electric heaters fastened
to the outside surface. The original reactor had five 4.7-kW heating
zones, while the longer reactor used five 5-kW heating elements on Lhe
fluidized-bed section and two 4.7-kW heaters on the upper disengaging
section. Chromel-Alumel thermocouples were attached to the outer surface
of the reactor and inserted into the vessel for temperature measurement
and control. A 0.057-m-ID cyclone was located in the expanded section

of the reactor to remove particulates from the gas stream.

The reactor was operated as a uniformly fluidized bed (no draft
tube) for seven experiments (HC-1 through HC-6 and HC-21), with coal
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injected pneumatically near the bottom of the bed. Prior to run HC-7,

a 0.017-m-ID x 0.74-m-Tong draft tube was installed in the reactor to
provide recirculation of the fluidized bed. The draft tube was centered
in the reactor 0.025 m above the distributor plate. A cup-shaped deflec~
tor was mounted 0.25 m above the top of the draft tube. Coal feed was
pneumatically fed to the draft tube through 0.0035-m-ID tubing. Hot
hydrogen was fed to draft tube and annular region (downcomer) to provide
fluidization and circulation of the char. The 0.017-m-ID draft tube was
used during runs HC-7 through HC-15; prior to run HC-16, the inside
diameter of the draft tube was changed to 0.022 m. The length of the
draft tube was increased to 2.26 m for run HC-27, as shown in Fig. 3.4.

For run HC-28, the internal circulation pattern was modified to give
rapid disengagement of the char by attaching the draft tube divectly to
a cyclone, as shown in Fig. 3.5. The draft tube was 2.67 m long and was
constructed to 0.022-m-1D stainless steel tubing. Coal feed was intro-
duced through a 0.0048-m~-0D Tine that entered the bottom of the draft tube
through 0.0077-m-1D tubing. The annular space between the two Tines was
used to introduce additional gas to the draft tube. Char from the
fluidized bed entered the bottom of the draft tube through a side arm
having a 0.016-m~TD opening. The upper end of the draft tube was attached
to an open cyclone (0.048-m ID) in which the char was disengaged from the
gas stream and returned to the fluidized bed for vecivculation. The gas
stream passed through a second cyclone (0.024-m ID) hefore leaving the
reactor.

The reactor and other major vessels in the bench-scale hydrocarboni-
zation system wevre constructed of 316 stainless steel and were designed
for pressures up to 2515 kPa. Fach vessel was protected by a 2515-kPa
rupture disc.

4. EXPERIMENTAL PROCEDURE

With miner variations, all of the bench-scale hydrocarbonization

experiments were carried out using the same general cperating procedure.



12

ORMNL DWG 78-5327R3

r____JF::::;::TO SCRUBBER
~

bo05m
0,0ZSml
Lot DIAM DRAFT TUBE
B N
305m
226m

ADDED SECTION OF
I52m > 5097-m-1 D PIPE

-

=z ~g— DRAFT TUBE

COAL TRANSPORT

Fig. 3.4. Revised reactor with longer fluidized-bed section.



13

ORNL DWG 78-14035R

OFF-GAS TO
SCRUBBER

THERMOCOUPLE ——ﬂ\

\

CHAR OVERFLOW

FLUIDIZING GAS e o < DRAFT TUBE GAS

COAL. TRANSPORT

Fig. 3.5, Rapid hydropyrolysis reactor.



14

Approximately 45 kg of coal was processed in each experiment. The actual
run time for an experiment was on the order of 10 h; however, the run
time varied in some experiments because of operational difficulties.

The general procedures used for the experiments are given below.

4.1 Prerun Preparation

The major operations that were required to prepare for a hydrocar-
bonization experiment are coal Teed preparation, charging material to
the system, leak testing, instrument calibration, and check of safety
equipment.

Coal preparation was necessary in order to obtain a particle size
distribution that could be fluidized in the reactor. Feed for the first
seven experiments was prepared at Morgantown Energy Ressarch Center,
with unrestricted exposure of the coal to air during preparation. Feed
for the remaining runs was prepared at ORNL, with care being taken to
minimize exposure of the coal to air during preparation. Coal (-1% +0
mesh) that had been covered with water and placed in sealed drums
was received from the mine. The water was removed from the coal in 2
vacuum dryer at a temperature of 323 K. After drying, the coal was pul-
verized in a large-capacity hammer mill and Mikro-Pulverizer hammer
mill to a nominal particle size range of -45 to +170 mesh. A1l particles
larger than 45 mesh are removed in a Sweco separator. Excess undersize
material was removed by screening through Sonic Sifters. The equipment
was purged with argon to prevent exposure of the coal to air during the
grinding and sieving operations.

Prior to each run, a weighed quantity of distilled water (18 to 22
kg) was added to the scrubber. The charcoal trap was loaded with 3 kg
of coconut charcoal that had previously been heated to 423 K to remove
moisture, and a new high-efficiency filter was installed in the off-gas
line. After the above material had been charged, the system was pres-
surized to 1480 kPa with nitrogen and checked for leaks with soap bubbles
and a sonic leak detector. The gas chromatograph, oxygen analyzer, and
combustible gas monitors are calibrated before =ach experiment using
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standard-calibration gas mixtures. Operability of the automatic shutdown
system was also checked prior to each experiment.

4.2 Run Procedure

In making a run, coal (or char for the starting bed) was loaded into
the feed hopper, and the system was purged with nitrogen to remove air.
This was done by a series of pressurizations to 1480 kPa followed by
venting. While the system was being purged, the reactor, preheater, and
lines were heated to near operating temperature. A hot pressure test was
performed with nitrogen at operating pressure to ensure that the system
was leak tight. 1In runs using caking coal (I1linois No. 6), a starting
bed of char was charged to the reactor after the system had been purged.
When noncaking coal (Wyodak) was used, it was fed to the hot reactor to
provide char for the bed. Hydrogen flows were then started at the
desired rate. Coal feed to the reactor was started after operating
conditions had been reached. In most experiments, the pressure,
flow rates, and temperature were maintained at near-constant values
throughout the run. Generally, the run was continued until the entire
coal charge was fed from the feed hopper. Upon completion of the experi-
ment, the system was again purged with nitrogen by alternately pres-
surizing and venting to remove hydrogen.

4.3 Sampling and Material Balance Determination

The system was drained and the material removed was weighed and
sampled to determine yields and the material balances upon completion
of an experiment. The scrubber and coal trap were washed with perchlor-
ethylene to remove residual o1l and tar that had not drained freely.
The o0il and water phases from the scrubber and cold trap were separated
by decantation. The 0il phase contained both water and char that had
been entrained in the reactor effluent gas. Samples of the material
were analyzed for water, ash, and carbon so that the oil content could
be determined. The char content was determined from the ash analysis,
assuming that all ash was present as char. Soxlet extraction with

benzene was also used in some experiments to separate the 0il and char
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for analytical determination. The o0il content of the perchlorethylene
wash was determined by evaporating the perchlorethylene and analyzing
the residue for ash and carbon content. The quantity of oil collected
on the charcoal trap was determined by the weight gain of the charcoal
and from samples collected by desorption of the charcoal at 700 K. The
organic carbon content of the aqueous phase of the scrubber was also
included in determining the oil yield. The char yield was determined

by summing the weight of char removed from the reactor and char receiver
with that in the o1l phases from the scrubber and cold trap. Samples of
char were analyzed for ash, carbon, and sulfur content for material
balance calculations. The gas yield and quantities of H2, Co, COZ, CH4,
C2H4 + CZHG’ C3H6 + C3H8’ N2, and HZS in the gas effluent were determined
from fiow and gas chromatograph data by summing the quantities of each
component evolved over 8-min intervals during the run.

5. DESCRIPTION Of EXPERIMENTS

A total of 28 experimental runs was conducted. The primary vari-
ables studied were fluidized-bed temperature, type of coal, coal pretreat-
ment, and fluidized-bed configuration. Operating variables for the
experiments are summarized in Table 5.1. A detail description of the
runs is given in Appendix E. The range of operating temperature studies
was from 694 to 854 K for runs using Wyodak coal and 714 to 872 K for
runs using I11inois No. 6 coal. Twenty-six of the experiments were
carried out at a hydrogen pressure of 2170 kPa, and the remaining two
(HC-6 and HC-25) were done at 1136 kPa. The two types of coal that were
used were Wyodak subbituminous coal from the Roland-Smith seam at
Gillette, Wyoming, and I11inois No. 6 bituminous coal from River King
Pit No. 3 surface mine, Mew Athens, I1linois. Wyodak is a noncaking
coal with a low sulfur content. 1I1linois No. 6 is a caking coal (Free-
Swelling Index of ~3) having a high sulfur content. The compositions
of these two types of coal are given in Tables 5.2 and 5.3. UWyodak coal
for the first seven experiments (HC-1 through HC-7) was freely exposed
to air during preparation. Air exposure was found to significantly



Table 5.1.

Description of hydrocarbonization runs

Coal feed . . Char residence

Run Temperature Pressure Type of Type cf rate i Tate time in reactor

No. (K) {kPz) fluidized bed coal (kg/h) {std m3/min) (min}
HC-7 711 2170 Recirculated Air-exposed Wyodak 6.7 (.22 38
HC-32 761 2170 Uniform Air-exposed Wyodak 5.0 0.14 45
HC-5 791 2170 Uniform Air-exposed Wyodak 7.0 0.14 41
HC-4 811 2170 Uniform Air-exposed Wyodak 5.4 0.16 46
HC-2 827 21790 Uniform Air-exposed Wyodak 3.8 0.16 50
HC-1 852 2170 Uniform Air-exposed Wyodak 0.6 0.2G 54¢
HC-8 694 2170 Recirculated Wyodak 6.2 0.31 40
HC-13 7580 2170 Recirculated Wyodak 5.0 0.32 54
HC-92 786 2170 Recirculated Wyodak 3.1 0.32 92
HC-12 825 2170 Recirculated Wyodak 4.6 0. 3 66
HC-11 830 2170 Recirculated Wyodak 4.0 0.33
HC-21 830 21704 Uniform Wyodak 4.6 0.37 70
HC-18 839 217G Recirculated Wyodak 2.0 (.33 155
HC-14 8505 2176 Recirculated Wyodak 4.2 0.32 €9
HC-238 854 217G Rapid pyrolysis Wyodak 6.2 0.65 150
HC-6 8z7 1136 Uniform Atr-exposed Wyodak 7.4 0.07 41
HC-25 844 1136 Recirculated Wyodak 5.0 0.31 60
HC-23 844 21708 Recirculated Treated [11. No. 6 2.3 0.57 71
HC-24 844 2170 Recirculated Treated 111, No. 6 4.3 3.57 46
HC-26 841 2170 Recirculated Treated I11. No. 6 3.9 G.54 35
He-165 74 2170 Recirculated
He-17% 714 2176 Recirculated
He-1ol 769 2170 Recirculated
HC-18E 797 2170 Recirculated
He-208 839 2170 Recirculated
He-22f 852 2170 Recirculated
He-155 866 2170 Recirculated
He-27% 872 2170 Long reactor

Sp47 yields from runs HC-3 and HC-3 are questionable.

ETime—average temperature.

755 K for 0.8 h; then 705 K for 3.1 h.
Operated at 866 K for 3.3 h; dropped to 847 K for 1.1 h; then 816 K for 1.5 h.

gReactor was at 2170 kPa for first 5.9 h and 1894 kPa during the remaining 6.3 h.

Q‘Time-average temperature.

Operated at 783 K for 4.6 h; lost bed during shutdown; restarted at 783 K for 1.8 h, dropped to

Ereactor pressure was 2170 kPa for first 4 h and 2032 kPa for the remaining 9.3 h.
£111inois No. 6 — Caking occurred before useful data could be obtained.

Ll
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Table 5.2. Properties of Wyodak subbituminous coal

Shipment No. 14 2

Volatile matter 40.4 40.5
Fixed carhon 43.6 46.9
Moisture 10.0 5.2b
Ash 6.0 6.4
Ultimate analysis, wt % maf:
Carbon 71.8 72.5
Hydrogen 5.5 5.5
Nitrogen 1.1 1.0
Suifur 0.4 0.5
Oxygen (by difference) 21.2 20.5
Heating value, MJ/kg dry 26.5 27.2

aShipme‘nt 1 was dried and pulverized at the Morgantown Energy Research
enter, Morgantwon, W. Va., and was used for runs 1 through 7.

DMoisture content varied from 5 to 15%, depending on the degree of drying.

Table 5.3. Properties of I11inois No. 6 coal

Proximate analysis, wt %:

Volatile matter 38.8
Fixed carbon 48.4
Moisture 0.6
Ash 12.2

Ultimate analysis, wt %

Carbon 77.7
Hydrogen 5.8
Nitrogen 1.4
Sulfur 4.5
Oxygen (by difference) 10.6

Heating value, MJ/kg dry 29.1




19

reduce the liquid yield in comparison to that obtained using coal prepared
undeyr an inert atmosphere, as will be discussed later.

Eight experiments (HC-15 through HC-20, HC-22, and HC-27) were
attempted using untreated I11inois No. 6 coal; however, agglomeration
and caking occurred in the fluidized bed before useful data could be
obtained. The agglomerating tendency of the coal was successfully elim-
inated by chemical pretreatment, and three experiments were performed
with [1Tinois No. 6 coal that had been pretreated with Ca0-NaOH in run
HC-23, Na2C03 in HC-24, and CaO~Na2C03 in run HC-26. The pretreatment
procedure is described in Appendix E.

The configuration of the fluidized bed in the reactor was modified
in order to study the effects of increased bed circulation and rapid
disengagement of the gas phase. Experiments HC~1 through HC-6 and HC-21
were performed with a uniformly fluidized-bed reactor with no draft tube
present. After run HC-6, a 0.017-m-1D x 0.74-m~long draft tube was
installed to provide rapid recivculation of the reactor bed. Char circu-
lated downward through the annular (downcomer) region as a mildly
fluidized or moving packed bed. It then flowed rapidly upward through
the draft tube in dilute phase flow. Coal feed was introduced at the
bottom of the draft tube where it mixed and was rapidly heated by the
circulating char. An additional function of the draft tube was to reduce
the gas residence time in the fluidized bed in order to minimize cracking
and coking. Char dilution and the rapid dilute phase flow in the draft
tube are methods that have been used to reduce problems of agglomeration
that are associated with caking coa1.2’3 Before run HC-16, the inside
diameter of the draft tube was increased to 0.022 m in an attempt to
improve the handling of caking coals. In run HC-27, the length of the
draft tube was increased from 0.74 m to 2.26 m so that the residence time
of the coal in the draft tube could be increased. One hydropyrolysis run
(HC-28) was made in which the draft tube was connected directly to a
cyclone to permit disengagement and quenching of the volatile products.

Some variations occurred in other parameters such as hydrogen rate,
coal feed rate, and coal particle size during the program, but these
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were not considered to be of major significance in these experiments.
Coal feed was prepared by the same method in each experiment. Material
with a mean particle diameter in the range of 135 to 190 um was thus pro-
duced. Table 5.4 gives a typical particle size distribution for the
feed material. As shown in Table 5.1, typical feed rates ranged from 4
to 7 kg/h. Operational difficulties sometimes caused slower feed rates.
The average char residence time in the reactor exceeded 30 min for all
experiments. The hydrogen flow rate to the reactor was determined by
the rate required to obtain good fluidization and circulation of the
reactor bed. As shown in Table 5.1, the flow rates were changed for
different bed configurations and operating conditions. In all runs, the
flow rate was sufficient to maintain a high hydrogen concentration (8]

to 98%) in the gas effluent stream. Typical operating conditions for the
three reactor configurations are given in Table 5.5.

Operational difficulties resulted in changes being made in operating
conditions during some runs. These changes are noted in Table 5.1 and

are included in the description of the experiments given in Appendix E.

Table 5.4. Typical size distribution of coal
feed used in hydrocarbonization experiments

Mesh size Wt %
+45 1.1
-45 +60 28.7
-60 +80 26.4
-80 +120 23.6
-120 +140 5.7
-140 +170 6.1
-170 8.4

Mean diameter 157 um




Table 5.5.

Typical operating conditions

for hydrocarbonization reactors

Recirculating uniformly fluidized Rapid
Conditions bed bed hydropyrolysis

Coal feed rate, kg/h 5.0 4.6 6.2
Hydrogen feed rate, mS/h 17.0 22.0 39.0
Bed temperature, K 850 830 854
Draft tube temperature, K 830 847
Pressure, kPa 2170 2170 2170
Superficial gas velocity, n/s2

Draft tube 2.5 2.9

Reactor 0.01 0.11 0.05
Char residence time, s

Draft tube2 0.3 0.9

Reactor 3600 4200 5000
Bed level, m 0.7 6.7 2.2

%The split of gas flow between the draft tube and downcomer is based on mock-up studies.

QBased on gas superficial velocity assuming no slip.

Le
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6. EXPERIMENTAL RESULTS

Operating conditions, yields, steady-state gas analyses. and hydrogen
consumption for runs using Wyodak coal are summarized in Table &.1.
Results for runs with pretreated I11inois No. 6 coal are given in Table
N ag
[

6.2. A more detailed discussion of the results is given below. Where

applicable, the experimental data are compared with correlations of

previous data deve1oped during the first phase of the program at ORNL.]

6.1 Liquid Hydrocarbon Yields and Composition

During the experimental program, emphasis was placed on determining
conditions under which high Viquid yieids could be obtained. Liauid
yields from hydrocarbonization are strongly dependent on operating tem-
perature. The maximum yields were obtained in the temperature range of
810 to 840 K. Gross exposure of the coal to air before processing
significantly reduced the Tiquid yield. The type of chemical pretreat-
ment used in the runs with I11inois No. 6 coal also nad an effect. In
addition, reduction of the operating pressure from 2170 kPa to 1136 kPa
and changes in the bed configuration resulted in minor yield chandes.

Liquid yields from Wyodak runs at 2170 kPa (as a percentage of maf)
are shown as a function of temperature in Fig. 6.1. Curves are shown for
runs using air-exposed coal and for runs using coal prepared under an
inert atmosphers. Runs with major operational difficulties are not
included. As shown in Fig. 6.1, a maximum yield of ~21% (based on maf
coal) was obtained in the range of 810 to 840 K using coal prepared under
an inert atmosphere. The maximum Tiquid yield under similar operating
conditions from air-exposed coal was oniy ~11%. Yields for coal prepared
under an inert atmosphere are somewhat higher than those predicted by
data correlations based on data from other bench-scale stud1es,] as
showr: in Fig. 6.2. The liquid yield curve shown in Fig. 6.1 for Wyodak
coal prepared under an inert atmosphere is used in the following section
as the hasis for comparison of yield from pretreated Illinois No. & coal

and for Wyodak coal processed under other operating conditions.



Tabie 6.1, Summary of hydrocarbonization exneriments with Wyndak subbituminous coali

dydrocarbonization Run No. He-1% we-2® HC-62  HC-7% KC-8 HC-9 HC-3D O HC-'1 HC-12 HC-13 HC-1&  HC-21  H-25  HC-28
unifor, recirculating fluidized-  UF3 UF3 UF3 B UrB UFB ATB 2Ep #FB RFB RFB KFE RFS RF8 LF2 RF2 RHP

bed, or rapid hydropyroiysis
reactor (UFB, RFB, or RHP)

Bed temperature, X 852 227 761 AN 791 327 731 594 736 533 344 354
Reactor pressure, kPa 2170 237 2170 2179 170 1138 2176 2375 2170 2376 1136 2170
Coal feed
Ra {as-received), xg/h 0.6 6.0 5.4 7.4 5.7 8 3.1 5.2
£l 9.5 g1 7.3 [ 5.1 5.9 5.2 4.8 5.9
Hydregen feed rate, sic mJ/min 0.20 0.14 0.12 0.07 Q.22 0.31 .32 0.3 0.85
Hydrogen consumoti £ 0.012 0.013  2.00% -¢.025  -G.01Y -0.003 -0.0%7 0.9 0.53
kg Hz/kg maf coa -
Yields, wt % of maf coal fed 5 N
011 3.7 .2 1.2 6.3 5.7 8.0 5.4 5.1 2.8 15.8 g 15.4 18.1 15.2
Gas 23.0 25.4 18,13 26.3 24, 25.4 19.3 16.3 17.4 17.9 g 15.6 15.2 21.7
Char {maf) 49.0 403 37.6 5.7 50.% 53.3 57.8 59.4 51.90 a8, 7 g 55.2 £2.9 44.5
teady-state gas analyses
iz ang Np freej
54.0 34.7 44.2 43.0 40.8 2C.4 10.2 51.0 5 a 50.4 45.3
14.0 12.0 13.4 4.0 2.5 128 5.8 5.0 1. ] 13.3 9.1
7.0 5.9 7.9 7. 5.6 a.3 2.3 2.0 2 G 4.1 3.9
14.0 3.8 18] 5.6 151 17.3 1.7 5.0 2 ¢ 2.8 5.4
G 23.4 4.9 i3.0 25.2 35.2 37.0 23.0 3 g 3.0 )

€¢

3 . .
Coal uses in runs

through HC-7 wes exgosed to air during grindirg and sizing. For subsesueat runs, coal has Saer orepared sn an
inert atmosohera,

b P - o :
4T1me-ayerage terperature.  Cperated at 783 X for 4.6 n; Jost ved during shutdown; restarted 2t 733 K for 1.§& h; drocped to 755 £
for 4.8 n; tnen 705 K for 3.1

Cors . Sl v fa - L
=Time-average temperature. Operated at 286 X for 3.3 h; dropped to =847 K for 1.7 h; then 316 « for 1.5 A.

essure was 2370 kPa for the first 5.9 n oand 1892 &Pa for the remaining 6.3 n,

“Average error in measuremant +3.521 kg Hz/kg met coal fed.

Fluent gas flow rate was not divectiy measured;

*Steady-state pericd was too short tc produce yie




Table 6.2. Summary of hydrocarbonization experiments
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with pretreated I11inois No. 6 coal

HC-23

Hydrocarbonization Run No. HC-24 HC-26
Type of fluidized bed® RFB RFB RFB
Bed temperature, K 344 844 841
Reactor pressure, kPa 2]70/2032E 2170 2170
Coal feed

Rate, kg/h 2.1 4.3 3.9
Flapsed time, n 13.3 7.7 12.8
Hydrogen feed rate, std m>/min 0.57 0.57 0.54
Hydrogen consumption, 0.03 0.01 -0.01
kg Hz/kg maf coal
Yields, wt % of maf coal
011 14.0 24.0 20.8
Gas 18.2 13.7 15.3
Char 67.4 50.4 56.0
Steady-state gas analysis
(H2 and N, free)
% CH4 53.9 60.3 60.2
% C2 16.6 15.0 13.6
% C3 2.1 3.1 2.5
% CO 24.9 14.7 20.2
% CO2 2.1 3.1 3.0
% HZS 0.5 4.1 0.5

QRecirculating fluidized-bed r

eactor.

EReactor pressure was 2170 kPa for first 4.0 h and 2032 kPa for the

remaining 9.3 h.
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As shown in Fig. 6.2, the liquid yields from the three experiments
using pretreated IT1inois No. 6 coal varied from 14% for the Ca0-HNaOH
pretreatment to 24% for the Na2C03 pretreatment. The 247 yield exceeded
that obtained from Wyodak runs under similar operation conditions and
was the highest yield obtained during the program. A liquid yield of

20.8% was obtained using the Na?CO?-CaU pretreated coal.

The pressure effect may be inferved from data for runs HC-6 and
HC-25, which were made using Wyodak coal at a pressure of 1136 kPa. The
0il1 yields from HC-6 (air-exposed coal) and HC-25 were 8 and 187,
respectively. Both yields are 2 or 3% (based on maf coal) lower than
the average yields obtained from runs at approximately the same tempera-
ture but at a pressure of 2170 kPa. Although the results fall within
the scatter of the data for the 2170-kPa runs, they are consistent with
earlier data correlations which predict a reduction in liquid yield of
~2% (based on maf coal) with a reduction in hydrogen pressure from 2170
kPa to 1136 kPa.

Yields from three different types of fluidized-bed configurations
are also shown in Fig. 6.1. Runs HC-1 through HC-6 and run HC-21 used
uniformly fluidized-bed reactors, and run HC-28 used the rapid hydro-
pyrolysis reactor. A1l other runs shown in Fig. 6.1 used a recirculating
fluidized bed. Changes in bed configuration did not appear to result in
appreciable changes in liquid yield for the small number of experiments

and coperating conditions studied.

6.1.2 Composition of Tiquid hydrocarbons

Liguid hydrocarbon products from selected runs were characterized
by determining ultimate and proximate analysis, specific gravity, vis-
cosity, and simulated boiling point. The scrubber material was used for
product characterization since a major portion of the oil produced is
collected in this material. 3Samples were either filtered or centyrifuged
to remove solids (char) and water before analyses were made. Properties
anid analyses of the product obtained from experiments with both Wyodak
and pretreated I1Tinois No. & coal are given in Table 6.3. Typical



Table 6.3. Properties and composition of 01
from hydrocarbonization experiments

I77inois No. 6 Wyodak
run HC-26 run HC-24 run run run
(Na,CO,-Ca0-treated) (Na,CO,-treated) HC-25 HC-21 HC-12
2773 2773
Specific gravity 1.07 1.1 1.82 1.04 1.07
Viscosity, Pa-s
at 311 K 0.05 0.120 0.036 0.018 0.018
at 373 K 0.004 0.003 0.003
Composition, %
Moisture g.¢ 6.8 5.7 1.7 G.7
Ash 0.G6 0.7 0.3 <0.05 <G.01
Carbon {maf) 87.1 85.8 84.9 86.9 85.4
Hydrogen (maf) 7.6 7.2 8.3 8.4 7.4
Nitrogen (maf) 1.3 1.2 1.0 0.9 1.0
Suifur (maf) 1.2 1.5 0.4 8.6 0.3
Oxygen (by difference) 2.8 4.3 5.4 3.2 5.9

8¢
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simulated™ boiling point curves for the temperature range of 311 to

811 K are shown in Fig. 6.3. The elemental compositions of the products
obtained from all runs are quite similar with the exception of the
I11inois No. 6 product, which generally contains more sulfur and Tess
oxygen than the Wyodak product, as does the original coal. The viscosity
of the I11inois No. 6 product was also generally higher than that of the
Wyodak product. The average heating value for the liquid product from
Wyodak runs HC-21 and HC-25 was 38.6 MJ/kg (dry basis).

Fractionation of oil from runs HC~-21, HC-24, and HC-26 was done by
Gel Partition Chromatography, which is a method that was developed at
Oak Ridge National Laboratory for the separation of organic mixtures
into chemical compound classes using Sephadex LH-20 ge].6 The results
are shown in Table 6.4. Run HC~21 was conducted using Wyadak subbitu-
minous coal, whereas runs HC-24 and HC-26 were conducted using I11inois
No. 6 bituminous coal that had been pretreated. Coal for run HC-24 was
pretreated with Na2C03 in an autoclave, and coal for run HC-26 was pre-
treated with Na2€03 and Ca0 at atmospheric pressure. The results indicate
that the oil products obtained from the two runs made with I11inois No. 6
coal have a similar composition which is considerably different from the
composition obtained for Wyodak coal in run HC-21.

In addition, the 0il product from run HC-12 was analyzed by gas
chromatography-mass spectroscopy for polynuclear aromatic hydrocarbons
(PNA), such as benzo(a)pyrene, that are potential biological hazards.
The HC-12 0i1 contained 1.8 mg/g benzo(a)pyrene. Other compounds that
were tentatively identified are listed in Table 6.5.

Prior to run HC-21, an activated charcoal trap was instalied in the
off-gas Tine downstream of the cold trap to collect volatile components
that had not been collected by the scrubber and cold trap. The trap con-
tained three Tayers of coconut charcoal, with each layer containing
~1 kg of charcoal. The material collected, based on the weight gain

*Determined by standard method of test for boiling range distribution of
petroleum fractions by gas chromatography. ASTM designation: D2887-73.
For material with a final boiling point below 538°C and a vapor pressure
sufficiently low to permit sampling at ambient temperature.
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Table 6.4. Fractionation of oil from runs HC-21, HC-24,
and HC-26 by Gel Partition Chromatography

" HC~21 HC-24 HC-26
Fraction™ (wt %) (wt %) (wt %)
Hexane insolubles 35.0 64.4 66.5
Hydrophilic (polar) 18.5 11.7 8.8
Polymeric (5000 mol. wt) 10.9 0.4 0.1
Hydrogen bonding b 2.2 6.6
Aliphatic 10.2 6.7 6.9
Monoaromatic 15.8 2.3 1.4
Di~ and triaromatic 12.8 6.1 3.3
Polyaromatic 13.3 4.2 2.1
Residue C 2.5 0.6

@Dry and volatile-free basis. The sum of the fractions total to >100%
due to the incomplete removal of the eluting solvents.
pNone found.

ENot determined.

of the charcoal trap, was equivalent to 2 to 3% of the coal (maf) fed.
The compesition of the material collected was determined by desorption
of the charcoal at 700 K and collection of the product in a dry-ice

cold trap. The recovered product consisted of an organic phase {(~90%)
and an agueous phase (10%). Typical composition and initial and final
boiling points for the organic phase collected during runs HC-23 through
HC-28 are shown in Table 6.6.

6.2 Gas Yields and Composition

Gas effluent composition was continuously analyzed by an on-line
gas chromatograph. Periods of steady-state operation were used to deter-
mine gas composition. The gas yield was determined from the total off-
gas minus the hydrogen content. The water content of the gas effluent
was not analyzed because meaningful yields could not be obtained after
the water scrubbing and cold trapping process steps. Gas yields and
composition were dependent on operating temperature, as described below,
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Table 6.5. Direct gas liquid chromatography analysis

of polynuclear aromatic hydrocarbons
in 0il from run HC-12

Estimated
Polynuclear aromatic hydrocarbon concentration
(tentative identification) (mg/g)
Naphthalene 2
2-Metnyl Naphthalene 1

1-Methyl Naphthalene

Biphenyl

2,6-Dimenthyl Napnthalene

1,3- and/or 1,6-Dimethyl Naphthalene
1,5- and/or 2,3-Dimethyl Naphthalene
1,2-Dimethyl Naphthalene and/or Acenaphthalene
Acenaphthene

Fluorene

9-~-Methyl Fluorene

1-Methyl Fluorene

Phenanthrene

Anthracene

?2-Methyl Anthracene

1-Methyl Phenanthrene

9-Methyl Anthracene

Fluoranthene

Pyrene

Benzo(a)fluorene

Benzo(b)fluorene

Benzo(c)phenanthrene
Benzo(ghi)fluoranthene
Benz(a)anthracene
Chrysene/Triphenylene
Benz(b)anthracene

Benzo(b and/or j and/or k)fluoranthene
Benzo(a + e)pyrenes (incomp. resolved)
Perylene

3-Metnyl Cholanthrene
o-Phenylenepyrene and/or Dibenz(a,c and/or a,h)-anthracene
Picene

Benzo(ghi)perylene

Anthanthrene

Coronene

Dibenzo(a,i)pyrene

TOTAL

—

I3

WP O~Pa20hO0OP,P—=NNO P~ 0w —WwHOUw

2
CMWNUTOOPRNOOOITNOODWVLWRNH O —ONOW—PPN—~0T0PRDNDNO

2 2
w P~ O

JAVE I
UL

0
1
1
0
1.
0
1
0

154.7 mg/g




Table 6.6. Compositionﬁ-of material collected on charcoal trap

Total weight® Initial Final

of material boiling boiling

collected Carbon Hydrogen Nitrogen Sulfur point point
Run {g/kg maf coal} (%) (%) (%) (%) () (K}
HC-23 30.2 70.0 7.7 0.06 0.50 388 504
HC-24 30.8 53.0 5.1 0.06 0.19 335 440
HC-25 26.5 82.4 10.1 0.08 0.29 340 431
HC-26 19.6 81.2 9.9 g.10 0.56 317 467

HC-28 22.4 84.5 8.7 0.06 0.57

et

EComposition of organic phase obtained by desorption of charcoal at 700 K.

21nc1udes some absorbed water.
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6.2.1 Gas yields

The overall gas yield as a percentage cf the maf coal weight is
shown as a function of operating temperature in Fig. 6.4. The results
show an increase in the gas yield from 15% to 19% (for Wyodak coal pre-
pared in an inert atmosphere) as the operating temperature increased
trom 700 K to 850 K. The gas yield from Wyodak coal exposed to air
before processing was somewhat higher (from 17% to 28%). The use of
pretreated IT11inois No. 6 coal, the reduction in operating pressure
from 2170 kPa to 1136 kPa, and changes in bed configuration did not
result in major changes in overall gas yields. as shown in Figs. 6.4
and 6.5, although the effect of these variables can not be fully deter-
mined from the limited number of runs performed. The gas yields
obtained in these studies are somewhat higher than the value of ~14%
predicted by previous corre?ations.]

6.2.2 Gas compositioi

The composition of the gas effluent stream (downstream of the cold
trap and charcoal filter) during steady-state operation is given for
each experiment in Table 6.7. The composition is given on a carrier-
free basis in Tables 6.1 and 6.2. The hydrogen content of the gas is
due almost entirely to the hydrogen that is supplied for fluidization
and overpressure since very little hydrogen is produced or consumed
under the process conditions used in the experiments, as will be dis-
cussed in a later section. Also, the nitrogen content of the gas 1is
largely due to the use of nitrogen purge gas. The gas effluent compo-
sitions on a H2~ and Nz—free basis for Wyodak coal prepared under an
inert atmosphere and for pretreated I11inois No. 6 coal are shown as a
function of temperature in Figs. 6.6 through 6.9. As shown, the gas
contains a high fraction of methane, thus making it valuable as a sub-
stitute natural gas. The concentrations of CH4, C2H4 + CZHG’ C3H6 +
C3H8, and CO increase with temperature over the temperature range of
700 to 850 K, whereas the 602 content decreases. Although not shown,
the composition of the gas from runs made with air-exposed Wyodak coal
exhibits a similar trend. The higher heating value (HHV) of the Hzm and
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Table 6.7. Gas effluent concentration {%) at steady state during hydrocarbonization experiments

a ) C
gun CH4 CZ_ 63~ €O 602 HZS~ H2
No.
HC-1 0.92 £.20 6.10 (.20 .40 0.10 93.0 5.
HC-2 4,47 1.03 0.70 1.74 1.01 0.05 88.0 3.
HC-3 3.19 1.10 G.82 1.36 2.61 0.10 30.3 0.
HC-4 5.73 1.74 1.07 2.48 1.93 0.07 86.9 0.
HC-5 6.33 2.02 1.02 Z.40 2.60 0.05 85.6 0.
HC-6 7.34 2.24 1.07 2.89 4,36 0.14 81.0 1.
HC-7 1.06 0.67 (.49 g.91 2.05 0.05 94 .1 0.
HC-8 1.24 0.21 g.07 0.36 i g.07 36.8 0.
HC-9 1.11 g0.17 g.04 0.33 3,50 0.02 97.8 g.
HC-10 0.79 0.2C 0.03 0.32 0.05 0.0t 96.52 2.
HC-12 1.74 0.46 .14 0.78 0,31 0.02 94.79 1.
HC-13 1.49 3.35 6.17 (.53 0.78 0.42 96.20 0.
HC-14 2.25 8.61 8.17 0.91 .19 0.01 95,66 G.
HC-21 1.57 £.37 0.14 0.72 0.33 3,02 36.60 0,
HC-23 0.52 .16 0.02 0.24 0.02 $.005 95.49 3.
HC-24 0.89 g.22 0.05 0.22 0.045 0,060 98,37 0.
HC-25 1.52 G.30 0.13 .93 0.38 0.03 8F.55 0.
HC-26 0.92 g.21 0.0 0.31 0,05 0.007 53.6 4,
HC-28 1.88 0.42 0.0 0.75 5.13 d 36.51 0.

LE

a . -
= 3 + C.H.
Total concentration of L2H4 °2Hb'

DTotal concentration of CoHg + Caflg-
CNear Tower 1imit of sensitivity; accuracy questionable.

gCalibration was not satisfactory.
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szfree gas increased with operating temperature, as shown in Fig. 6.10,
primarily as a result of the de

O

h rease in CO2 concentration. On a HZ—,
N 5 and 602~free basis, the neating value of the gas remained relatively
COﬂSLurL at 40 MJ/m3. No major changes in gas effluent composition
resulted from the use of pretreated Illinois No. 6 coal, the reduced

pressure, or the bed configuration. The consistent trend in the data as

X

a funiction of temperature suggests that the components may be at equilib-

L,

rium; however, calculations indicate that although the trend is toward
equilibrium, it has not been reacned in

these experiments.

6.3 Char Yield and Composition

Although char is suitable for gasification or for use as fuel, it
is desirable to minimize its production in favor of increased liquid
production. The char yield decreases with increased operating tempera-
tures, as shown in F1g. 6.11. In the temperature range of 811 to 850 K,
the char yield {maf) from runs with Wyodak coal (prepared under an inert
atmosphere) at 2170 kPa made up 45 to 50% of the total maf coal. The
char yield for the run with Wyodak coal at 1136 kPa is also shown in
Fig. 6.11.

A summary of the cnar data obtained from the hydrocarbonization
experiments is given in Table 6.8. In general, the char contains a
Tower moisture content (<1%) and a higher ash content than the original
coal. For Wyodak experiments at 850 K, the ash content of the char
(moisture-free basis) was ~13, as compared to ~/% for the original coal.
On a maf basis, the carbon content and heating value of the char
increases with increased operating temperature, whereas the volatile
matter content decreases, as shown in Fig. 6.12. Wyodak char produced
at a temperature of 850 K has a heating value of ~31 MJ/kg (dry basis)
as compared to 27 MJ/kg for the coal, and the char contains ~10% volatile
matler (maf) as compared to 47% volatile matter (maf) in the original
coal. The sulfur content of the char from the Wyodak runs averaged
~0.35% {maf) and did not appear to be temperature dependent under the

conditions studied, as shown in Fig. 6.12.
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Table 6.8. Summary of char data

Ash, VYolatile  Carbon, Sulfur, Heating
Run Temperature  dry basis matter, mat maf value
no. (K) (%) maf (%) (%) (%) (MJ/kg)

Wyodak coal,® 2170 kPa

HC-8 694 11.4 17.4 26.7 0.45 30.3
HC-13 758 10.5 15.8 89.0 (.33 330.9
HC-9 786 11.4 i1.2 g1.9 0.35 31.1
HC-12 825 11.8 10.2 92.3 0.26 31.4
HC-21 830 12.2 12.8 92.8 0.20 31.0
HC-10 839 13.6 9.28 092.3 0.47 30.6
HC-14 850 12.4 9.94 91.9 0.33 31.0
HC-28 854 13.6 8.1 93.7 0.59 31.0
Wyodak coal (air-exposed), 2170 kPa
HC-7 711 9.7 18.3 87.5 0.33 31.0
HC~3 761 10.1 19.1 87.3 0.29 30.3
HC~5 79 10.6 14.4 89.6 0.27 30.7
HC-4 811 12.4 13.2 91.1 0.30 20.9
HC-2 827 12.2 14.9 91.6 0.23 30.6
HC-1 852 14.7 13.2 G97.6 (.60 30.1
Wyodak coal, 1136 kPa
HC-6 327 10.4 14.6 39.8 0.31 31.0
HC-25 844 11.4 12.5 91.3 0.34 31.6
Treated I171inois No. 6 coal, 2170 kPa
HC-26 841 28.9 12.5 98.694 3.90 26.8
HC-23 844 29.0 18.6 95.0 2.18 25.3
HC-24 844 27.7 12.3 98.82 3.1 27.9

~§Prepared under an inert atmosphere.

EThe apparent high carbon content may be due to interference of Na2C03
pretreatment with the carbon analysis.
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6.4 Composition of Agueous Scrubber Solution

In each of the hydrocarbonization experiments, ~20 ¢ of demineralized
water was used for scrubbing the off-gas stream from the hydrocarboniza-
tion reactor. This water, plus water collected from the process, was
continuously recycled during the run, resulting in the accumuiation of
a variety of organic compounds in the aqueous phase. Detailed analyses
of the aqueous scrubber spolutions produced in typical runs with Wyodak
subbituminous coal are presented in Tables 6.9 to 6.11. (These analyses
were obtained from another development program at ORNL.) Table 6.9
gives the concentrations of carbon, phenols, thiocyanate, ammonia,
nitrate, and phosphate for runs HC-3 through HC-14. Table 6.10 Tists
organic compounds that were identified in the scrubber water from run
HC-6. Analyses were performed by gas and Tiquid chromatography. Table
6.11 presents detailed characteristics of scrubber water from run HC-4,
including the acidity, amount of suspended solids, concentration of
phenclic compounds, and a detailed trace element analysis.

Table 6.9. Analyses of scrubber water from
the hydrocarbonization of Wyodak coal

Concentration (ng/cm3)

Total
Total organic  Total Thio- : Phos-~
Run carbon carbon phenols cyanate  Ammonia Nitrate phate
HC-3 9,100 8,100 9,150 427 2,580 7,180 6
HC-4 9,100 2,100 11,225 212 5,600 6,470 7
HC-5 10,200 8,300 9,850 200 5,800 11,600 2.4
HC-6 20,000 18,000 10,000 350 6,900 6,475 4
HC-8 10,000 3,200 6,000 330 6,600 10,500 5
HC~9 3,820 3,200 2,460 400 970 3,750 11
HC-10 6,780 5,680 6,550 620 2,900 5,240 5
HC-11 4,500 3,800 3,420 330 1,200 3,970 3.6
HC-12 11,370 10,200 9,725 435 3,040 5,670 2.9
HC-13 8,800 7,500 8,270 424 5,600 10,088 6.5
HC-14 7,700 6,200 8,820 820 3,050 6,575 1.8
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Table 6.10. Identified soluble organic compounds
in scrubber water from run HC-6

Concentration (pg/cm3)

By gas By nigh~-pressure
Compound chromatography  liquid chromatography
Dimethyl- or ethyl~-substituted 20
nydroxypyridine
Methyl carbazole 4
Hydroxypyridine 10
MethyThydroxypyridine 10
Catechol ~1700
Hydroquinone 4 /
Resorcino] 29 30
Methylresorcinol 2000
Orcinol ~2000
Methylcatechol 11 30
C2~substituted dihydroxybenzene <1
C3—substituted dihydroxybenzene <1
C4—subst1tuted dihydroxybenzene <1

6.5 Trace Element Distribution

The trace element distribution was determined for run HC-12 by spark
source mass spectrometry. Table 6.12 shows the trace element content in
the coal, char, scrubber water, and oil. Coal and char were ashed at
both Tow and high temperature with virtually no difference in tne results.
After ashing, they were mixed with high-purity silver powder containing
15 separated stable isotopes as internal standards. National Bureau of
Standards standard reference materials 1632 {coal) and 1633 (fly ash)
were used to determine relative sensitivity factors. Normal jsotopic
europium was also present and was used to measure the remaining elements.
A total of 53 elements were reported, ranging in concentration from 50,000

down to <1 pg per gram. O0il and agueous sampies were wet ashed with
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Table 6.11. Characteristics of scrubber water from run HC-4

Acidity pH = 8.82
Suspended solids, ug/cmj 64
Phenolic compounds, ug/cm3
Phenol 10,600
o-cresol 730
m- and p-cresol 2,560
Catecheol 290
Trace elements, ug/cm3
Ag <0.5
Al 1.0
As ND&
B 0.3
Ba 0.1
Be 0.07
Ca 5
Cd <0.5
Co <0.2
Cr 0.5
Cu 0.1
Fe 1
Hg b
K 3
Li <0.2
Mg 3
Mn ND2
Mo 0.3
Na 10
Nb 0.3
N1 3
p 3
Pb ND2
S 20
Sh NDE
Se NDE
Si 20
Sn ND&
Sr NDE
Ta NDE
Te NDE
Ti 2
U NDE
v NDS
Zn 0.5

?ND = not detected.
b
"Not measured.



Table 6.12. Trace element measurements for Wyodak coal and hydropyrclysis procucts by mass spectroscopy

__Trace element concentration (ug/g) Trace element concentration {ug/g)
0il 071
Including  Char- Aralytical Incluging Char-  Aralyticel
Scrubber char free precision Scrubber char free nrecision
Element  Coal  Char waterd  carry-over basis® (%) lement  Coal  Char waterd  carry-over basis® (%)
Al 20,000 50,000 1 180 -- +50 Nb 3 6 0.0% ! 0.8 +50
As 3 8 0.004 0.2 -- +50 N 5 10 H 7 +20
An < <t <G.Cl <0.1 <31 +50 Us <i <1 <0.0% <0.1 <G +50
B 880 2,000 8.5 0. - +50 P 200 500 0.2 5 -~ +50
Ba 510 1,570 0.4 16 -- 25 Pb 3 7 .003 G.2 -- +50
Br 6 16 0.02 0.1 -- +50 Pd <j <i <307 <G.1 <@ +50
Ce 8 16 0.001 .1 -- +50 Pt <] <1 <0.01 <Q0.1 <0.1 +50
¢ 0.2 2.9 <1 a.1 0.07 20 | Rb <} <1 <0.¢ <0.1 <0.1 +50
Co 1 3 0.03 0.2 0.1 +50 Re < <1 <0.0 <0.1 <0.1 +50
Cr 7 18 0.1 3 2.5 +20 2h <] <1 <0, 1 <0.1 <0.1 +50
Cs <1 <1 <0.01 <0.1 <0.3 +50 Ru 1 3 <0.01 <0.1 <0.3 +58
Cu 9 17 0.06 Z.5 2.0 +20 Sb 5 14 0.001 0.02 -- +58
Fa 1,700 3,800 1 95 -- +20 S 1,008 §00 6 100 80 +50
Ga 9 25 $.008 0.1 - +50 Si 5,000 >10,000 0.5 400 <80= +50
Ge ] 3 <0.01 <0.1 <G, +50 Sn 3 5 0.0t 3.4 0.25 +50
Hf <1 <] <0.01 <. <0.1 ESO Sr 320 490 0.1 4 -- +20
H <1 <1 <(0.01 <g.1 <0.1 +5C Te H 3 <0.0% 3.2 0.1 +50
in 8.2 3.7 <3 0.1 0.08 =20 Th <} <1 <G <G.1 <G +50
ir 1 3 < < < +50 T 260 630 3.1 30 16 +50
K 49 70 0. 0.3 -- +50 T3 0.3 G.6 0.¢ 0.1 0.1 +20
La He 33 <0.003% 0.04 -- +50 J <1 < <0.G <. <0.1 +50
Mg 5,000 15,000 7 200 -~ +50 v 2d 36 0.02 0.07 -~ +55
Mn HY 30 G.01 ] -- +50 Y 3 10 <0.007 0.3 -- +5¢
Mo 0.2 1.1 0.01 0.1 0.07 +25 n 6 14 0.06 1.5 1 +20
Na 120 3560 0.2 £ -- +57 ir 10 27 0.3 7 7 +50

LIncludes suspended solids.

o N , . . s , . . . . - .
~Computed from asnh batance, assuming &3} 0.39% ash in o3l is derived from char (12.2% ash). Dashas are entered for concentrations
calculated to be negative, which apparentiy are very tow.

C . . . ny . . A !
~Probably zero, since silicon, Tike aluminum, would remain in the char as a refractory oxide.

0§
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HNO3/H202 and then spiked with a multielement-separated isotope mixture.
The samples were then ashed to completely remove organics, redissolved

in HNO3, and dried on graphite electrodes. Detection limits were lower
because of sample concentration (2 m1 of oil and 10 m1 of aqueous), and
elements concentrations as Tow as 0.1 ug/g were reported for the oil and
0.07 ug/g for the aqueous sample. Europium was again used to report
those elements not available for isotope dilution. Precision for isotope
dilution measurements was estimated to be + 20%; precision using europium
was estimated to +50%.

6.6 Hydrogen Utilization

In the phase I report,1 the available results for hydrogen utiliza-
tion in hydrocarbonization processes were found to be a function of
pressure, temperature, and residence time of the char in the reactor and
could be described by the following equation:

H = 3.1089 x 10°% TP - 0.02066 P + 0.39356 P'/% + 0.044920 - 5.4816 ,
where
H = 1b H2/1b maf coal x 100;
T = temperature, °C;
P = partial H2 pressure, psia;
o = residence time, min.

The data correlation is shown in graphical form in Fig. 6.13. As
shown, there is a net production of hydrogen by hydrocarbonization at
Tow pressures, with increased hydrogen utilization at increased pressure.

In the bench-scale hydrocarbonization studies described in this
report, operating conditions of 2170 kPa and 700 to 850 K were in the
range at which hydrogen utilization was near zero. Hydrogen utilization,
which is shown as a function of temperature in Fig. 6.14, was determined
by measuring the difference between the hydrogen input and output
throughout the experiment. This method is sensitive to small errors in
flow, and hydrogen concentration measurements and high accuracies are
difficult to achieve. The results are, however, in reasonable agreement

with the data correlation.
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6.7 Material Balances

Componients for which material balances were routinely prepared are
carbon, ash, sulfur, and an overall mass balance for material in and out
of the system. The results of these balances are summarized in Table
6.13. Consistent closure of material balance is difficult to achieve.

In general, more emphasis was placed on the measurement of o0il and gas
yields Cthan on complete material balance closure. Data from runs with
unaccountably poor material balances were not used. The overall material
balance for most runs was in the range of 100 + 5%. Runs HC-9 and HC-14
had material balances well above 100% due to inleakage of water through
the scrubber pump seal. Errors in the overall material balance were due
primarily to errors in scrubber water makeup due to pump seal leakage.
Failure of rupture discs in some of the runs resulted in tne loss of char
from the system. Ervors due to scrubber water should not significantly
affect other balances or yields. Carbon and ash balances were consist-

ently low; carbon balances averaged ~95% and ash balances averaged ~90%

-3

for the experiments. The reason for these consistently Tow balances

was rnot determined.

wn

Closure of the sulfur material balance was not made because of
difficulties in measuring the quantity in the gas stream, since part of
the sulfur-containing gases was removed by the scrubber and the amount
remaining in the off-gas was near the lower limit of detection of the
gas chromatograph. Sulfur recovery as a percentage of the sulfur fed
was determined for char and oil (Table 6.13), and the remaining sulfur
was assumed to be in the gas phase.

Direct measurement of the water produced in the process was not made
gcause of the use of the water scrubber and difficulties in separating
water from tne products and washes used for cleanup. Within the ervors
of the material balances, water can be obtained from the difference in
the weight of the coal and the char, 0il, and gas products. A typical
distribution of the major elements in the process has been calculated as
shown in Fig. 6.15 by using average values for yields and composition of
products from experiments conducted with Wyodak coal at ~839 K. Only

74% of the nitrogen and 66% of the sulfur are accounted for in the
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coAlL (maf), 100¢
COMPOSITION
(w?t %)
C 725
H 5.5
N 1.0
S 0.5
0" 203
CHAR YIELD, 489 GAS YIELD, 12g OIL YIELD, 24¢g WATER YIELD,” i2q
CCMPOSITION % OF COMPOSITION % OF COMPOSITION % OF COMPOSITION 2% OF
(w1 %) INPUT (w?t %) INPUT (wt %) INPUT (wt %) INPUT
C 92.4 64 C 59 15 C 85.4 25 Hoo1 24
H 3.5 34 Mo 43 45 H 7.4 28 0 83.% 52
N §.1 53 N 0 0 N 1.0 21
S 0.35 34 S 0.5 19 S 0.3 13
0° 265 s 0 275 26 0 5.9 6
O OXYGE™ DETERMINED BY DIFFERENCE.
b WAYTER YIELD DETERMINED BY DIFFERENCE.
MATERIAL BALANCE
COMPONENT % OF INPUT
CARBON 101
HYDROGEM 128 (eguivalent to a hydrogen utilization of 0.015 kg Hy,/ kg maf coal)
NITROGEN 74
SULFUR 66 (ihe remsining 34% is assumied to be in the scrubber woler)
OXYGEN o0

OVERALL MASS 100 {obtoined by deterwmining woter weight by difference)

Fig. 6.15. Distribution and material balance for elements in a
typical hydrocarbonization experiment with Wyodak coal at 839 K.



products in the example. A Targe portion of the missing fraction could
be contained in the scrubber water.

7. CONCLUSIONS AND RECOMMENDATIONS

The bench-scale hydrocarbonization studies demonstrated that hydro-
carbonization is an effective method for producing oil, gas, and char
products from coal. The oil product has a relatively low viscosity and
appears suitable for upgrading so that it can be used as a fuel or as a
chemical feedstock; however, further characterization and svaluation of
the o1l product is needed to determine its potential uses. The gas
product has a high methane content which can be used as a substitute
natural gas. The char has a reduced sulfur content and a heating value
approximately equal to that of coal and may be used as a fuel or for
gasification. AL operating conditions of 840 K and 2170 kPa, ~1 barrel
of 0il is produced per ton (1.75 x 10"4 m3/kg) of coal processed. The
process appears to be particularly suitable for use in conjunction with
a gasification or power plant where valuable 0il and gas products could

be removed from the coal prior to gasification or combustion of the char.

Because of the large reserves of caking coals located in the eastern
United States, it is desirable that additional work be done to investi-
gate reactor designs and operating conditions that will permit the direct
processing of caking coals. Although problems of agglomeration of caking
coals were not eliminated under the limited range of operating variables
studied, the recirculating fluidized-bed reactor appears to offer poten-
tial for direct processing of caking coal. Further study of the recir-
culating fluidized~bed reactor with longer residence times in the draft
tube, larger bed diameter, and with improved methods of introducing ceal
into the reactor is recommended. Additional study on the effect of bed
configuration and residence time on product yields and composition is
also desirable.

The use of chemical pretreatment was shown to be effective in elim-
inating the agglomerating tendencies of I1linois No. 6 ceal. The higher
nil yield of 24% from hydrocarbonization of Naocog—treated coal indicates



53

that chemical pretreatment may result in improved oil yields, although

no data are available for direct comparison of the yield with untreated
I[11inois No. 6 coal. Other potential benefits of chemical pretreatments
that appear worthy of further investigation are improved oil product
guality (reduced asphaltene content), improved gas product yields, sulfur
removal, and increased reactivity of the char for gasification or combus-
tion. Investigation of methods for recovering and recycling chemicals
used in pretreatment is needed so that inexpensive pretreatment methods
can be developed. Additional information is also needed on the combus-
tibiTlity of char in conventional coal burners.
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APPENDIX A: ATMOSPHERIC CARBONIZATION
AND HYDROCARBONIZATION STUDIES

As part of the experimental development program (Task 2) in support
of the bench-scale hydrocarbonization system, a high-temperature
fiuidized-bed reactor system was constructed for operation at atmospheric
pressure. Batches of Wyedak subbituminous coal were heated in ~60 min
from ambient temperature to maximum temperatures of 802 to 922 K (985 to
1200°F) and maintained at temperature until carbonization or hydrocar-
bonization was complete. Analysis of product solids, Tiquids, and gases
permitted the calculation of carbon balances and relative product yields.
Eleven experiments (AHC-1 through AHC-11) were run, although three of
the experiments were not completed because of operational difficulties.
Nitrogen or argon was used as the fluidizing gas for five experiments,
and hydrogen was used in six experiments. A uniformly fluidized-bed
reactor was used in all but the final two experiments (AHC-10 and 11),

in which a draft tube was used to provide a recirculating fluidized bed.

A.1 Experiment Design and Procedure

A 0.1-m (4-in.)~diam reactor was used for all of the experiments.
A flow diagram of the revised experimental equipment used in the runs
beginning witn AHC-5 is shown in Fig. A.1. The reactor was 1.32 m long
and was constructed of 0.1-m (4-in.)-diam sched 40 347 stainless stee]
pipe, flanged on both ends. Chromel-Alumel thermocouples were welded
to the exterior surface and positioned axially within the bed for
temperature measurement and control. The reactor was heated with elec-
trical clamshell heaters during the first two experiments; in the later
experiments, the vessel was heated with tubular electric heaters mounted
on the outside surface. A distribution plate having sixty-one 0.0012 m
(3/64-in.)-diam holes on 0.012-m (15/32-1in.) centers (staggered) was
used for the uniformly fluidized-bed runs. Spiral-wound gaskets (304L
stainless steel with asbestos) were used for sealing the distributor
plate flanges. The recirculating fluidized bed for runs AHC-10 and 11
was constructed by positioning a 0.019-m {3/4-1in.)-diam 304L stainless

steel draft tube along the reactor axis; this tube was supported by
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0.0032-m pressure tap tubes located 0.05 m above the jet nozzle of a
special distributor plate (Fig. A.2). By selecting the proper gas flows
from the plenum into the annular downcomer and from the nozzle into the
draft tube, solids will flow downward through the downcomer and then
flow rapidly upward through the draft tube. Coal i1s injected with the
nozzle gas. Its rapid heating by hot recirculating char under nydrogen
pressure with low vapor residence time should result in increased liquid
yields and decreased agglomeration problems.

Reactor effluent passed through a heated cyclone, a cold-water spray
condenser, and fiber filters. After run AHC-3, an electrically heated
external cyclone was installed to reduce solids carry-over from the
reactor exhaust. Separated solids were accumulated in a catch pot
rather than being returned. Various condenser designs were used, eacn
involving direct, countercurrent contact of a cold-water spray with the
hot gas-vapor-aerosol effluent from the reactor. The final condenser
design {first used with run AHC-5) contained ~10 ¢ of water, which was
filtered, water-cooled, and metered during recirculation. A mat of
fine glass wool placed at the condenser exit filtered out entrained
water and aerosol. After run AHC-5, a cartridge string filter was also
used for further cleanup of the gas.

Gas flow rates were monitored using differential pressure (dp) cells
with integral orifices (two sizes for twe flow ranges). Gas composi-
tions for orifice meter interpretation and for gas evolution measurements
were determined from samples collected in ten pre-evacuated stainless
steel cylinders. These gas samples were analyzed first by low-resolution
mass spectrometry. In a separate step, gas chromatograpny was used to
resolve nitrogen and CO. Analyses were corrected for air leakage into
the samples primarily by measuring the oxygen content, and from these
corrected analyses, gas evolution was determined either from total gas
flow or from a known tie-component flow (nitrogen, argon, or helium).

Fluidizing gases were preheated upstream of the reactor. For experi-
ments AHC-1 through AHC-9 (uniform fluidization), a single preheater was

used. This preheater was constructed of 0.05-m (2~in.)-diam sched 40
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flanged 347 stainless steel pipe measuring 1.52 m long with surface-
mounted calrod heating elements. The preheater was filled with packing
of 0.025-m segments of 0.0064-m (1/4-in.)-diam stainless steel tubing.
For recirculating fluidized-bed experiments, draft tube gas was pre-
heated in this unit, but gas for the plenum below the downcomer was
heated by coiled copper tubing heated in a clamshell heater.

Unweathered subbituminous coal from the Roland and Smith seams was
obtained from Wyodak Resources Development Corporation, Gillette,
Wyoming. Proximate and ultimate analyses are presented in Table A.1.
After size reduction in a jaw crusher and hammer mill, the coal was
sized at -40 +200 mesh (Experiments 1 to 6) or -50 +140 mesh (Experi-
ments 7 to 11) in a Ro-Tap sieve shaker. Ftach 1.8- to 2.0-kg reactor
charge was dried in a vacuum oven maintained at near-ambient temperature

to reduce the moisture content to between 7.5 to 27%.

Before each experiment, the system was checked for leaks at operating
temperature by helium detectors and by pressure tests. Coal was then
charged as a batch at ambient temperature, oxygen was purged from the
system, and gas flow was discontinued whnile the preheaters and cyclone
were heating. The reactor bed was fluidized and reactor heatup was
started when the desired temperatures were achieved. A maximum tempera-
ture of 802 to 922 K was achieved in ~60 min, and this temperature was
maintained until gas evolution became negligible. Gas sampling was timed
in order to best define the gas evolution curve. The procedure for ear-
lier experiments differed in that heatup began simultaneously for the
entire unit; differences in the heating rates among various units made
this procedure unsatisfactory.

After purging and cooldown, solid and 1iquid products were recovered,
weighed, and sampled for analysis. Tar carbon and ash contents, as well
as total carbon in the water, were measured to determine the carbon in
product liquid. Carbon balances were determined from these and other
analyses, and relative carbon yields in the solid, Tiguid, and gas were

used as bases for comparison.
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Table A.1. Analyses of Wyodak coal

Equilibrium moisture content: 30.87%%

Proximate analysis, moisture-free:

Ash 7.29 (s2 = 0.16, six samples)
Volatile matter 46,7% (s = 0.61, six samples)
Fixed carbon 46.0% (s = 0.71, six samples)

Ultimate analysis, maf:

Carbon '72.4% (s = 0.86, six samples)
Hydrogen 5.63% (5 = 0.21, six samples)
Nitrogen 1.043% (s = 0.005, six samples)
Sulfur 0.85% (s = 0.34, five samples)
Oxygen 20.08% (by difference)

Calorific content: 29.1 MJ/kg (s = 68, five samples)

“Pata obtained from Lawrence Livermore Laboratory. Analysis of Roland
seam coal by CT&E Co., Denver, Colo., Division of Commercial Testing
% Engineering Company.

gs represents standard deviation.

A.2 Experimental Results

Atmospheric hydrocarbonization experiments are summarized chrono-
logically in Table A.2. Three experiments were aborted before completion
when a reactor gasket failed (AHC-2), when the reactor-to-cyclone line
plugged (AHC-7), and when the cyclone-to~condenser line plugged (AHC-
10).

Satisfactory carbon balance closure (100 + 4%) was achieved in only
three experiments (AHC-5, -8, and -11), but those three were the most
important hydrocarbonization experiments. In addition, useful observa-
tions can still be made about other experiments despite incomplete
recovery of products. Carbon balances on these other carbonization



Table A.2. <Chronological summary of atmospheric hydrocarbonization [AHC) experiments

Maximum
AHC Fluidizing temperature
experiment gas (K}
1 N2 811
2 N2 Aborted
3 Ar 802
4 Ar 922
52 o 865
5 H2 839
7 H2 Aborted
a
8- H2 839
g H2 811
b
10 Lr= Aborted
218 el
i iy 822

Cverall carbon

Moisture content

a — : .
—Runs having a good overall carbon balance.

9Recircu?ating fluidized-bed operation.

Overall ash

balance Percent carbon as: of charaed coal balarnce
oy Liguid Gas Char (%) (%3
56.0 i.5 3.4 51.2 22.8 55
Aborted
76.4 2.2 G.1 65.2 26.9 82
84.0 5.0 17.8 61.2 27.5 7%
162.7 6.9 19.7 75.7 17.26 39
83.9 5.0 9.8 69.7 9.7 &%
Aborted
100.0 12.2 13.2 74.6 25.4 91
90.8 11.2 12.5 67.1 18.6 92
Aborted
103.1 17.% 9.1 82.9 19.2

89
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experiments were unsatisfactory. Ash balances were also unsatisfactory
when carbon balances were poor, which suggests that either an unrecoversad
blowover of unreacted coal (decreasing all yields) or blowover of char
from the reactor (decreasing char yield only) accounted for most of the
deviations.

Yields from coal carbonization and hydrocarbonization depend upon
many variables, including heating rate, maximum coal temperature, hydrogen
partial pressure, vapor residence tima, the coal used, and coal pretreat-
ment. Heating rate could not be varied widely because of the reactor's
thermal inertia during the unsteady-state heatup. Maximum coal tempera-
ture was varied instead, while the heating rate was kept neaviy constant
and relatively low {reactor heatup time of 60 min; an average of 9 K/min),

Experiments AHC~5 (866 K) and AHC-8 (839 K) gave carbon halances
near 100%, while AHC-9 (811 K) also gave a reaseonably good carbon balance
(90.8%, ervor thought to be char Toss). The carbon yields for the gas,
liquid, and char for these runs are compared in Table A.3. In experi-
ments AHC-9 and AHC-8, carvied out at 811 and 839 K, the liquid product
contained 11.2 and 12.5% of the carbon in the coal feed, respectively.
In run AHC-5 at 866 K, only 6.9% of the carbon content of the coal was
coltected as 1liquid product, and an increased amount of the carbon was
found 1in the gas. This suggests that the increased gas evoiution at
the higher temperatures (866 K) occurred at the expense of the liguid
yield through thermal hydrocracking; hence, the maximum liquid yield is
obtained at ~811 to 839 K.

Gas yields in the three experiments increase with temperature as
expected. Char yields stay nearly constant if all carbon deficiency in
AHC-9 1is due to char loss.

A single recirculating fluidized-bed experiment {AHC-11) was accom-
plished with a satisfactory carbon balance. The apparent liquid yield
was 11.1%, which was similar to the yields of uniformly fluidized-bed
experiments at similar temperatures. As was observed in the bench-scale
hydrocarbonization, residence times may not be changed enough at this
scale to show a difference between the reactor designs.
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Table A.3. Carbon yields in atmospheric
hydrocarbonization studies

Experiment Me-9 AHC-8 AHC-5
Maximum temperature, K 811 838 866
Liquid yield, %% 1.2 12.2 6.9
Gas yield, %2 12.5 13.2 19.1
Char yield, 22 67.1 (76.3%) 74.6 76.7

Overall carbon bhalance, % 90.8 (100.09) 100.0 102.7

a . s \ N ,
“Carbhon in liquid, gas, and char as a percentage of tne carbon con-
tained in the coal feed.

bAttributing balance deficiency to poor char recovery or analysis (see
text).
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APPENDIX B:  AMBIENT MOCK-UP

N
et

TUDIES

Studies were carvied out in a Lucite mock-up to study fluidization
and bed recirculation with regard fo the design and operafion of the
bench-scale hydrocarbonization system. The initial studies of bad
recirculation were done in 2 “two-dimensional” mock-up.  Subsequent
studies were done in a 0.1-m {(4-in.)-ID mock-up having dimensions and

geometry similar to the reactor used in the hydrocarbonization system.

B.1 Twe-Dimensional Mock-Up

The two-dimensional mock-up of a recirculating fluidized-bed reactor
shown in Fig. B.1 was built to provide insight and design data for recir-
culating fluidized beds. This mock-up contains a central deaft tube in
which the solids are Tifted in dilute-phase transport and two down-
comers in which the solids are recycled to the bottom of the column in
dense-phase transport. This reactor concept has several advantages for

the hydrocarbonization process:

1. Rapid heating of coal fed to the draft tube is provided

by rapid mixing with recycled char.

2. VYery short vapor product residence times can be achisved

with the deaft tube arvangement.

3. The ditute phase in the draft tubs minimizes hot surface

area in contact with the vapor product.
4. Problems of solid agglomeration can be wminimized.

sand and fon exchange resin were used as bed material in the initial
studies. The bed recirculation rate was determined by observation of
tracer particles. Manometers weve used to measure the pressure differen-
tial across the draft tube and downcomer at Tocations shown in Fig. B.1.
The distributor was a flat plate having 0.0016-m~diam holes spaced
0.0032 m apart. Humidified air was used as the fluidizing gas. The
data from 65 experimental runs are summarized in Table B.1.



ORNL DWS T74-10078R3

DIMENSIONS
o = 0108 m
b = 00032 m
F= 0025 m
d = 0013 m
& . 00i9m
f = 0095 m
g = Q.10m
s 048 m
i = 044 m
j = 1.02Z2 m

EL]

X * PERFORATED
0.00i6-m HOLES ON
0.0032-m SPACING

r’m T
p] e
B B s
S A
y &‘ & 2 .
cil b T
I
,.,JL_,.-J—fE::— S : wm“_“zr e e
o || w 28
- " | .
Eg =t = il il j
oll"| ©
O | ¢ Q
z || w =
& <L >
o x: O
o || o o
(V]
b le .
C
@ . %
Y S ¥

AB,C&D = PRESSURE TAP

#

DEPTH=

ADJUSTARLE

0.0328 m



73

Table B.1. Bed reciecculation rate data

Column Reciveulation

Gas fead *o d to i
draft tube 9 g Dressurs: vate
Solid std w2 /min {std md/min 3 e kPa NI 5,
( x 103 x 103 ] 3" (kPa) (/s x 107)
Resin 92.2 3.0% 0.86 2.49 7.36
Resin 79.3 3.05 0.72 1.74 9.02
Resin 105.0 3.0 1.08 3.43 5.10
Resin 2 6. 1,04 2.01 3.31
Resin 2 5. 1.14 z2.71 .37
Resin .2 3.0 1.08 Z.41 9.49
Resin 103.0 7. 1.41 3.61 0,68
Resin 92.2 7. 1.14 0 2.01 3.71
Resin 79.3 5. 1.06 0.6 2.94 9.46
Resin 79.3 3. 1.23 0. 2.7 7.73
Resin 79.3 2. 1. 0. 2.834 6.45
Resin 85.3 5. 1. 0. 3.09 10.99
Resin 72.9 5.7 1. 0. 2.71 10.48
Resin 92.2 1. 1 0. 3.3 4.73
Resin 105.0 1.6 1. 0. 4.006 4.79
Sand 118.0 9.6 1. 7.3 5.03 4.39
Sand 113.0 G. 1.: 1.¢ 4.55 2,33
Sand 118.0 7. 2 1. 4383 4.73
Sand 110.0 9. 2. 1. 4.64
Sand 97.72 6.3 3. 1. 2.94 7.33
Sand 92.2 4, 3. 1.8 2.84 5.83
Sand 97.72 3. 1. 2.49 3.17
4.9 2.0 8.50
4. 2.0 5.05 8.52
4. 2.0 4.35 8.10
3.0 1.4 4.63 4.67
1 3. 1 4.48 5.86
Sand 1 3. 2. 1 3.53 5.78
Sand 1 J. n.71 3.36 1.59
Sand 1 4. 3. 1.43 368 5.15
Sand 1 5. a. 1.87 3.88 6.48
Sand 12 4. 0. 1.35 465 4,47
Sand 124.10 7. 0. 1.482 4.90 5.78
Sand 124.0 5.0 0. 1.6 4.83 562
Sand 124.0 8. 0. 2.65 5.20 7.50
Sand 118.0 2. 0.2 218 &.70 2.85
Sand 115.9 6. 0. 1.836 £.40 £.74
Sansd 118.9 4. 0.17 1.49 4.13 £.18
Sand 113.0 3. 0.12 1.30 4.06 Z2.86
Sand 118.0 1. 0.10 0n.e7 3.98 17.73
Sand 112.0 1.3 0.10 1.n4 3.58 15.18
Sarnd 112.5 5. n.14 1.60 3.68 5.32
A 112.9 7. 0.16 1.79 3.56 7.39
124.0 1. 0.12 0.7 4.43 19.77
131.0 3.0 0.12 5.10 3.43
131.0 1.5 0.10 4.83 2.21
105.0 7. 0.06 2.7 4.1
98.7 0.04 2.49 3.09
112.0 ?. 1.04 3.00 2.94
112.0 2. G.06 2.94 5.30
112.0 1. 0.08 2.497 10.79
105.0 G.20 2.44 3.26
92.2 2. (.04 1.94 1.64
92.2 .04 1.94 3.17
9.7 2. n.c4 2.19 9.27
105.0 1. 0.4 6.23
105.0 17. 0.64 2.4 6.77
105.0 0.20 2.49 3.45
105.0 2. 1 0.08 2.61 11.50
113.0 1 0.20 3,20 3.13
Resin 112.0 0.82 0.06 3.0 5.36
Rasin 118.0 0.70 0.93 0.6 3.06 7.33
Resin 115.0 2.58 1.45 5.97 3.09 12.53
Resin 113.0 0.70 0.86 557 3.23 6.00
Resin 115.0 1.64 1.12 5.52 3.16 15.97
Aanoneter No. 1 measured the orassure between points 8 and 0 in Fig. B.1.
b

Marometer Nn. 7 measured the pressure between points A and B in Fig. B.1.

Co . . X . : .
“HManometer No.o 3 measured the prassure between points A and © in fig. B.1.

ﬂPressure between point D (Fig. B.1) and atmosphere.
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alculated from
h run. The &5
1

The recirculation rate data shown in Table B.7 wevre

[

the average elapsed time for ten particles traced in eac
runs thus represent 650 observations. Figure B.?2 is a p
recirculation rate vs gas fiow rate to tne downcomers. Tne graph indi-

v

cates a strong dependence on tne gas flow rate to the downcomers and a

'3

weak dependence on the gas flow rate to the draft tube. Hence, recircu-
lation rate is contralled by the rate of solids transport through the
downcomers or on the amOunt of gas bypassing tne downcomer into the draft
tube. Operation in the other regime (the recirculation rate is controlled
by the ability of the draft tube to pick up and transfer solids) results
in slugging characterized by unstable operation and large pressure

fluctuations.

B.2 Alternative Distribution Plate Design

The two-dimensional mock-up was also used to study the performance

p

of an alternate distributor plate shown in Fig. B.3. The purbose of the
alternate design was to reduce bypassing of gas from the downcomer to
the draft tube., thus ensuring good downcomer fluidization. The distrib-
utor plate was elevated above the draft tube esntrance, leaving a gap
for flow. A 0.016-m-wide draft tube was used in the studies. Gas from
a separate plenum (denoted as 1) can be injected around Lhe axial gas
jet to supplement the draft-tube gas supply, while fluidizing the solids

flowing through the draft tube distributor gap.

Char
Table B.
ffectiv

50 contains three sets of data for a flat distributor plate. In Fig.

-

recirculation data with nitrogen fluidization are given in

™

2 for char having an average particle diameter of 165 um and

o

(¢3]

particle density of 1.05 g/cm3. For comparison, Table B.Z2

S

.4, the char recirculation rate for the alternate distributor plate in
the two-dimensional mock-up is compared on a common basis with data
obtained from the 9.1-m (4.1in.)~ID three-dimensional mock-up having
with a flat distributor plate (described in the following section).

The alternative distributor required more gas to achieve solid cir-

vy

culation rates egual to those obtained with the standard distributor;
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Fig. B.3. Two-dimensional model of alternative distributor design.



Table B.2. Circulation data for alternative
distributor, two-dimensicnal model

Nitrogen flow rates

Jet Plenum 1 Plenum 2 Char
Distributor {std m3/min {std m3/min {std m3/min Total circulation rate

plate x 103} x 103} x 10°%) cm3/s/cm? reactor g/s/cm? draft tube
Flat 11.6 0.0 13.0 10.0 0.9
Fiat 11.6 11.6 13.0 14.7 2.4
Flat 11.6 23.2 13.0 19.4 0.9
Stoped 11.6 0.0 13.0 10.C 3.3
Stoped 11.6 5.8 13.0 12.3 10.7
Stioped 11.6 11.6 13.0 14.7 8.2
Sloped 1.6 17.4 13.0 17.6 11.0
Stoped 11.6 23.7 13.0 19.4 9.2
Sloped 11.6 29.0 132.0 21.7 10.1
Stoped 11.6 35.1 13.0 24.2 10.3
Sloped 11.6 11.6 g.0 12.0 8.2
Stoped i1.6 11.6 6.5 17.3 13.9
Stoped 11.6 11.6 19.5 1.9 5.1
Sloped 11.6 11.6 26.0 10.0 7.4
Stoped 0.0 11.6 13.0 17.0 14.90
Stoped 17.4 11.6 13.0 19.4 11.9
Stoped 23.2 11.6 13.0 9.4 3.8

Ll
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thus, it appears to be limited to circulation rates below those achiev-
able with the standard distributor. However, the alternative design did
permit downcomer fluidization to continue, regardless of whether the bed
was circulating. Further development might decrease the gas reguirements
of this design.

B.3 Three-dimensional Mock-up

Following the studies in the two-dimensional mock-up, a Lucite mock~
up of approximately the same dimensions as the atmospheric and pressurized
hydrocarbonizer (1.40 m long x 0.1 m diam) was constructed. The system
shown in Fig. B.5 was used to investigate fluidization of coal and char
mixtures. Figure B.6 gives the pressure drop vs velocity data for Wyodak
coal particles (average particle size of 236 um) determined in the mock-
up. The results are in good agreement with results published in the
open literature.

The 0.1-m-ID mock-up was used to establish operating conditions for
recirculating fluidized beds in the atmospheric hydrocarbonization sys-
tem and the bench-scale hydrocarbonization system. Prior to run AHC-11,
in the atmospheric hydrocarbonization system, a 0.019-m-diam draft tube
was installed in the mock~up, and char from Run AHC-9 (3.4 wt % less than
200 mesh) was used to determine conditions that would provide good bed
circulation through the draft tube. The mock-up tests showed that with
a 0.84-m-long draft tube, the coal plume above the draft tube exceeded
0.30 m throughout the optimal range of operation, resulting in substan-
tial solids carry-over. Reduction of the draft tube length from 0.84 m
to 0.6Z m and addition of a solids deflector sharply decreased the carry-
over. These modifications were duplicated on the atmospheric hydro-
carbonizer for run AHC-11.

Coal prepared for Run AHC-11 was tested in the mock-up to establish
gas flow settings for stable operations. A plot of downcomer gas feed
rate vs draft-tube gas feed rate (Fig. B.7) indicated that stable recir-
culation occurred only within a range of flow settings. Outside of the
range, there was either low solids circulation or an erratic circulation
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with high voidage in the draft tube plume. Using the minimum fluidiza-

[

tion flows calculated by the correlation of Wen and Yu, and minimum

entrained flow for the draft tube approximated by Kunii and Levenspie?,2
feed rates were predicted which fit within the range of stable recircu-
Tation. Ambient mock-up tests of the coal prepared for Run AHC-11 con-
firmed that stable recirculation occurred at the predicted gas feed
rates; so the correlations were used to set flows for temperature
hydrogen operation of Run AHC-11. That run was successful, thus demon-

strating the value of the reactor modifications and the flow correlations.

After the experiments described above were completed, the mock-up
was modified to study bed circulation under conditions expected in the

bench-scale hydrocarbonization reactor.

Initially, behavior of char in a uniformly fluidized bed (no draft
tube) was tested. Tests used char from bench-scale experiment HC-12
(Wyodak coal hydrocarbonized at 825 K and 2170 kPa). The char had an
average particle diameter of 165 um and effective particle density of
1.05 g/cmS, as determined by mercury pycnometry. From data on bed
expansion and pressure drop at different gas flow rates, minimum fluidi-
zation velocities for helium, nitrogen, and argon were measured. These
data agree satisfactorily with predictions from the correlation of Wen
and Yu,} which has a standard deviation of 34% (Table B.3).

Three distributor plates were evaluated for their effects on recir-
culating fluidized-bed operation:

1. a 54-hole plate with 0.0012-m-diam holes,
2. a 42-hole plate with 0.0004~m~diam holes, and
3, a 42-hole plate with 0.00013-m-diam holes.

Only the plate with 0.0004-m-diam holes both distributed gas well into
the recirculating fluidized bed and operated at the desired pressure
drop of 2.9 to 4.4 kPa. Also, although the weeping of solids into the
plenum was a recurring problem in the bench-scale hydrocarbonizer,
decreasing the hole size to 0.0004 m or 0.0001 m reduced this weeping
to acceptably Tow Tevels.
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Table B.3. Minimum filuidization conditions
for HC-12 chard

Minimun fluidization velpcity (m/s x”JOZ)
Gas Experimental Calculated® Percent error

Helium 1.49 0.956 -36%
Nitrogen 1.22 0.876 ~28%
Argon 0.73 0.765 +4.87%

AFuidization test conditions: temperature, 293-308 K; pressure, 0.1
mPa (1.0 atm); bed cross-sectional area, 81.07 cm?; voidage at minimum

fluidization, 0.53; bed pressure drop at minimum fluidization, 0.45 m
Ho0/m bed.

BMethod of Wen and Yu (ref. 1).

By experimenting with the recirculating fluidized-bed mock-up, pro-
cedures and hardware were developed that led to improved start-up of the
bench-scale hydrocarbonization reactor and increased the degree of
mixing of feed with char. Mock-up tests confirmed that the bed of char
could be lost from the hydrocarbonization reactor during start-up because
solids showered directly from the draft tube into the char overflow pipe.
A char bed must also be present during start-up to dilute fresh aggiom-
erating coal with dry char. Char loss was significantly decreased by
using reduced gas flow rates during start-up, by other procedure changes,
and by installing a deflector above the entrance to the char overflow
pipe.

In order to better extrapolate the results obtained from the mock-up
at ambient conditions to the operation of the bench-scale hydrocarboniza-
tion system at operating conditions, an empirical correlation was tested.
The same combination of dimensionless gas velocities (ratio of super-
ficial velocity to minimum fluidization velocity, g/gmf) should produce
the same bed behavior independently of gas or solid properties for a

given reactor geometry and configuration. To test this hypothesis, char



from experiment HC~12 was fluidized first by helium and then by nitrogen
in the 0.1-m-diam model of a recivrculating fluidized bed. (Other reactor
dimensions are summarized in Table B.4.)

Experimental data from the tests of this correlation are summarized

in Table B.5. By plotting g/gmf for the draft tube gas supply vs nyT

of test conditions was graphed. Such a graph shows reasonable agreement
of pressure drop and solid circulation rate between the two different

gases.

Figure B.3 shows the solid circulation rate data presented in this
fashion. The effect of g/gmf to the downcomer is pronounced. In contrast,

increasing u/u_, to the draft tube has a smaller effect on the circulation

-
----- 1173

rate.

The dependence of solids circulation rate on downcomer gas supply
rate alone is graphed in Fig. B.9. As was seen in the earlier mock-up
studies, civculation rates were affected primarily by the downcomer
supply. A 20-fold variation in draft-tube gas supply feed rate is
represented by these data, but only slight deviations from the general
trend result. From Fig. B.9, char circulation rate would appear fto be
Timited to a maximum value. Restrictions of solids flow in some cross
section of solids flow path—downcomer cross-sectional area, draft tube-
distributor plate spacing, or draft tube area-probably cause this
apparant maximum Timitation. Maximum solid circulation rates might be

increased by adjusting these geometric factors.

Nitrogen and helium recirculations at 305 K and 101.3 kPa (1 atm)
correlated well with each other, but applying this correlation fo
hydrogen recirculation at 839 K and 2170 kPa required a significant
extrapolation. Hydrogen supply rates for run HC-22 in the bench-scale
hydrocarbonizer were set, based on the cold model data in Table B.6.
Both good recirculation of the char starter bed and good downcomer
fluidization were achieved based on temperature measurements in the

draft tube and downcomer for run HC-22.
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Table B.4. Dimensions and configuration of
recirculating fluidized-bed reactor nodel

L016-m {4-in.) ID
.334 w (52-1/2 in.) long

.025-m (1-in.) 1D

.0032-m (1/8-in.) wall thickness

635 m (25 in.) lony

.025 m (1 in.) above distributor plate

Reactor

Draft tube

O OCOoOOoOo —Q

Draft tube gas supply .76-mm’ cross-sectional area (3/16-in. 0D,
nozzie 0.028-in.-wall tubing)
Aligned with draft tube axis
Flush with distributor plate

Distributor plate 42 holes spaced under the downcomer on a
0.012-m {15/32-in.) triangular pitch
Holes, 398-um diam (1/64-1in.)

B.4 Reference for Appendix B
1. C. Y. Yen and H. H. Yu, AIChE J. 12, 610 (May 1966).

2. D. Kunii and 0. Levenspiel, Fiuidization Engineering, Wiley, N.Y.,
1969.
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Table B.6. Comparison of data at
fixed dimensionless velocity@

NWAP;L, o WMAP/L,

dowrfomor draft tube

Gas (m ;O/m) (11 H20/m)
Hel ium 0.421 0.374
Nitrogen 0.409 0.342

Part1c1e v910c1uy
1n downcom;r
m/a X 10

An, . N
At the bottom of the annular downcomer, u/u Upp =

supply jet, u/u = 2300. mr

I

6; for the draft tube
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APPENDIX C: COAL FEEDER VALVE AND FLOWMETER DEVELOPMENT

The bench-scale hydrocarbonization system requives that coal be fed
to the reactor at a rate on the order of 4.5 kg/h. The work described
below was conducted to develop a coal feeder valve and flowmeter for
that purpose.

C.T Coal Feeder Valve Development

A modified ball valve, in which the bore of the ball was blocked
to form two cups, was used for the first feeder valve tests., During
ecach revolution of the ball, two cupfuls of coal were delivered from
the feed hopper to the pneumatic transfer line below, as shown in Fig.
C.1.

In the first experiments, an attempt was made to feed coal from the
hopper at atmospheric pressure fo the pressurized transport line. Stable
operation was not obtained due to the blowback of gas into the hopper
from the "empty" cup. The hopper was modified to allow pressure equili-
zation between the hopper and the transport line. Steady coal feeding
could be obtained for short periods with this arrangement; however, coal
flow would stop occasionally, possibly because of blowback or particle
bridging in the hopper. In order to provide continuous coal feeding
for longer periods, the hopper was pressurized to ~7 kPa, relative to
the transport Tine pressure. This configuration proved satisfactory,
and coal could be fed smoothly and without interruption. The coal was
deposited in a container mounted on a Toad cell. The strip-chart record
from the Toad cell was graphically differentiated to obtain the coal
flow rate. Figure C.2 is a plot of coal flow rate vs the shaft speed
of the rotary ball valve feeder with pneumatic transport. Thas solid
Tine represents data obtained by feeding into an open container (no
pneumatic transport); the dashed Tine is the least-sguares approximation
of the data with pneumatic transport.

After ~50 h of operation, the modified ball valve feeder developed
a leak around the valve stem. The ball valve was subseguently
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disassembled and inspected. The stem packing washer had worn out,
altowing gas and coal to escape to the atmosphere. The Teflon valve
seats were also permanently damaged, and all seats, washers, 0-rings,
and packing were replaced. The permanent parts of the valve showed
Tittle or no damage. The ball Tocked in position in subsequent tests
using brass valve seats, thus causing the shaft to break.

As a result of the difficulties with the modified ball valve, the
feeder valve shown in Fig. C.3 was developed. This valve used a rotating
Teflon cylinder (0.028-m diam x 0.045 m Tong) containing six cups (0.016 m
x 0.01 m wide x 0.006 m deep) to transfer the coal. The Teflon cylinder
was rotated by a brass shaft that was driven by a variable-spead air
motor, and the housing contained cooling-water channels for removing heat
generated by friction. This feeder was used in the bench-scale hydro-
carbonization system. The feed rate was found to bhe dependent on the
bulk density and particle size of the coal feed. The feeder performed
satisfactorily during the nydrocarbonization experiments, but inspection

and maintenance were required after each run to ensure good performance.

C.2 Coal Flowmeter Development

Development and testing of solids mass flowmeters were performed Lo
provide a flow monitor for the coal feed stream to the bench-scale hydro-
carbonization systems. The first unit tested consisted of a section of
0.013-m {1/2-in.)~-diam 304 stainless steel sched 40 pipe with thermocouples
attached upstream and downstream of a 0.3-m heated section. Since a coal-
gas mixture has a higher heat capacity than gas alone, the temperature
difference between upstream and downstream thermocoupies will give an
indication of the mass flow of coal in the gas stream.

The system shown schematically in Fig. C.1 was used to test tne flow-
meter. Measurements of the steady-state temperature rise have been made

at several gas and coal flow rates, as snown in Fig. C.4.

Equation (1) is the least squares approximation of the coal flowmeter

calibration data in the test unit:

AT = 20.0 + 127.8 G - 1.47 C , (1)
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where

AT = temperature rise in the flowmeter, K;

G = gas flow rate, std m3/min;
£ = coal flow rate, kg/h.

Figure C.5 is a plot of Eq. (1) vs the data. The correlation coefficient
of 0.91 indicates that Eq. (2) is a good approximation of the data.
Fguation (1) is rearranged so that it can be used to calculate the coal
feed rate, €, as a function of the known gas flow rate, G, and the

measured temperature difference, Al:

C=13.6 +86.9 G+ 0.68 4T . (2)

The estimated standard error in the calculated value of C is +50%.
Although this standard error is unsuitably large for quantitative
measuremants, the coal flowmeter -appears to be of value for monitoring
the coal flow, especially as an indicator of flow stoppage.

To reduce the sensitivity of the coal flow monitor to the gas
transport rate, heating tapes were attached to the coal transport Tine
upstream and downstream of the coal feeder valve, as shown in Fig. C.6.
Heating tapes of egual resistance were used and were connected to a
caommon power supply to ensure equal power input to each leg of the
monitor., Both heated sections were tharmally insulated to prevent heat
loss.  Thermocouples were attached at the inlet and exit ends of each
heated section. The thermocouples were connected in opposition and
connected to a millivolt recorder, as shown in Fig. C.6. With proper
adjustment, the recorder receives a zero signal when gas alone is
flowing and a positive signal when coal is flowing. The system was
used for the bench-scale runs. A semiquantitative indication of coal
fiow can also be obtained with this system.
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APPENDIX D: DESCRIPTION OF EQUIPMENT

Tne reactor and the modifications that were made during the experi-
ental program are described in Sect. 3. Major pieces of equipment,
the instrumentation, and the gas supply system for the bench-scale
hydrocarbonization system are described below. The main process vessels

were constructed of 316 stainless steel.

D.1T Gas Preheater

The preheater was an externally heated U-shaped vessel made of
0.076-m (3-in.) sched 80 pipe. It was designed to operate at temperatures
of up to 1033 K and pressures up to 2515 kPa. Room-temperature gas
enters via a 0.013-m (1/2-in.) sched 80 nozzle flanged to one leg of the
U, and heated gas exits through a 0.025-m (1-in.) sched 80 nozzie located
on the opposite leg. Heating was provided by surface-mounted electrical
resistance heaters. Originaily, the vertical legs of the preheater were
filled with packing made from 0.0064-m-0D tubing measuring 0.025 m long.
After run HC-9, the packing was vreplaced with a filler constructed of
0.064-m-0D tubing closed at each end. The filler rods were used to
increase the gas velocity and to improve the heat transfer in the pre-

heater.

D.2 Feed Hopper

~ The feed hopper was a flanged vessel made of 0.25-m (10-in.) sched
40 pipe with a conical Tower section rolled from 0.009-m plate. A
0.025-m (1-in.)-diam sched 40 nozzle was used for coal feed. A 0.05-m
ball valve was located at the top of the vessel for coal charging. The

vessel has a design rating of 2515 kPa at 533 K.

D.3 Coal Feeder Valve

The coal feed valve, located at the bottom of the feed hopper, was

used to meter coal into the transport line where it was pneumatically

transported to the reactor (shown in Fig. C.3 in Appendix C) The valve
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consisted of a rotating Teflon cylinder (0.028-m diam % 0.045 m long) con-
taining six cups (0.076 m x 0,01 m x 0.006 m deep), which were used o
transfer The coal., The feeder valwve was rotated by a variable-speed air
motor operated from the control voow. Additional information on the

feed valve s given in Appendix C.

D.4 Char Receiver

The char raceiver was connected to the vreactor through a 0.025-m

{1-in.) sched 80 pipe and expansion Jjoints. The body of the receiver
7 o ».
was constructed of 0.25%-m {10-in.) sched &0 pipe, and the Tower conical

section was vrolled from 0.013-m plate.  Char could be removed through a

0.025-m {1-in.) sched 80 nozzle located at the bottom of the vessel.

Maximum operating conditions for the vessel were 8366 K and =y

D.5 Scrubber System

The scrubber was Tabricated from 0.2-m (8-in.) sched B0 pipe.
Reactor products entered the scrubber through a 0.025-m {1-1n.) sched 80
‘ { J

nozzle located on the Tower side of the vessel. Noncondensable Tiguids

and gases exited the sbber through another 0.025-m (1-in.) sched 80
pipe welded to the upper side of the vessel. Water and condensad
products in the scrubber were drawn from the nozzle Tocated on the lower
side and circulated by a centrifugal pump (R. 5. Corcoran Model 4000 FHP)
through two water-cooied heat extchangers, each having 0.78 m2 of cooling
area, to a spray nozzle (Spraying System Company No. TH3TESST0) at the
top of the scrubber. Tar products collected in the scrubber were removed
hrough a 0.025-m (1-1in.) sched 80 pipe weldad to the bottom of the
vessel. The vessel is designed to operate al a temperature of up to

950 K and a pressure of 2515 kPa

D.6 Cold Trap

The cold trap was used to collect any remaining condensable Tiquids
that passed through the scrubber. [t was constructed of 0,72-m

(8-in.) sched 40 pipe and was designed to « operate at pressures up



to 2515 kPa. The vessel was cooled to ~200 K using coils wrapped around
the outside surface through which refrigerated Dowtherm J coolant was
circulated. Gas from the scrubber entered the lower portion of the
vessel through a 0.025-m pipe and exited through 0.025-m line located
at the upper side of the vessel. The cold trap was filled with wire
mesh packing for runs HC-1 through HC-15. Fiberglass and cotton string
acking were used in addition to the wire mesh for runs HC-16 thnrough
UC-78 to reduce the carry-over of oil and tar to the pressure control
valve located downstream. Product 1iquid was removed through a 0.025-m

(1-in.)-diam sched 80 pipe at tha bottom of the vessel.

D.7 Coal Preheater

The coal preheater consisted of a heated Dowtherm G bath containing
a 2.1-m coil of 0.0048-m-0D x 0.0007-m wall tubing through which the coal
feed to the reactor passed. The preheater was installed in the system
prior to run HC-22 and was designed Lo heat the coal feed stream to
~A77 K. The preheater vessel was constructed of 0.3-m (12-in. )-diam
sched 40 carbon steel pipe. The Dowtherm was heated with a 7.9-kW

electrical heater, which was subimerged in the ligquid.

D.8 Activated Charcoal Trap

Before run HC-21 was conducted, the activated charcoal trap was

instailed in the system downstream of the cold trap and high-efficiency
filter to remove light hydrocarbons that were not condensed or otherwise
captured in the scrubber, cold trap, or filter. The charcoal trap was
constructed of 0.15-m (6-in.)-diam sched 40 carbon steel pipe with a
flange at one end. The trap was 0.36 m long and heid ~3 kg of activated
charcoal. The charcoal was divided into three layers by screen partitions

in the vessel,

D.29 High Efficiency Filter
The high-efficiency filter was located downstream of the cold trap
and pressure control valve to remove particulates from the gas effiuent
r

eam. A M.S.A. Ultra Air Cylindrical Filter was used for this purpose.



The filters were individually tested and certified to be at least 99.97
efficient in removing O,Bmum particles. The filter was contained n a

housing constructed of 0.2-m {8~in.)-diam sched 40 carbon steel pipe.

D.10  Instrumentation

Instrumentation for the bench-scale hvdrocarbonization system was

designed to permit all Op@raf1mn¢ to be performed from tha control room

1o
0 e

o

once hydrogen was intreduced. T rates of gases (47 and N, to b
: £

cystem and gas effluent from the system weve measured by integral orifice

differential pressure cells.  Temperatures were measured with Chromel-
ATumel thevmocouples attached to multipoint recorders. These vecorders

were equipped with over-temperature alarms. Power to the electrical
heaters on the reactor, gas preheater, and heated Tines was coatrvollad

by solid-state temperature controllers. The heated equipment was opro-
tected from damage by electrical short circuits by a ground-fault inter-
rupt system that automatically shuts off the power in the event of a

short circuit, Pressure transmitters were used to measure system preassure
and the pressure differential across the reactor. A coal flow monitor
(described in Appendix C) was used to indicate the flow of coal from the

feed hopper to the reactor.

On-Tine analysis of the gas effluent from the reactor was made
using Bendix Model 7000 process gas chromatograph, which measured the

cancentration of H CH4, co, COW, H?Sa Nnﬂ C?Hﬁ and EﬁHgg and ', and

2° o
C3H9 on an 8-min cycle. The oxygen content of the gas Pffsu‘mf ig
measured with a General Monitors model 800 oxvgen analyzer. The oxygen
analyzer is used mainly to verify that oxygen has been removed from the

system before hydrogen is introduced.

A General Monitors model 160 ten-channel combustible gas detector
is used to monitor the equipment room and gas effluent stream {during
start-up and shutdown) for hydrogen and hydrocarbon gases. Two Honeywell
model 7012 flame detactors with ultraviolet sensors are used for detecting
hydrogen flames in the eguipment area. The squipment area also has a

smoke detector connected to the plant fire-alarm system
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A major safety feature of the facility is an automatic shutdown
system that puts the equipment in a safe standby condition in the event
that a rapid shutdown is negessary. The shutdown system could be acti-
vated either manually by switches Tocated in the control room and outside
the building ovr automatically if unsafe operating conditions exist.
Conditions that activate an automatic shutdown are inadeauate ventilation,
Toss of instrument air, loss of electrical power, excessive flow of
hydrogen into the system, or an abnormally low gas effluent rate (indi-
cating a possibie leak in the system). Actuation of the shutdown system
turns off power to the heaters, vents the system to atmospheric pressure,
i

r

stops the fiow of hydrogen, and starts a nitrogen purge.

D.1T Gas Supply System

The major gas siupplies for the bench-scale hydrocarbonization system
wore nitrogen and hydrogen. Piping was available for methane service,
although it was not used. Nitrogen was used primarily for purging the
system and for fluidization during start-up and shutdown. During hydro-
carbonization, hydrogen was used for fiuidization and for coai transport
in order to maintain a hydrogen atmosphere in the reactor. Both hydrogen

1 2 g L 3 (i s
and nitrogen arve suppiied from 934-std m” tube trailers located near tne

—h
9}

acility. Pressure was reduced to 26571 kPa at the trailer station for

delivery into the building. Individual gas cylinders containing standard
the

r

gas mixtures are used for calibraticn of

\’D

gas chromatograph, oxygen

(—1'

[g9]

monitor, and combustible gas monitors before each experiment.
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APPENDIX E-  DETAIL DESCRIPTION OF EXPERIMENTS

E.1 Description of Runs with Wyodak Coal

E.1.7 Uniformly fluidized-bed runs

Runs HC-T through HC-5 were carvied out in a uniformly fluidized
bed (0.71 m deep) at a pressure of 2170 kPa. Wyndak coal that had been
exposed to air during grinding and sieving was used as feed material,
Experimental conditions for the runs are tabulated in Table E.1. In
these runs, fluidized-bed temperatures ranging from 761 to 852 K wers
investigated. Run HC~21 was also made using a uniformly fluidized
bed that was 0.77 m deep. However, run HC-Z1 used Wyodak coal pre-
pared under an inert atmosphere. The fluidized-bed Temperdture duvring
the run was 830 K.  Although temperature control and oberation of the
system were generally good, the coal feed stopped several times. Each
time, 1t was necessary to clear the transfer line with gas flow before
nperation could be resumed. The system was operated at a pressure of
2170 kPa during the first 5.9 h of feed. but this pressure was reduced
to 1894 kPa during the Tast 6.3 h to allow a higher pressure drop across
the transport Tine in order to overcome some minor feeding difficulties.
These difficulties resultad from system pressure fluctuations caused by
tar accumulating on the pressure contrgl valve and by a partial restric-
tion in the transport line resulting from a spacer that had been moved

out of position during assembly.

Run HC-6 used a uniformly fluidized bed and Wyodak conal that had
heen exposed to aiv during its prepavation; however, the vun was made
at a pressure of 1136 kPa as compared to ~2170 kPa, which had been used
in the other uniformly fluidized-bed runs. The bed temperature for the

run was 827 K.

E.1.2 Recirculating fluidized-bed runs

el

The recirculating fluidized-bed reactor shown in Fig. 3.3 was used
for runs HC-7 through HC-14. A 0.017-m-1D draft tube measuring 0.74 m

Tong was centered in the reactor 0.025 m above the distributor plate
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Table E.T. Summary of experimental conditjons for
uniforudy fluidized-bed runs with Wycdak coal@

Bed Reactor Coal

Hydrogen Run
Ruri temperature pressure feed rate rate time
No. (K) (kPa) (kg/h) (std m3/min) (h)
HC-1 H52 2170 0.6 0.20 9.6
HC-2 827 2170 3.8 0.16 13.2
HC- 761 2170 6.0 0.14 8.1
HC-4 811 2170 6.4 0.16 7.3
HC-5 791 2170 /.0 0.14 7.7
HC-5 827 1136 7.4 0.07 5.1
HC-21 830 2170/1894D~ 4.6 0.37 12.2

ar \ s . .
“Loal for runs HC-1 through HC-& was exposed to air during grinding and
sizing.

QReactor pressure was 2170 kPa for thne first 5.9 h of coal feeding and
1894 kPa for the remaining 6.3 h.

to recirculate the bed. Coal was pneumatically transferved to the bottom
of the draft tube through a 0.0035-m-ID line that ended flush with the
distributor plate. A more detailed description of the reactor is given
in Sect. 3. lines were included for introducing additional gas into the

—

draft tube and distributor plate in order to provide proper fluidization
and bed circulation. Conditions tnat gave satisfactory fluidization and
bed circulation were determined in mock-up studies described in Appendix
B. The operating conditions used for the recirculating fluidized-bed
vruns witn Wyodak coal are summarized in Table E£E.2. Runs HC-7 through
HC-14 were made at a reactor pressure of nearly 2170 kPa; run HC-25 was
made at an operating vpressure of 1136 kPa. Wyodak coal that had been
exposed to air during preparation was used for run HC-7. Runs HC-8
through HC-14 and HC-25 used Wyodak coal prepared under an inert atmo-
sphere. Fluidized-bed temperatures ranging from 694 to 850 K ware

investigated.
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Table E.2. Summary of experimental conditions used for
recivculating fluidized-bed runs with Wyodak coal

Bed Reactor Coal Hydrogen Run

Run temperature pressure feed rate rate time
NO. (1) {(kPa) {kg/h) (std w?/min) (h)
HE- 72 711 2170 6.7 0.22 6.9
HE-8 6594 2170 6.2 31 5.0
HC-9 786 2170 3.1 37 4.8
HE-T0 839 2170 2.0 23 10.6
HC-11 830 2170 4.0 33 2,30
HC-12 825 2170 4.6 0.37 10.5
HC-13 758% 2170 5.0 0.32 10.3
HC-14 g50% 2170 4.2 0.32 6.0
HE-25 344 1136 5.0 0.31 0.0

“Cpal for run HC-7 was exposed to air during grinding and sizing.
b . . . _
“Steady-state operating period was too short to determine yields.

-gTimevaverage temperature. Opevated at 783 K for 4.6 h; lost bed during
shutdown; restarted at 783 K for 1.8 h; dropped to 755 K for 0.8 h.
then 709 K for 3.7 h.

@Time~average temperature. Operated at 866 K for 3.3 h; dropped to
847 K for 1.1 hy then 816 K for 1.% h.

Operation of the equipment was generally satisfactory; howaver,
some difficulties were encountered. In run HC-7, minor difficulties
with the electrical heaters and controllers Himited operation to balow-
design temperature. Eguipment failure hindered two attempts at the
beginning of HC-8. The liquid yield from HC-9 is questionable because
of erratic system flows during the run. A lower~-than-average coal feed
rate in run HC~10 resulted from periodic bridging in the feed hopper.

An excessive amount of fines in the feed (38% < 150 mesh) was thought to
have caused the bridging. Run HC-11 was unsuccessful despite smooth
operation for 2 h. The run was terminated because of difficulty in

maintaining an adequate gas supply pressure, which resulted from fcing



f the regulator on tne supply trailer. Only 9 kg of coal was fed;

Operation during run HC-12 was auite satisfactory. Run HC-13 pro-
duced useful data, but it was interrupted after 4.5 h of smooth operation
at a temperature of /83 K by a loss of feed. Apparently, tne coal feed
Tine hecame plugged during system pressure fluctuations. After cleaning

the line, operation was resumed at a temperature of 783 K for 1.8 h

jon
)
—h
o
=
®

the bed temperature drop—first to 755 K for 50 min and then to
705 K for the remaining 3.1 h. A time-temperature average was used to
evaluate the oil yield from the run. Similar temperaturse changes were
obscrved in run HC-14. During the first 3.3 h of operation, the bed
temperature was 866 K. 1t then dropped to 847 K for 1.1 h and to 816 K
for the last 1.5 h. The loss of temperature control apparently resulted
from a change in the quality of bed circulation.

Run HC-25 was conducted using a recirculating bed with a 0.022-m-
ID x 0.74-m-Tong draft tube. A system pressure of 1136 kPa was used, as
compared to 2170 kPa used for the other recirculating fluidized-bed runs.
Tne system operated smoothly throughout the run at a temperature of
844 K.

E.1.3 Rapid hydronyrolysis run

For Run HC-28, thne reactor was modified to give rapid disengagement
and quenching of the volatile products. This was done by attaching the
draft tube directiy to a cyclone, as snown in Fig. 3.5. Run HC-28 was
conducted using the revised circulation system to study rapid hydro-
nyrolysis of Wyodak coal at 854 K and 2170 kPa. The system operated

very smoothly througnout the run.

Design of the char recircuiation system for the reactor was based

on studies performed in the 0.1-m-ID Lucite mock-up. The draft tube

mezasured 2.67 m long and was constructed of 0.022-m-ID stainless st

tubing. The coal feed was introduced through a 0.0048-m-GD line th
Lo s

a
entered the bottom of the araft tube througn 0.0077-m-ID tubing. The

ar space between the two 1ines was used to introduce additional
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gas to the draft tube. Char from the fluidized bed enters the bottom
of the draft tube through a side arm having a 0.016-m-1D opening. The
upper end of the draft tube is attached to a open cyclone (0.05-m ID)

in which the char is disengaged from the gas stream and returned to the
fluidized bed for recirculation. The gas stream passes through a second
cycione (0.024-m ID) before entering the scrubber, where it is rapidly
quenched to 305 K by a water spray.

The recirculation system was tested in the mock-up before being
installed in the reactor. At gas velocities equivalent to those used 1in
run HC-28, the char circulated smoothly at a rate of 272 kg/h. The
cyclone efficiency was ~99.8%, resulting in a char carry-over of
0.5 kg/h.  Although a lower char entrainment rate would be desirable
to reduce the amount of solids collected with the oil product, the
rate was considered'acceptab1e for the run.

Run HC~-28 was made at a pressure of 2170 kPa and a draft tube
temperature of 847 K. The average temperature of the fluidized bed was
854 K. The total hydrogen flow rate to the system was 0.65 std m3/min,
with 0.48 std mg/min going to the draft tube and 0.17 std m3/min to the
fluidized bed. The superficial gas velocity in the draft tube was
2.9 m/s, giving a gas residence time in the draft tube of ~1 s. The
coal feed stream to the draft tube (0.14 std m3/min) was preheated to
477 K, while the remaining draft tube gas (0.34 std m3/m1n) was preheated
to 644 K. The run duration was 6 h and 56 min, during which time 42.7 kg
of coal was fed at an average rate of 6.2 kg/h.

The system operated very smoothly throughout the run. The tempera-
ture, pressures, and gas flow rates remained steady. The temperatures
in the reactor were uniform, indicating good fluidization and char
circulation. The temperatures in the upper section of the reactor above
the char overflow Tline and the off-gas 1ine between the reactor and
scrubber were higher than those attained in previous runs because of

the circulation of char to the top of the reactor.
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F.2 Description of Runs with Untreated I11inois No. 6 Coal

Some unique probiems are encountered when processing caking coals
in a high-temperature fluidized bed. Caking coals such as I1linois No. 6
have a Free-Swelling Index in the upper part of the 1 to 10 range. They
soften at temperatures that exceed ~672 K.] The outer surface of the
particle becomes plastic, and small bubbles appear in the coal. As the
temperature is increased, the walls surrounding the bubbles may rupture.
At still higher temperature, referred to as the resclidification point,
the particle becomes a hard, porous mass. Resolidification occurs at a
temperature of 783 K.

When a highly caking coal is introduced into a fluidized bed main-
tained at 2 temperature above the initial softening point, it becomes
plastic and begins to swell. Individual coal particles contacting one
another tend to adhere and form agglomerates. Thus, the incoming coal
stream must be rapidly diluted with inert char to avoid agglomeration.
The recirculating fluidized bed can be extremely effective in accom-
plishing this dilution because of the high char recirculation rate
through the draft tube into which the coal feed stream is introduced.

Eight operability tests (runs HC-15 through HC-20, HC-22, and HC-27)
with I1Tinois No. 6 caking coal were conducted. Table E.3 summarizes

the experimental conditions for each experiment.

I11inois No. 6 coal diluted with char (develatilized at 922 K in
the atmospheric pressure carbonizer) was fed to the reactor, which was
operated at a hydrogen pressure of 2170 kPa and bed temperatures ranging
from 714 to 872 K. Three char-to-coal dilution ratios were investigated —
6/1, 5/1, and 3/1. During run HC-17 (reactor bed temperature of 714 K),
a sustained feed period, with good reactor bed recirculation, of 7 h at
a feed rate of 4.4 kg/h was achieved. For the other runs, reactor bec
recirculation was limited by agglomeration on the hot reactor wall or by
equipment problems. Since the reactor feed was diluted with char and the
quantities of coal fed to the reactor were small, the amount of oil pro-
duced was not sufficient to determine liguid yields.



Table E.3. Summary of experimental conditions for runs using Il1linois No. 6 caking coal

Expe}ﬂiment HC‘TE-) HC"}E HC“]? HC"'ELQ) HC"!Q HC"ZO HC'ZZ HC“Z?
Coal feed
Char/I11inois No. 6 coal ratio 5/1 5/1 6/1 6/1 3/7 371 3/1 a
wt/wt
Total weight fed, kg 1.9 7.8 33.1 38.3 17.4 20.9 1.3 2.3
Total feed period, b 0.4 1.5 7.6 10.0 4.5 5.4 8.6 1.7
Uninterrupted feed pericd, h 0.2 1.3 7.0 9.0 4.0 4.5 0.3 8.5
Feed rate, kg/h 4.4 5.2 4.4 3.9 3.9 3.9 3.2 1.4
Reactor
Total H, input, std m*/min .30 0.5¢ 0.54 0.54 0.57 0.62 0.57  0.57
To coal transport tube 0.07 0.20 0.20 0.18  §.20 0.31  0.14 .14
To draft tube nozzle 0.05 0.03 0.03 0.04 ©6.03 0.06 0.03 g.03
To downcomer plenum g.18 0.31  0.31 0.32 0.34 .25 0.40 ¢.40
Temperature of H, entering downcomer 783 839 727 783 866 824 855 761
plenum, K , ,
Bed temperature at start of feed, K 866 714 714 797 769 839 852 872
Wall temperature at start of feed, K 922 769 797 866 805 9GG 839 880
Estimated maximum temperature reached b b b 589 561 505 836 861

by coal in draft tube during
noncirculation period, K

Yindituted I111inois No. 6 coal.

gData not available.

Lt
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A recurrent problem in runs HC-18, -19, and -20 in which the reactor
bed temperature was in the range of 769 to 839 K was blockage of the
downcomer region by agglomerated solids adhering to the hot (866 K)
reactor wall. Although coal was fed to the reactor for considerable
periods, this blockage prevented proper bed circulation and resulted
in incomplete devolatilization of the coal feed. Since much of the
reactor heat load was supplied by the electrical heaters on the exterior
of the reactor wall, a substantial temperature differential existed

between the reactor wall and the reactor bed.

The first two experiments (HC-15 and HC-16) were basically shakedown
tests with caking coal. No system modifications were made for HC-15.
The feed mixture consisted of five parts char to one part I1linois No.

6 coal. When the feed was introduced in run HC-15, the reactor was at

a temperature of 866 K and a pressure of 2170 kPa. Three attempts were
made to feed coal, but each attempt was terminated after a few minutes
by plugging of the coal transport tube at the entrance to the reactor.
Several modifications were made before the next run (HC-16). The
hydrogen supply to the draft tube nozzle, which blankets the coal trans-
port tube as it enters the reactor, was not heated in order to provide
cooling for the transport tube. The 0.017-m~-ID draft tube was replaced
with a 0.022-m~1D draft tube since experience with the atmospheric
pressure carbonizer had shown the latter to be less prone to agglomera-

tion buildup.

The modification improved system operation. Run HC-16 was the first
successful attempt to feed caking coal to the reactor. A mixture of one
part I11inois No. 6 coal to five parts char was fed to the reactor at a
rate of 5.2 kg/h for a period of 1.25 h. The temperature and hydrogen
pressure of the reactor bed were 714 K and 2170 Pa, respectively. To
aid in the handling of agglomerating coal, the hydrogen feed rate was
increased from 0.30 std m3/min used in run HC-15 to 0.54 std m3/m1n.

The higher hydrogen supply rate improved recirculation of the char bed
in the reactor. The axially spaced reactor-bed temperature measurements
were reasonably uniform during the feed period. The run was terminated
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by plugging of the tranéport Tine. Post-run inspection showed that
thermal stresses had caused the transport Tine to break free of the
draft-tube nozzle screen and slip under it, causing a restriction in
the flow through the transport line.

Prior to run HC-17, the internal cyclone was removed from the
reactor since it had been the site of some agglomeration. For run
HC-17, a mixture of one part I1linois No. 6 coal to six parts char
was fed at a rate of 4.4 kg/h for 7 h without interruption. The temp-
erature and hydrogen pressure of the reactor were 714 K and 2170 kPa,
respectively. A partial blockage in the char overflow line occurred
after 7 h of steady operation. The axially spaced reactor bed-
temperature measurements were very uniform, indicating excellent bed
recirculation. The hydrogen flow rates were the same, and a char
starter bed was used as in run HC-16. Although the system operated
well during the run, the operating temperature of 714 K was not suffi-
cient to achieve good devolatilization of the coal, and higher operating
temperatures were needed to obtain good oil yields.

During the next three runs (HC-18, -19, and -20), reactor bed
temperatures up to 839 K and a decreased char dilution ratio (3/1,
char/I1linois No. 6 coal) were investigated. Uninterrupted feed periods
of 9 h for run HC-18, 4 h for run HC-19, and 4.5 h for run HC-20 were
achieved with a nominal feed rate of 3.9 kg/h. As mentioned previously,
agglomeration blockages of the downcomer region prevented extensive
devolatilization during these runs.

For run HC-18, coal diluted to a 6/1 ratio with char was fed at a
rate of 3.9 kg/h to the 797 K, 2190-kPa reactor bed. The reactor
temperature was uniform at 797 K when coal feeding was initiated.

After the feed was introduced, the bed temperature dropped to 714 K

in 50 min. After 10 min of steady operation at 714 K, there were
indications that the downcomer region may have become blocked by agglom-
erate material adhering to the hot (866 K) reactor wall. The blockage
was indicated by a loss of reactor-bed differential pressure and
scattering of the axially spaced bed-temperature measurements. There
was apparently very little circulation through the downcomer for the
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remainder of the run (9 h), and the main solids flow path was a single
pass through the draft tube and out the overflow port. With this flow
pattern, the solids residence time in the reactor was less than ~10 s,
whereas the solids residence time with normal bed recirculation is ~60 min.
Without the benefit of recirculating char to heat the coal rising
through the draft tube and with essentially all of the hydrogen that
entered the reactor flowing through the draft tube, the maximum tempera-
ture reached by the coal was calculated to be 589 K. This temperature
is not sufficient for extensive devolatilization of the coal. Aggliom-
erated material blocking the char overflow line terminated the run after
10 h of operation.

A lower char-to-I111inois No. 6 coal ratio (3/1) was used in run
HC-19. Attempts were made to ensure that there was an adequate starter
bed in the reactor at the beginning of the run: however, much of the
bed was discharged to the overflow line while the system was being
pressurized and depressurized to remove air. The temperature of the
hydrogen entering the downcomer plenum was increased to 8566 K to
reduce the heat load on the reactor. The behavior of the bed during
run HC-19 was similar to run H-18, with the downcomer apparently
becoming blocked ~25 min after the feed operations were initiated.
Under these conditions, the feed was continued at 3.9 kg/h for 4 h.

Run HC-20 was made with the 3/1 char-te-I11inois No. 6 coal feed
mix as in run HC-19. To minimize loss of the char starter bed, a
deflector plate was installed at the reactor char overflow port, and
the experimental procedure was modified so that the char starter bed
could be introduced after completion of the purge cycles. The hydrogen
flow rates into the reactor were chosen to give maximum bed recircula-
tion based on recent ambient mock-up work. The reactor pressure was
2170 kPa. About half of the char starter bed remained and was recircu-
lating at 839 K after the coal feed was introduced. As in the previous
two runs, the bed temperature dropped to 714 K 20 min after the feed
was initiated. The temperature measurements of the bed remained within
a few degrees of 714 K for the next 40 min, Then, the downcomer
apparently became blocked as before, the bed temperatures showed a wider
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variation, and the bed differential pressure went to zero. The feed was
continuous at a rate of 3.9 kg/h for 4.5 h. The maximum temperature
reached by the coal during the last 3.5 h of operation was calculated

to be 505 K. The run was terminated by a plug at the char overfiow
port.

The main objective of run HC-22 was to determine whether the caking
problems in the reactor that had been experienced in previous runs with
[11inois No. 6 coal could be eliminated by ensuring that the material
leaving the draft tube had been heated above 817 K. To accomplisn this,
a preheater was installed in the copal transport line to the reactor, and
a thermocouple was installed to measure the temperature inside the draft
tube. A started bed of char was added to the reactor before the run was
started. The feed was a 3/1 mixfure of char and Il1iinois No. 6 coal.
Hvdrogen flow rates of 0.14 std m’ /m1n to the transport line, 0.40 std

/m1n to the downcomer, and 0.03 std m” /mln to the draft tube were used.
The flow rates were based on conditions that gave good char circulation
and fluidization in mock-up studies. The inftia] bed temperature in the
reactor was 852 K. All the temperatures in the fluidized bed were fairly
close, and the temperature of the material flowing through the draft
tube was 836 K, indicating that there was good fluidization in the bed
and good circulation through the draft tube. The ceal preheater performed
well, heating the feed stream to 469 K before it entered the reactor.
Coal feed was started at a relatively slow rate of 1.1 kg/h. The rate
was increased to 2.3 kg/h after 5 min; 12 min later, the rate was
increased to 3.2 kg/h. During this period, the system appeared to per-
form well, and there was a high gas evolution rate, indicating that the
coal was being devolatilized. After ~20 min of operation, however, the
temperature of the material passing through the draft tube began to
decrease, and the bed temperatures began to diverge, indicating that
caking had occurred. Operation was continued until the draft tube became
plugged after 35 min of run time. Post-run inspection showed that the
downcomer area was caked around the top of the draft tube. Evidently,
the coal had not been sufficiently devolatilized in the draft tube to
prevent caking after it was discharged into the downcomer region.
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An objective of run HC-27 was to determine whether increased resi-
dence time in the vreactor would sufficiently devolatilize coal in the
draft tube so that the caking problems at the top of the draft tube which
had occurred in previous runs with untreated I171inois No. 6 coal could be
eliminated. To accomplish this, the length of the fluidized-bed section
of the reactor and the draft tube were increased by 1.52 m, as shown in
Fig. 3.4. Operating conditions for the run were similar to those used in
runs HC~23, HC-24, and HC-26, with the exception that the bed temperature
was 28 K higher (872 K). The operating pressure was 2170 kPa, and the
total nydrogen flow to the system was 0.57 std m3/min, with 0.17 std
m3/min being fed to the draft tube and 3.40 std m3/m1n to the distributor
plate. Assuming that ~80% of gas from the distributor plate entered the
draft tube, as observed in mock-up studies, the gas residence time in
the draft tube was 0.8 s. The feed material was undiluted 111inois No.
6 coal. Before beginning the run, 8.5 kg of char was fed to the reactor
as a starter bed. With the starter bed in the reactor and with the
hydrogen flow at the desired ratio, temperatures in the downcomer were
uniform, indicating good circulation of the char. The transport gas
stream was preheated to 461 K. The temperature of material leaving the
draft tube was ~861 K, or ~11 K cooler than the bed in the downcomer.
Coal feed to the reactor was started at a slow rate of ~1.4 kg/h. Almost
immediately after the feed was started, the temperature profile in the
reactor changed, probably as a result of caking. The transport 1ine
plugged 30 min after the coal feed was started, and it was necessary to
reduce the system pressure to clear the line. Coal was fed to the
reactor during three other periods for a total time of 1 hr and 40 min,
during which time a total of 2.3 kg of coal was fed; however, operation
was erratic, and bed circulation and fluidization were poor. The run
was therefore terminated. The reactor was examined after the run, and
caking was found to have occurred both at the top and bottom of the
fluidized-bed section. We have not determined at what location the
caking first began to occur. Performances of the system with caking
coal could probably be improved by more vigorous fluidization of the
downcomer and by improving mixing and the method of introducing coal
at the bottom of the draft tube.
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£.3 Description of Runs with Treated 11linois No. & Coal

Three experiments (HC-23, HC-24, and HC-26) were made using 111inois
No. 6 coal that had been pretreated to eliminate the caking tendencies
of the coal. Treatment methods similar to those developed at Battelle
Memorial Institute were used. Coal for run HC-23 was prepared by pre-
treatment with Ca0 and NaOH, and coal for run HC-24 was pretreated with
NaECOB‘ Both pretreatments were done in an autoclave. Before yun HC-26,
scouting tests were performed to find a pretreatment method that could be
conducted at atmospheric pressure. Based on these tests, a Nazcog»CaO
pretreatment was developed for use in run HC-26. Operating conditions
for the runs are given in Table E.4. A more detailed description of the
caal pretreatment methods is given below.

£.3.1T Coal pretreatment method

Coal for run HC-23 was prepared by mixing 1.8 kg of coal (-45 +170
mesh) with 0.24 kg of Ca0, 1.3 kg NaOH, and 7.3 kg of water. The mixture
was heated in a rocking autoclave at temperatures in the range of 473 to
548 K for ~1 h. After removal from the autoclave, the coal was washed
with water, filtered, and dried in a vacuum dryer. The treated coal had
a Free-Swelling Index of <1 and exhibited only a slight tendency to
agglomerate. The treated coal was passed through a Sweco Separator to
remove oversize (+38 mesh) particles. After the oversize particles had
been removed, the remaining coal contained ~31% fines (~140 mesh).
Apparently, the caustic treatment had caused considerable comminution of
the coal particles. A small portion of the material was tested in the
feeder to the Bench-Scale Hydrocarbonization System and was found to have
poor flow characteristics. The fines content of the ceal was then reduced
to 25% by one pass through the Sonic Sifters. The resulting material had
acceptable flow characteristics and was used as the feed for the run.

The sulfur and ash content of the coal before and after treatment is
given in Table E.5. Approximately half of the sulfur content of the coal
was removed by the pretreatment.

Feed for run HC-24 was prepared by heating 1.8~ to Z.3-kg batches of

I1linois No. 6 coal (-50 +170 mesh) with 0.9 kg of NaZCO3 and 7.0 kg of
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Table E.4. Sunmimary of experimental conditions for runs
with pretreatea I[11inois No. & coal

Bed

Reactor Coal Hydrogen Run

Run temperature pressure feed rate rate time
No. (K) (kPa) (kg/h) (std m3/min) (h)

HC-23 344 2]70/2032ﬁ" 2.1 57 13.3
HC-24 344 2170 4.3 0.57 7.7
HC-25 841 2170 3.9 0.54 12.8

9Reactor pressure was 2170 kPa for the first 4.0 h and 2032 kPa for the
remaining 6.3 h.

Table E.5. Sulfur and ash content of Ca0-NaQH-
treated coal used in run HC-23

I[11inois No. 6 I1Tinois No. 6

coal coal after
before treatment Ca0-MNaOH treatment
(%) (%)
Organic sulfur 2.31 (2.70 maf) 0.90 (1.47 maf)
Total sulfur 3.86 (4.51 maf) 1.38 (2.26 maf)
Calcium 0.94 4.55
Sodium 0.09 4,46
Ash 12.7 23.5

water in a batch autoclave. The slurry was heated to 573 K and held at

that temperature for 2 h. After cooling, the coal was washed with water,
filtered, and dried in a vacuum dryer. fFree-Swelling Index measurements
indicated that the treated coal had only a slight tendency to agglomerate.

]
U
Analysis of the coal before and after treatment with Na?C03 is given in



1149

Table E.6. The results indicate that the treatment removed a small
amount of the sulfur. The treated ccal contained 2.9% sodium and had a
higher moisture and ash content than the original coal.

Prior to run HC-26, scouting tests, as shown in Table F.7, were
performed to investigate methods of pretreating I1linois MNo. § at atmo-
spheric pressure to reduce the caking tendencies. 3uch a pretreatment
should be much easier and Tess expensive than treatments requiring the
use of high pressure. In these tests, mixtures of [17inois No. 6 coal
(-45 +170 mesh), water, and other materials were heated for 24 §.
Following the treatmentu the coal was filtered, rinsed with water, and
vacuum dried. As shown by the Free-Swelling Index results, Cal, char.
activated carbon, and FeC13 and mixtures of these materials eliminated
ZCGB’ NaOH, FEE(SOQ)B’
and H2504 alone did not. Treatment No. C-T1, using a mixture of Cal and
Na2603, was selected for pretreating the feed for run HC-26. Approxi-

caking under some of the conditions used, while Na

mately the same concentrations of Cal and Na7603 are used in this treat-
ment as were used in runs HC-23 and HC~24, réspective]yn The Cal s
effective in reducing the caking tendencies of the coal and for reaction
with sulfur. The NaZCO3 is expected to be useful in improving Tiquid
vields and making the char more reactive.

Table E.6. Analyses of [11inois No. 6 coal before and aftler
treatment with NaZCOQ for run HC-24

ITlinois No. 6 ITTinois No. 6 coal
coal after treatment
before treatment with Nayi0s
(1) (%)
Moisture 2.2 4.7
Ash 12.2 16.8
Yolatile matter (maf)@' 37.4 33.0
C 81.0 BZ.5
H 6.4 5.8
N 1.3 7.4
Total 5 4.5 4.7
Organic S 3.2 3.1
Na 0.09 2.9

gMoisture and ash free.



120

E.7. Scouting tests to determine a coal

pretreatment method for run HC-26

of Amount of

Amount
Sample I11inois N
No. coal (g
A-1 15
A-2 15
A-3 15
A-4 15
A-5 15
-6 15
A-7 15
A-8 25
A-G 25
A-10 25
A-11 25
8-12 25
A-13 25
A-14 15
A-15 15
A-16 15
A-17 15
B-1 50
B-2 50
B-3 50
B-4 50
C-1 300

Results of
0. 6 water Free-Swelling
) (m1) Chemicals Added Index
Sampies heated to 80°C for 24 h
75 None (control) 3-1/2
75 15 g HC-14B char 1
75 30 g HC-14R char 1
75 15 g HC-23 char No caking
75 30 g HC-23 char No caking
75 15 g HC-24 char 2-1/2
75 30 g HC-24 char No caking
75 6 g Cal No caking
75 3 g Ca0 No caking
75 5 g activated No caking
carbon
75 5 g NaOH 3-1/2
75 2 g NaOH 2-1/2
75 10 ¢ Na2603 2
75 15 g FeC]3-6H20 1-1/2
/5 30 g FeZ(SO4)3 3
75 5 ml conc. H2504 3-1/2
75 15 g HC-14B char 1-1/2
(powdered before
mixing)
Samples below refluxed for 24 h
400 131 g FeC13-6H20 No caking,
crusty
400 103 Fe2(504)3 1-1/2
400 6.5 g Ca0, No caking
5¢g Na2C03
400 5 g NaOH, 5 g NaZCO 2
Samples heated at 80°C for 17 h
1000 30 g Ca0, 128 g No caking

Na2603
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Feed for run HC-26 was prepared by treating I11inois No. 6 coal
(-45 to +170 mesh) with Ca0, Na,C0,, and water at ~353 K for 16 h. The
treatment was performed in two batches. Each batch consisted of 31.2
kg coal, 3.12 kg Ca0, 13.13 kg Na2C03, and 104 ¢ of water. The mixture
was agitated in a 55-gal drum containing a steam coii. The coal was
washed with water, filtered, and dried in a vacuum dryer after treatment.
The treated coal had a Free-Swelling Index of zero. Analysis indicates
that this coal contained ~3.4% sodium and 2.6% calcium, as shown in

Table E.8. Sulfur was not removed by the pretreatment.

£.3.2 Description of runs with pretreated Illinois No. 6 coal

The draft tube in run HC-23 was used to recirculate the reactor bed.
Prior to the run, 4.2 kg of char was fed to the reactor for the starting
bed. The reactor temperature was held at 844 K throughout the run. The
average hydrogen flow rate to the coal transport line was 0.12 std
m3/m1n3 and the hydrogen rates to the downcomer and draft tube were (.40
and 0.05 std m3/minﬂ respective]y. The coal feed stream entering the
reactor was preheated to 464 K. Operation of the system was generally
good, with the exception that the coal feed rate was lower than had been
planned, possibly due to the large amount of fines present in the feed,
Fluidization of the bed appeared to be good throughout the run, as indi-
cated by uniform temperatures in the bed and a constant pressure dif-
ferential across the bed. The temperature of the material circulating
through the draft tube was only 48 to 11 K Tower (833 K) than that of
the downcomer region, indicating good circulation of char through the
draft tube. There were no indications of caking of the bed with the
treated coal, as had been observed in previous runs with untreated
ITlinois No. 6 coal. From the start of the run, the coal feed rate was
Tow. The feed hopper was pressurized slightly in an attempt to increase
the feed rate. After 4 h of operation, the system pressure was reduced
from 2170 kPa to 2032 kPa to avoid the possibility of blowing a ruptured
disc. The run continued for 13.3 h until all the coal (29 kg) had been
fed. The average feed rate for the run was 2.1 kg/h.
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Table E.8. Analysis of I1Tinois No. & coal before
aind after treatment with Cal0 and Na2C03 for run HC-26

I11inois No. 6 I1Tinois No. 6 coal

coal before after Ca0-NapC03
treatment treatment

(%) (%)
Moisture 0.7 Z2.78
Ash 11.0 27.1
Volatile matter 39.7 35.1
C (maf) 77.7 81.7
H (maf) 5.9 5.8
N (maf) 1.4 1.5
Total sulfur (maf) 4.1 4.4
Organic sulfur {(maf) 2.9 2.8
Ca 0.6 3.4
Na 0.07 2.6

Run HC-24 was made with the draft tube in place to provide a recir-
culating fluidized bed in the reactor. The run duration was 7.7 h,
during which time 33 kg of coal was fed. The run proceeded very smoothly
with no interruptions. The fluidized-bed temperature was uniform at
844 X, and the top of the draft tube was at 830 K, indicating that good
fluidization and char recirculation had beern achieved. The system
pressure for the run was 2170 kPa. The total hydrogen flow rate to the
reactor was 0.57 std m3/min, with 0.40 std m3/m1n going to the downcomer,
0.14 std mg/min to the coal transport line, and 0.03 std m3/min to the
dratt tube nozzle. The coal feed was preheated to 461 K before entering
the reactor. No caking or agglomeration problems occurred during the

Ui,

In ruin HC-26, the reactor was also operated as a recirculating
fluidized bed. The starter bed consistea of 2.45 kg of char from run

HC-25. During the run, the temperature of the filuidized bed was uniform



at 841 K, and the temperature of material Teaving the draft tube was

819 K. The operating pressure wa% 2170 kPa. The total H flow rate was
U 54 std m’ /m1n, with 0.37 std m /m1n going to the downacmer and 0.17 std

m” /m1n to the draft tube. The run duration was 12 h and 50 min, during
which time 50.6 kg of coal was fed at an average rate of 2.9 kg/h. O0Opera-

tion of the system was generally good. The coal was somewhat more diffi-

cult to feed than usual, which was possibly due to the 1ime particles

that wers present. A small nitrogen purge was used in the feed hopper

to assist in feeding the coal. The reactor bed appeared to be uniformly

fluidized during the run, and there was no svidence of caking. Inspection

of the reactor after the run showed it to be free of cakes or deposits.

£.4 References for Appendix E

1. R. A, Mott and R. V. Wheeler, The Quality of Coke, p. 464, Chapman
and Hall, London, 1939,
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