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2.0 Summary of Hydrogasification in the 4-Inch PDU

During the contract period reported in this document, starting in 1964
and ending in 1972, more than 250 coal hydrogasification tests were performed
under a variety of conditions and utilizing many types of coal in combination
with a variety of gaseous feeds.

The work was performed in a 4-inch-diameter reactor termed the hydro-
gasification process development unit (PDU), which is described in its
various configurations herein. The results of this PDU hydrogasification
work helped to confirm early HYGAS concepts and played a significant role
in shaping criteria for design of the HYGAS pilot plant reactors.

In the early phases of operation and shakedown of the demonstration unit,
a low-temperature bituminous coal char of uniform composition was used.
During the investigative phase of the hydrogasification program, 14 different
coals were evaluated for the effect of pretreatment operations and/or char
composition on the hydrogasification results. The coals were selected to give
a range in rank from a lignite to a low-volatile bituminous as well as for three
different high-volatile bituminous coals to determine variation in performance
of coals due to origin. FMC Corporation Project COED char was also in-
vestigated for comparison. ’

Early moving-bed experiments were conducted with —35+80 USS mesh
char for low throughputs and —10+40 USS mesh for high throughputs of coal
and gas feeds. The coarser feed allowed higher gas velocities without
fluidizing the char bed. For fluid bed tests, the particle size was extended
to cover the whole range of char feed. The —10+80 mesh size was used for
all fluidized-bed tests.

Initially, the hydrogasification program utilized a moving-bed configuration
which offers a number of advantages. At the top, highly reactive fresh coal
is in contact with the product gas which results in high methane equilibrium
concentrations in the product gas. Less reactive partially gasified char is
in contact with hydrogen-rich feed gas at the bottom of the bed which promotes
the rates of both the carbon-hydrogen and carbon-steam reactionas.

Typically, hydrogasification of lightly pretreated Ireland Mine bituminous
coal with hydrogen and steam in a moving bed resulted in up to 38. 5% carbon
gasification and a product gas of 495 Btu per standard cubic foot. Results
with Montour No. 4 mine pretreated coal and a North Dakota lignite are 28%
and 57% carbon gasified and 576 and 511 Btu per standard cubic foot of
product gas, respectively.

It was found, using volatile matter content as an index of pretreatment
severity, that pretreated coal with between 24 and 26% volatile matter can
be processed without agglomeration in a 4-inch diameter reactor. It may
be possible to feed coals with less pretreatment — or even raw coal —in a
larger diameter reactor.



Experience was gained from these tests in adjustment of feed tube size,
length and location; the amount of nitrogen purge-gas required to pass through ,
the tube’and the start-up sequence necessary for a successful operation.

Two-stage hydrogasification was simulated in sequence, by feeding the
pretreated coal in the low-temperature stage and partially gasified coal from
the low-temperature stage to the high-temperature stage. This is realistic -
except that the partially gasified coal was fed to the second (high-temperature)
stage at ambient temperature instead of at temperatures between 1200° and
1400°F. All the tests were conducted at minimum hydrogen/coal ratio to
yield about 50% carbon gasification, which provides sufficient residual
carbon for hydrogen generation in a subsequent operation.

Because of the low temperature in the first stage, steam-carbon reaction
is not expected in the first stage. The carbon-oxides formed in this stage
come from the organic oxygen in the coal. However, steam does play an
active role in low-temperature gasification. Experimental results indicate
that steam seems to suppress the release of oxygen from coal as water and
forces it to leave as carbon oxides. This is desirable because it reduces

hydrogen loss and carbon oxides can be further converted to methane by
catalytic methanation.

It has been well established that the hydrogenation of the volatile matter in
coal proceeds very rapidly and yields methane concentrations higher than
the equilibrium value in a B-graphite-hydrogen system. The first-stage
hydrogasification demonstrated this type of reaction as shown by the observed
rapid rate of reaction and lack of equilibrium hindrance to methane formation
in this stage. The partially gasified coal (in the high-temperature stage) was
less reactive at temperatures from 1700° to 1900°F.,

On comparing the integral methane formation rates with those reported by
others, it was found that 1) the rate of methane formation for pretreated
Pittsburgh coal is not slowed by the presence of methane in the feed gas;

2) the pretreated coal is quite reactive, probably due to its high volatile
matter content as compared to others;and 3) in the high-temperature stage,
partially gasified coal gave rate constants quite similar to those obtained

with Disco char and residual Australian brown coal, both of which had very
little volatile matter.

The carbon-steam reaction was significant only at temperatures above
1700°F, and reaction rate was found to increase with temperature. At the
hydrogasification temperature utilized, this reaction is expected to be sub-
stantially removed from equilibrium. The carbon-steam reaction is
important not only as a source of generating in situ hydrogen, but also as
a built-in temperature controller since it absorbs the heat generated by
exothermic carbon-hydrogen reaction.

Gas samples collected at different levels indicated that in the high-
temperature test the reaction was practically complete in thelower half -

of the bed, whereas in the low-temperature test the bulk of the reaction
took place in the free-fall zone and at the top of the bed. This is to be
expected because the high-temperature reaction is equilibrium-limited and
apparently attains its limit in a relatively short contact time, and the low-
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temperature reaction is extremely rapid, requiring only a matter of seconds
for completion (the residual carbon being less reactive at the low temperature).
In view of this, a likely hydrogasifier configuration would incorporate a low-
temperature zone for the rapid reactions followed by a high-temperature zone
for the slower reactions.

Free-fall tests were conducted to study coal conversions at short residence
times. The coal residence times varied from 8 seconds for 60 mesh to
41 seconds for 200 mesh particles. The coal feeds included medium and low-
volatile-content bituminous coals, a subbituminous coal and two different
lignites. The tests indicated:

1. Most of the steam reacts with char rather than gaseous hydrocarbons, and
hence the steam decomposition is dependent on the char residence time.

2. It is possible to hydrogasify a highly caking coal (Pocahontas No. 4 Seam)
in free-fall without agglomeration.

3, It is feasible to convert lignite (up to 37% ) at high pressures by pyrolysis
in a free-fall.

A major operational restriction to moving-bed operation was the limit it
set on coal and gas feed rates. Fluidized-bed operation would overcome this
and increase the hydrogasification capacity significantly. Fluidized-bed
operation, with its solids backmixing, would also eliminate the reaction
gradient and yield uniform temperature and composition for the char bed.

Fluidized-bed tests were conducted at selected conditions on eight bituminous
codls, three subbituminous coals and two lignites. Two-stage hydrogasification
was also simulated in two sequential tests, as in the previous moving-bed
tests. The feed gas was varied from hydrogen-steam mixtures to synthesis
gas plus stearn, mixtures of hydrogen, methane and steam, and mixtures of
synthesis gas, methane and steam to simulate the two-stage hydrogasifier.

The following conclusions can be drawn from the fluidized-bed tests in
the 4-inch-diameter reactor:

1. As shown in the free-fall tests, high-, medium-, and low-volatile
bituminous coals can be successfully hydrogasified in a lean-phase mode

before direct injection into a fluidized bed. This indicates that pretreatment

of these coals may be eliminated by a two-step lean-phase process followed

by dense-phase fluidization. Lignite and subbituminous coals generally need

no pretreatment; one subbituminous coal (Colerado Laramie No. 3 seam
subbituminous) performed marginally without a pretreatment. There is no
significant difference in hydrogasification results for medium and high-volatile-
content bituminous coals,

2. Subbituminous coals are more reactive than pretreated bituminous coals
but somewhat less active than the lignites. For both the subbituminous coal
and the lignite feeds, hydrocarbon yields were similar. The increased
carbon gasification with lignite was due mainly to the increased yield of
carbon oxides and oil products.
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3. Hydrogasification of FMC Corporation’'s Project COED char showed that
this char has a lower reactivity than pretreated or partially-gasified bituminous
coal from Pittsburgh.No. 8 seam, Ireland Mine.

The use of synthesis gas instead of hydrogen in the feed gas to the hydro-
gasifier is of interest as it would eliminate the need for carbon monoxide
shifting and carbon dioxide removal following the hydrogen production step.
Results of the tests using synthesis gas-steam mixtures show that for
bituminous coals the reaction rates are quite sensitive to the hydrogen
partial-pressure in the system. The use of synthesis gas in place of hydrogen
requires operating adjustments in order to maintain the necessary conversion
levels of carbon and steam. These adjustments may consist of 1) longer
residence time, 2) higher steam concentration to increase water-gas shift
reaction, 3) higher synthesis gas-to-coal ratio, 4) higher system pressure
to increase hydrogen partial pressure, and/or 5) multistage contacting to
improve countercurrency, or combinations thereof. However, with lignite,
the full benefit of hydrogasifying with a synthesis gas instead of hydrogen
can be realized without any offsetting penalty. A beneficial effect of using
synthesis gas for lignite hydrogasification is the apparent suppression of
oil production.

The reaction of subbituminous coal to hydrogasification with synthesis
gas is similar to that exhibited by bituminous coals. In another test, FMC char
also yielded lower carbon gasification with synthesis gas than that with hydrogen.

The principal advantages of operation at a lower pressure are reduced
capital investment and easier solids handling. These have to outweigh the
reduced methane production and carbon conversion to be expected at lower
pressure. Tests with high-volatile bituminous coal at 500 psig indicate
that the product gas does indeed have lower methane concentration at lower
pressure (27.5% versus 36.9% ) for similar carbon conversions. For lignite
the hydrocarbon yield at 500 psig was only 86% of that at 1000 psig, while the
carbon oxides yield was 115% of that at higher pressure. Sixty-four percent
less carbon in lignite was converted to oil at 500 psig. The use of synthesis
gas instead of hydrogen did not unduly affect the carbon conversion at lower
pressure for lignite.

For subbituminous coal, the carbon gasification, hydrocarbon yield and
product gas heating values were significantly greater at 1000 psig than at
500 psig. The carbon gasified at 500 psig compares favorably with that at
1000 psig when synthesis gas and steam are used as feed gas.

2.0.]1 Product Gas Composition and Trace Components

The major constituents of the product gases produced by the hydrogasification
of coal and lignite with hydrogen and steam in the PDU tests discussed are:
methane, carbon oxides (carbon monoxide and carbon dioxide), and hydrogen.
Methane yield is determined by the degree of coal conversion and
may also be controlled by the reactor temperature that sets the equilibrium
composition of the product gas. The amount of carbon oxides formed is
dependent on the oxygen content of the coal feeds and the steam-to-coal
ratio. Feeds high in oxygen content such as subbituminous coal and lignite,
when gasified, produce more carbon oxides than bituminous coals produce at
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similar conditions. In addition, the higher the steam-to-coal ratio, the
greater will be the carbon oxides production, other conditions being equal.
The ratio of carbon monoxide to carbon dioxide is set by the water-gas
shift reaction, which is temperature controlled. The hydrogen content of
the product gas is determined largely by the quantity of unreacted hydrogen
remaining after the reaction. The concentration of hydrogen is related
directly, but not linearly, to the feed hydrogen-to-coal ratio. As the
stoichiometric hydrogen-to-coal ratio is increased, hydrogen concentration
in the product gas tends to increase at a greater rate.

In addition to methane, small quantities of other saturated hydrocarbon
are produced. Typical concentrations of these components are, ethane,
1.5%; propane, 0.5%; and butane, 0.2%. The principal aromatic in the
product gas, generally less than 1%, is benzene.

A portion of the nitrogen in the coal is gasified and a substantial part,
if not all,of it appears in the reactor product gas as ammonia, which hydrolyzes
in the water condensate.

While there is considerable scatter in the data, it is evident that sulfur
gasification tends to increase as gasification proceeds and that the sulfur
is preferentially gasified, i.e. the percent conversion of feed sulfur is
always higher than percent conversion of coal on a2 moisture- and ash-free
basis. Most of the sulfur appears in the reactor product gas as hydrogen
sulfide, accompanied by small amounts (probably less than 200 ppm) of
carbonyl sulfide (COS) and traces of organic sulfur compounds.

2.0.2 Char Compositions

Char rates and compositions reflected the degree of conversion of the
feeds to gaseous and liquid products. Volatile matter contents of bituminous
coals were generally reduced to 3% or less, and to less than 7% for
subbituminous coal and for lignite. The reduction in hydrogen content tended
to parallel the reduction in volatile matter content. Hydrogen concentration
in the residue was reduced to less than 1.5% for all feeds. Gasification of
the bituminous coals resulted in nearly complete consumption of the oxygen
in the coal to produce carbon oxides and water. The residues produced
from subbituminous coal and lignite gasification still contained from 3 to 6%
oxygen by weight. In general, sulfur concentrations were reduced up to
50% in bituminous coal chars, and more than 50% in subbituminous and
lignite residues. Carbon concentration, in all cases, was significantly
higher in the residue than in the feed.

There was no observable trend in the change in size distribution of the
coal feeds after hydrogasification. Any brealkdown in particle size due to
attrition, or fracture, induced by the reaction, appeared to be balanced
by particle growth due to coalescence.

Gasification of the coals and lignite resulted in a sizeable reduction in the
bulk density. Lightly pretreated bituminous coal bulk densities were reduced
from a range of 20 to 25 pounds per cubic foot, to 2 range of 15 to 20 pounds
per cubic foot. Bulk densities of dried, untreated subbituminous coal and
lignite were of the order of 45 pounds per cubic foot. After gasification, the
subbituminous coal bulk density was reduced to 28 pounds per cubic foot,
while the lignite bulk density was reduced to 20 pounds per cubic foot.
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2.0.3 Liéluid Products

Condensed liquids resulting from the hydrogasification of coals and lignite
consisted mainly of water and a light oil fraction. Small quantities of
ammonia and unidentified sulfur compounds were generally dissolved in the
liquids. The relative quantities of water and oil were dependent mainly
on the amount of steam fed and steam decomposed, and on the nature of the -
coal feed. Feeds high in volatile matter content, such as subbituminous
coal and lignite, produced more oils than bituminous coals, other conditions
being equal. Oil production was also influenced by reactor temperature,
being higher at lower temperatures than at higher temperatures.

Specific gravity of the by-product oils was in the range of 1.001 to 1.010.
Typically, the oil composition was 90 weight percent carbon and 6 weight
percent hydrogen, the remainder being small quantities of oxygen,
nitrogen, and sulfur. The principal compounds in the oil are benzene and

toluene.
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2.1 Introduction

During the contract periods reported in this document, starting in 1964
and ending in 1972, more than 250 coal hydrogasification tests were performed
under a variety of conditions and utilizing many types of coal in combination
with a variety of gaseous feeds.

The work was performed in a 4-inch-diameter reactor termed the Hydro-
gasification Process Development Unit (PDU) which is described in its various
configurations herein. The results of this PDU hydrogasification work helped
to confirm early HYGAS concepts and played a significant role in shaping
criteria for design of the HYGAS Pilot Plant reactors.

2.2 Description of Hydrogasification Process Development Unit (PDU)

Design requirements of the hydrogasification process development unit
were based on operational pressures up to 2000 psig and temperatures up
to 2200°F. The high temperatures and pressures were employed to promote
the formation of methane, The reactor tube length was sized fo provide ade-
quate residence time for free-fall hydrogasification studies and the tube di-
ameter was set by coal-bed fluidization velocity requirements at acceptable
gas rates. From these design considerations, a balanced-pressure concept
of reactor construction evolved.

2.2.1 Design Features

The balanced-pressure concept of reactor construction, involving two
concentric vessels, was dictated by the strength of material at high tem-
perature and pressure and by the size of the reactor. For small reactors,
a single vessel is satisfactory up to 2 inches inside diameter, The wall
can be made thick enough to withstand the pressure up to 1700°F even with
heat being directly supplied through the wall. For large units and at higher
temperatures, however, the wall thickness required for a single-tube design
becomes, at best, impractically high. As a result, a balanced-pressure
reactor design was chosen involving a reactor tube with heating elements
surrounding it and a pressure-containing shell that encloses the reactor-
heater assembly. The shell is insulated from the heating elements and
hence is designed as a low-temperature pressure vessel; the reactor, not
being subjected to differential pressure across its walls, need only be
designed to withstand the high temperature.

The balance of pressure between the shell and the tube is maintained
through a differential pressure controller that controls the shell pressure
as a slave to the reactor pressure, admitting gas to, or venting gas from the
shell as required. Gases flowing to the shell and reactor are thus separate,
with the shell pressurized by nitrogen and the reactor pressurized with
whatever gaseous reactants are being used. While more complex than a
simple pressure-equalization line between the shell and reactor, the arrange-
ment described prevents the hot, corrosive, tar-containing reactor gas from
contacting the shell and the heating element.

At the pressure involved, gas density becomes high; therefore, free con-
vection in the insulation must be minimized to enhance temperature control.
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Consequently, the annular space between the heating elements and the shell
is tightly packed with Fiberfrax insulating fibers.

2.2.2 Flow ‘Sheet

A schematic diagram of the whole system is shown in Figure 2-1. Coal
or char feed is placed in the feed hopper before a run starts and is fed to the .
top of the reactor continuously by a variable-drive screw feeder. The product
is discharged through a star valve into a residue receiver, Within the limi-
tation of the capacity of the feed hopper and residue receiver, the operation
is continuous.

Reactant gases enter the reactor at the bottom, countercurrent to the
flow of solids, in order to obtain the highest utilization of the hydrogen and
to directly produce pipeline-~quality high-Btu gas. Process gases are stored
in four banks of high-pressure storage tanks, each consisting of four 9-inch
diameter by 20-foot long cylinders. Each cylinder bank can store 8800 stan-
dard cubic feet of gas at 3600 psig. These storage tanks are serviced by two
3000 standard cubic feet-per-hour, 3000 psig Ingersoll-Rand compressors.

With the original auxiliary equipment for moving-bed operation, hydrogen
comes from high-pressure storage tanks, is metered through an orifice, and
preheated in a 13-kilowatt electric resistance-heating furnace. The hydrogen
line then joins the steam line and enters the reactor. The steam is generated
and superheated in a separate 13-kilowatt electric resistance-heating furnace.
With modified equipment for fluidized bed operation the hydrogen is pre-
heated in the tube coil of a natural-gas-fired furnace. The steam is generated
and superheated in a different coil in the same natural gas fired furnace. Pre-
heated hydrogen and superheated steam are then premixed before flowing to
the reactor.

The water for steam generation is weighed and pumped through a high-~
pressure pump. Instead of hydrogen, premixed gaseous mixtures of various
compositions can be blended in storage tanks for simulation tests. The gases
flow upward through the reactor and leave at the top, then pass through bayonet
filters which remove solids carryover and liquid reaction product. The gases
then pass through a water-cooled condenser followed by a knockout pot to re-~
move moisture, tar, and oil. After undergoing a final cleanup through packed
cartridge filters, the gases are released through back-pressure regulating
valves. The low-pressure gases are then metered through a gas meter,
sampled in a gasholder, analyzed for specific gravity and heating value, and
finally flared.

Temperatures and pressures at various points are recorded or indicated.
A thermocouple at the center of each heating element controls the power input >
to that zone. Additional thermocouples along the length of the reactor tube
furnish data on the temperature profile. All thermocouples are chromel-
alumel. Pressure taps are located as shown in Figure 2-1. The differential-
pressure controller between the shell and the tube controls solenoid valves -
(on-off, normally closed) for either admitting or venting nitrogen to and from
the shell. The taps leading to this controller are not purged (despite the
fact that tarry material may accumulate in the reactor side) in order to
avoid having the controller sense the purge gas pressure in the event of
blockage in either of the taps.
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To prevent overpressurization on the shell-side, rupture disks are in-
stalled. On the reactor side, parallel back-pressure regulating valves are
loaded to the desired operating pressure. These valves release product
gases when the actual pressure exceeds the set value,

2.2.3 Reactor Description

The first reactor was a double-walled unit consisting of a 2-inch ID,
0.25-inch-thick mullite tube inside a Type 310 stainless steel, Schedule
40 pipe. The annulus between the mullite tube and the pipe was packed
with Fiberfrax. The refractory liner is intended to promote adiabatic
operation along the length and to prevent failure of the 4-inch reactor tube
in the event of runaway reaction temperatures. The reactor assembly is
25 feet long. The entire allowance for expansion is taken up by an expansion
bellows at the bottom,

Heat is supplied to the unit through seven zones, each 31 inches long,
that utilize electrical resistance heaters. Each zone is controlled by a
thermocouple peened to the outside wall of the reactor. The power supply
for each of the two terminal zones is rated at 7. 5 kilowatts, and for each
of the five zones between the ends at 5 kilowatts each. The control is of
the saturable transformer type, which enables heating along the reactor
to be controlled to within £20°F,

To minimize stress to the reactor tube due to thermal cycling at the
end of each run, the heaters are not turned off completely, but are merely
cut back to hold the system near 1300°F., The double-walled reactor tube
failed after about 25 tests. The inner refractory tube cracked and spalled
under repeated thermal stressing. This allowed coal particles to lodge in
the annulus between the refractory tube and the metal tube. When reacted
with hydrogen, these coal particles produced excessively high temperatures
at the metal tube walls resulting in the tube failure.

The replacement reactor was a 4-inch Type 446 alloy steel, Schedule 40
tube without any refractory liner. This low-nickel alloy was chosen for its
greater resistance to sulfur attack than the high-nickel Type 310 stainless
steel. This unit performed well for about 30 runs, then was ruptured over
a weekend by a pressure upset,

The reactor assembly is shown in Figures 2-2 and 2-3. The reactor
tube is a 4-inch-diameter Schedule 40, Type 446 alloy steel pipe. Of the
21 -foot length, 18 feet are in the heated zone as in previous arrangements,
Thermocouples are located about 10 inches apart. A 4-inch-diameter ex-
pansion bellow is welded to the lower end of the tube, Grayloc flanges of
0.5 inch or larger are used for connecticns. The feed hopper and residue
receiver capacity are approximately 8 cubic feet each. Because product
char tended to stick in the star valve, bottom product discharge was con-
verted to a screw; feed now is introduced at the top through a l-inch screw
feeder, Assisted by a constant nitrogen purge, the solids drop through a
feed tube into the top of the heated section. By adjusting the discharge rate
relative to the feed rate, the reactor can be operated as a free-fall reactor
or as a moving-bed reactor. The entire reactor assembly is enclosed in
a steel barricade for safety.
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The position of the feed gas inlet within the reactor tube is variable and
is set by the length of the feed gas tube projecting from the bottom of the
reactor shell, Ordinarily, the gas inlet in the bottom of the reactor is at
the lowest heating element in order to minimize the problem of condensation
when steam mixtures are used, and to minimize heat losses.

The reactor-shell pressure balance control system is shown in Figure 2-5.
A dual-bellows differential pressure unit measures the pressure differential
between the reactor and the shell which is then transmitted via mechanical
linkages to a pneumatic transmitter. This in furn transmits a pneumatic
signal of from 3 to 15 psi to a bourdon tube gage with six photoelectric control
switches activated by the position of the gage pointer. The six action points
are set in this gage, as shown. Valves 1 and 3 are small solencid valves for
fine control. Valves 2, 4, 5, 6, 7 and 8 are shear-seal shut-off valves,
pneumatically operated and solenoid actuated, and are much larger than
valves 1 and 3. Valves 1, 2, 3, 4 and 5 are normally closed, wherecas valves

6, 7 and 8 are normally open. In the event of failure, however, all valves
close.

The control sequence is as follows: When the shell pressure is high,
as during depressurization, the control gage pointer moves past the first
control point which opens valve 3 to vent nitrogen from the shell. If this
valve is not venting rapidly enough to bring the differential pressure back
to zero, and the differential pressure continues to rise, then valve 4 would
open when the pointer moves past the second control point. Valve 4 should
seldom be required and is large enough to equalize pressures instantancously.
In the event of a major upset, however, where the differential pressure rises
beyond the second control point, when the third control point is reached,
valves 1, 2, 3, 4, 6, 7 and 8 all close, stopping all gas flows in and out of the
system. Next, valve 5 opens, equalizing the pressure between the shell and
reactor. In addition, a 40-psi rupture disk is installed in parallel with valve
5 so that, should valve 5 fail to open when required, the rupture disk would
break and equalize pressure. Similar control action takes place when reactor
pressure is high; in this case, instead of venting nitrogen from the shell, nitro-
gen is admitted into the shell. As a further aid in detecting the pressure
differential, a dual-bellows differential pressure indicator is mounted in the

panel board to indicate the true pressure differential between the reactor and
the shell.

To improve the sensitivity of pressure response, distributor rings for
both inlet and outlet gas flow are mounted inside the shell at several levels.
These rings are perforated around the periphery. With this arrangement,
pressure lags along the length of the reactor due to the shell being tightly
packed with insulation, are practically eliminated.

To obtain data for studying the kinetics of the gasification reactions, in-
ternal gas sample probes and thermocouples have been inserted through the
top. These probes provide data for establishing both a temperature and a con-
version profile. The gas sample probes are stainless steel tubing of 0.125-
inch OD by 0. 0625-inch ID; the thermocouples are 0. 0625-inch OD. The en-
tire bundle is passed through the reactor top and sealed by special packing
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glands. Life of these internal probes is limited by bends and kinks, formed
through use, which eventually cause the probes to cither crack or make their
positions uncertain,

Among process variables, the accurate measurement of the bed level in
the reactor is the most difficult to record. At the high pressures of operation
that prevail, and with a low-density bed material such as coal or char, con-
ventional means for measuring bed heights are not satisfactory, Differential
pressure measurement across the bed fluctuates too much to be meaningful,
because it represents a small difference between two large pressures, each
~ of which tends to fluctuate individually. Devices such as a conductivity probe,
which senses the difference in thermal conductivity between a bed of solids
and a gas phase, are limited in life under the severe environmental condi-
tions. A radiation-type sensor was found to be the most reliable and accurate
means to sense and indicate bed level. The sensor utilized in the tests is
manufactured by Nuclear-Chicago Corp.

The source of radiation is 2 curies of cesium-137. The source and the
detector are mounted externally, 180° opposed, on a movable yoke outside
the reactor shell. The density of the reactor contents is related to the de-
gree of beam attenuation during beam transit through the reactor. In prin-
ciple, the cesium sensor should indicate changes in bed density; actually,
the unit is more reliably used as a bed-level sensor. It has the advantage
of being external to the unit and thus can be located anywhere along the
reactor: however, the unit must be calibrated at each location because the

material in the path of the beam is not homogeneous.

2.2.4 Operation Sequence

Before each run, the system is first pressure tested to the full operating
pressure with no solids in the system. Thus, without having to be concerned
about solids being drawn into the reactor due to pressure surges, both
pressurization and depressurization can proceed rapidly. Nitrogen, used
for the pressurization, enters through either the top or bottom of the reactor
tube; depressurization is through either the product gas line or the top of the
feed hopper. When the test is satisfactory, the unit is depressurized and coal
feed is charged to the hopper. The system is again pressurized for operation
and power input to the heaters is adjusted to give the desired operating tempera-
ture. During the pressurizing, nitrogen is continusouly purged through the
solids feed tube to keep it clear and reasonably cool., Hydrogen flow is then
established to the reactor, and solids feeding begins. If steam is to be ad-
mixed with the hydrogen, it is admitted to the reactor about a half hour after
hydrogen flow is started. This procedure helps minimize the chances of
condensation at cool spots.

Depending on whether the operation is to be free-fall or with a coal bed,
the discharge screw rate is adjusted to either run the bed empty or permit
the buildup of a bed. In moving-bed or fluidized-bed operation, the radiation
bed-level sensor would indicate that the desired level has been reached. At
this point, discharge rate is adjusted to maintain this bed level., Gas samples
are taken regularly, and a composite gas sample is accumulated in a gas
holder. Reactant and product gases are both metered for material balance.



After the run, solid samples are taken from the residuc receiver. Tem-

peratures, pressures, and flows are recorded or indicated on the panel e
board. Condensates from the product gases are drained periodically during

the run, to be weighed, sampled, and analyzed.

At the end of the run, reactant gas and solids feed are turned off, and »
nitrogen is passed through the system for 30 minutes to purge the combustible
gases. The system is then depressurized, disassembled and cleaned, par-
ticularly the product gas line which is always coated with tar and oil.

2.2.5 Equipment Modification and Addition Details

The broad scope and the complexity of the program for the study of the
hydrogasification of coal made it necessary that the system for this study
be adaptable to the processing conditions required by the program. To
meet the needs of the processing conditions, to incorporate improvements
as they evolved, and to replace components that failed, the hydrogasification
system was modified in the course of the program. As these modifications
have a bearing on the interpretation of the operating data, details of signifi-
cant changes, additions, and modifications are discussed, To the degrce
possible, the time of the modifications is indicated relative to the run num-
ber of the hydrogasification test program.

2.2.5.1 Reactor Tube

In the early phase of the test program, when studies in the 4-inch di-
ameter reactor tube had just begun, the expansion bellows attached to the
bottom of the tube was damaged. The reactor expansion bellows was rup-
tured by an overpressurization of the reactor tube that resulted from a
sudden and uncontrolled drop in the shell pressure that normally should be
in balance with the reactor pressure. The upset occurred at a pressure of
250 psig when the reactor was being depressurized after run HT-43.

The rupture in the bellows occurred at a seam and was 0. 25 inch long;
faulty material did not appear to be a factor.

Following run HT-52, a routine pressure test of the pilot unit with nitro-
gen was started in preparation for the next scheduled hydrogasification test.
To facilitate the pressure testing, 200-psig pressure was left unrelieved
in the unit over the weekend, and the pressure-equalizing line between the
reactor and the reactor shell remained open. During the weekend, however,
an undetermined pressure disturbance caused the reactor-shell differential
pressure controller to open the shell-pressurizing solenoid valve. However,
a preferential flow of nitrogen to the reactor was caused by the higher resis-~ g
tance in flow to the shell as a result of piping and insulation. As a conse-
quence, the reactor tube pressure rose above that in the shell and the tubes
ruptured. The rupture occurred at the level of heating zone 5, as numbered
from the top. The rupture damaged the heating elements in the lower section -
of the furnace. The heating elements in the upper section of the furnace were
damaged in the process of removal of the ruptured reactor tube. The heating
elements were replaced with new elements of similar design and construction
as the original elements obtained from Marshall Products Company. A new



4-inch diameter reactor tube of type 446 stainless steel, and a new 4-inch di-
ameter expansion bellows were installed. The change to the 4-inch diameter
bellows was rnade to improve solids outflow from the bottom of the reactor
by eliminating the restriction of the smaller diameter bellows, Before in-
stallation, the reactor tube was wrapped with a 0, 50-inch-thick layer of
Fiberfrax insulation so that temperature profiles could be clearly defined.
The lower 31 inches of the reactor were left uninsulated to improve heat
transfer to the tube in this zone where the heat loss is high, and where final
preheating of the steam and hydrogen feed is accomplished,

The reactor tube was next replaced after run HT-137C, During post-run
clean-up of the unit, it was found that the top of the feed tube and the upper
portion of the thermowell extending into the solids bed had fused to the reactor
tube. After the fused sections were removed a pressure test revealed a break
in the reactor tube.

The reactor had been in service for about 80 runs over 18 months., In
the course of the operations, the thermocouples, peened to the reactor wall,
had gradually burned out., Accurate monitoring and control of the wall tem-
perature could not be maintained. Thus, fusion of the gas feed tube and the
thermowell could have resulted from undetected local overheating. A fur-
ther contributing factor, however, was oxidation of the reactor residual lig-
nite that had adhered to the feed tube and thermowell in the course of empty-
ing the reactor. '

The 4-inch-diameter reactor tube was replaced. Like the previous tube,
the new one was a type 446 stainless steel. Schedule 40 4-inch ID pipe (4. 50-
inch OD, 4.026-inch ID). ' A section of the reactor tube corresponding to
heating zones 3,4 and 5 was insulated with a 1-inch-thick blanket of Fiberfrax
insulation. This insulation helps keep a more nearly adiabatic condition in
the region of the coal bed. '

2.2.5.2 Reactor Furnace

All severn of the reactor furnace heating sections had to be replaced as
a result of the reactor tube rupture following run HT-52., These sections werec
damaged either by the tube rupture, or in the process of removal of the rup-
tured tube from the shell, The replacement heating sections were of the same
size and design as the original sections, and came from the same supplier.
The space between the outside of the heating sections and the inside of the
pressure shell was again packed with Fiberfrax insulation.

After run HT-108, reactor furnace heating section of zone 3 became
shorted. It was repaired by installing new insulation on the power input
electrode at the reactor shell wall, Similar repair work was done on the
electrode of zone 6 furnace section following run HT-110,

Zone 7 furnace section, the lowest section in the furnace, stopped working
after run HT-158. The heating element apparently failed because of the severe
power output demands and high temperatures at the lower part of the reactor.
It was not practical to get to this heating section for either repair or replace-
ment, so that tests subsequent to run HT-158 were made with only six heating
se€ctions operating,.
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2.2.5.3 Feed Gas Tube

Feed gases, including reactant steam, were fed to the bottom of the -
reactor. Within the reactor, the level at which the gases contacted the
coal bed was determined by the length the feed gas tube projected upward
from the base of the char discharge housing. This level set the bottom of
the coal bed, for calculation purposes, in moving- and fluid-bed operations.
To meet changing operational needs the length of the feed gas tube was varied
as was the configuration at the end of the tube setting the gas distribution at
the bottom of the coal bed.

Up to run HT-72, dry feed gas and steam were fed to the reactor through
separate tubes, Each feed tube was a 0.375-inch, Schedule 40 pipe capped
with a sintered metal disk contacting the coal bed at the bottom level of the
reactor furnace,

For run HT-72, in order to maintain a more uniform coal-bed tempera-
ture distribution, a porous gas-distribution disk was positioned 108. 5 inches
above the bottom of the reactor furnace. The bottom of the coal bed was at
the distributing disk. The modification described essentially eliminated the
effect of heat losses at the end of the tube. As a result, a uniform tempera-
ture was maintained along the entire length of the reaction bed. The feed
gas distributor, also installed for eventual fluid-bed operations, was a 3-inch-
diameter, 0. 125-inch-thick porous, stainless steel disk, positioned near the
midpoint of the reactor tube. The disk is supported by a sectional pipe column
which rests on the bottom reactor closure. Two 0.375-inch-OD by 0.277-
inch-ID gas feed tubes extend up through the support column and terminate in
a conical section just below the porous disk. The gas distributor disk also
acts as a coal-bed support plate to keep the bottom of the coal bed well within
the heated section of the reactor tube. Coal is discharged from the bed by
gravity, through the annulus between the gas distributor disk and the reactor
wall, then is screw fed from the bottom of the reactor tube to the residue
receiver.

Coal discharge difficulties were encountered repeatedly in tests following
run HT-72, because coal particles lodged in the annulus between the gas dis-
tributor disk and the reactor walls. For run HT-76, the feed gas distributor
disk was removed and the previously used feed gas tube was reinstalled. This
is a 0.375-inch pipe that extends to only 16.5 inches above the bottom of the
reactor furnace.

For run HT-79, the gas distributor disk was again installed, but only for
a limited number of tests, Because of difficulty in discharging coal from the
reactor through the annulus between the disk and the reactor walls in subse-
quent tests, the 3-inch-diameter feed gas distributor was remo ved and a 0.375- -
inch pipe feed-tube extending to 16,5 inches above the bottom of the reactor
furnacc was installed for run HT-82. The feed gas tube was again extended
to 108. 5 inches above the bottom of the reactor for run HT-86. The gas dis-
tributor at the end of the tube was a 3. 5-inch diameter '"Rigimesh' porous
disk. After run HT-88 it appeared that poor coal flow through the annulus
between the feed-gas distributor disk and the reactor tube walls was responsi-
ble for coal backup experienced in this run. To improve the flow of coal at



this point, the annular area was increased for run HT-89 by reducing the
diameter of the feed-gas distributor disk from 3.5 to 3. 3125 inches. Coal
flow past the distributor disk remained erratic in subsequent tests, Tem-
porarily, in order to avoid coal discharging problems, the 3, 3125-inch-di-
ameter feed gas distributor disk was changed to a 0, 5-inch tube with its end
capped by a porous disk prior to run HT-95,

For run HT-96, a 2. 88-inch-diameter feed gas distributor disk was in-
stalled, This disk provided a reasonably large annular cross-section for
coal discharging. '

To obtain higher coal bed temperatures when hydrogasifying at fluidi-
zation throughput rates, additional heat transfer area was provided between
reacted coal flowing downward from the reaction zone and the feed gas flowing
up to the gas distributor. This was achieved by installing a 0. 375-inch-
diameter U-tube, 108 inches long, in the feed-gas line between the base of
the reactor and the gas distribution disk. This change was made for run
HT-100,

For the next test, run HT-101, an annular feed-gas distributor disk of
3.5-inch OD and 1. 75-inch ID was installed to improve solids flow past the
disk. With this ring-type distributor, coal could flow around the outer edges
of the disk and through the core of the disk.

To increase the free-fall distance in the reactor and thereby provide for
a higher rate of coal hydrogasification in suspension, the annular feed gas
distributor disk for run HT-102 was lowered from 108.5 inches to 62 inches
above the bottom of the furnace, '

To minimize discharge problems around the distributor for run HT-103,
the annular gas distributor disk was replaced by a capped 0.375-inch pipe with
twelve one-sixteenth inch diameter ports through the walls in the upper 1 inch
of the tube. To increase the free cross-sectional area of the reactor below
the end of the feed gas tube, the internal U-bend heat exchange tube for feed
gas superheat (installed for run HT-100) was removed.

For run HT-164, to lengthen the free-fall reaction time before the coal
reached the ccal bed, the top of the hydrogen-steam feed tube was lowered
by 31 inches so that feed gas contacted the coal bed 31 inches above the bottom
of the furnace,

The feed gas distributor was returned to its position 62 inches above the
bottom of the furnace for run HT-169,

For run HT-179 we again lowered the hydrogen feed tube distributor by
31 inches from its normal position to obtain a longer effective free-fall reactor
length.

2.2.5.4 Coal Feed Tube

Normally, coal was introduced into the reactor tube through an injection
tube extending into the heated section of the reactor tube, For reported tests,
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up to run HT-56C, the coal injection tube was a 1-inch OD tube with a 0.049-
inch wall, discharging at a level 36 inches below the top of the reactor furnace.
The tube was attached to an insert in the head of the reactor.

For run HT-56C, the coal feed tube was removed to allow coal feed
directly into the 4-inch-diameter reactor tube. The coal feed tube that was
removed for run HT-56C was reinstalled following that test, but with modifi-
cations so that the coal could be injected into the heated section of the reactor
tube. The tube has an inside diameter of 1. 380 inches and extends 6 inches
below the top of the furnace level.

Following run HT-87, when equipment modifications for fluid-bed opera-
tion were made, a modified reactor head insert with a 1-inch-OD coal feed
tube was installed. The end of the feed tube extended 6 inches below the top
of the furnace.

Purge nitrogen was normally fed to the top of the insert. To promote
the flow of coal through the tube, for run HT-94, the nitrogen was injected
directly into the coal feed tube through a 0.125 inch.diameter nozzle.

To improve coal flow through the top of the reactor at high coal feed
rates, the 1-inch-diameter coal injection tube was removed before run
HT-107 so that the feed screw would discharge coal directly into the reactor.

The coal injection tube was reinstalled for run HT-109.

For run HT-120, a motor-driven magnetically coupled stirrer was in-
stalled in the coal injection tube to promote the flow of coal by breaking up
any buildup in the tube. The stirrer, driven at between 5 and 10 rpm, ex-
tends the full length of the tube and about 1 inch beyond. It is a 0.125-inch
stainless steel rod formed into a 0. 75-inch spiral with a 3-inch pitch.

For run HT-144, a modified drive for the stirrer in the coal tube was
installed increasing the stirrer rotation to the range of 50 to 60 rpm. A
tachometer indicated the movement of the stirrer and any stoppage due to
binding.

Toward the end of the hydrogasification development test program, the
uppermost reactor heating section, Zone No. 1, became inoperative so that
no heat was being supplied to the top of the reactor. For hydrogasification
tests with untreated New Mexico subbituminous coal, loss of Zone 1 heating
was compensated for by providing a more rapid heat-up of the coal as it
entered the reactor. The faster heat-up was achieved by lengthening the
1-inch-diameter coal feed tube by 30 inches for run HT-252. With the
longer feed tube, the coal entered the reactor at the top of heating Zone
No. 2, instead of at its former entry point in Zone No. 1.

2.2.5.5 Coal Feed and Discharge

Following run HT-52, the original star feeder used for discharging
reacted coal from the reactor to the residue receiver was replaced with a
screw discharger in order to 1) improve the rate and the reliability of char
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discharge, and 2) increase the discharge rate in proportion to the programmed
increase in the coal-feed rate. Dimensions of the discharge screw were:
flight diameter, 2 inches; shaft diameter, 0. 75 inch; flight pitch, 1 inch,

Modifications for fluid-bed operation made following run HT-87 included
the installation of a 1.875-inch-diameter coal-feed screw, replacing the origi-
nal 0, 875-inch-diameter feeder.

Coal-feed screw jamming in run HT-137B was caused either by binding
of the screw in the housing or by biting of the flights into the housing or
housing connector. To correct the problem described, the front edges of
the flights were tapered back to remove the sharp corners over the first
18 inches of the screw. In addition, the outside diameter of two flights at
the housing connector was reduced ty 0.125 inch to increase the screw
clearance.

2.2.5,6 Product Gas Offtake Line

Product gases were withdrawn from the reactor through a 0. 25-inch
OD x l6-gage open-end tube. The entry to this tube for reported tests up
to run HT-57 was 27. 75 inches above the outlet of the coal injection tube.
To minimize possible interference of product gas outflow with coal injec-
tion, the product gas offtake tube was extended 2 feet below the end of the
coal feed tube for run HT-57. Because of partial plugging of the product
gas offtake tube, for the next test, run HT-58, the 0. 25~inch diameter pro-
duct gas offtake tube was replaced with a 0. 5-inch diameter tube, and was
made 6 inches shorter than the coal feed tube.

When the unit was modified for fluid-bed operation following run HT-87,
an internal cyclone was installed to separate coal dust from the product gas.

Prior to run HT-99 the product gas cyclone at the top of the reactor was
removed, and two 18-inch-long sintered metal bayonet filters were installed
inside the reactor tube just above the heated zone. The previously used bayo-
net filters outside the reactor were bypassed; the product gas was piped
directly to the condenser from the top of the reactor.

For run HT-108 the upper of the two porous metal product gas filters
was removed to minimize heat exchange between the product gases and the
coal feed.

During run HT-114, the bayonet filter failed. Thermal stresses had
cracked the filter face, allowing coal dust to be carried into the product gas
line and the condenser, and plugging the product gas offtake system. The

damaged bayonet filter was replaced.

New product-gas bayonet filters were installed for runs HT-154 and HT-
160, replacing those that had become plugged and could not be cleaned.

2.2.5.7 Product Gas Sample Probes

Product gas sample probes for sampling gases within the coal bed con-
sisted of 0, 125-inch-OD x 0.0625-inch-ID stainless-steel open-end tubing
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Projecting into the coal bed. Three probes were installed for run HT-52 to
sample gases 4, 6 and 7 feet above the bottom of the coal bed. Prior to this
run, one gas sample probe was used for sampling at the top of a 7-foot coal -
bed. Following run HT-52, the number of gas sample probes in the bed was
increased to six to better establish the gaseous concentration profiles in
the bed. Gas sampling points were at the 0, 2-, 5-, 7-, 10-, and 12-foot
levels, as measured from the bottom of the reactor.

These probes were removed for run HT-57, Three probes were installed
for run HT-86 to sample gases from points 6, 18 and 30 inches below the top
of 3. 5-foot coal beds. These were used till run HT-102 when three new
probes were installed as the position of the bottom of the coal bed was changed
from 108.5 inches to 62 inches above the bottom of the coal bed. These
probes were removed for run HT-107 and were not replaced until run HT-111.
[n tests following run HT-137, no gas sample probes were used.

2,2.5.8 Coal Feed Hopper and Residue Receiver

A 7. 7-cubic foot residue receiver was installed following completion of
run HT-52. This larger capacity receiver replaced the original 5. 1 -cubic
foot receiver. It was used until a coal residue receiver fof 14. 7-cubic foot
volume was installed in the hydrogasification PDU as part of the modification
program for handling larger throughput rates in fluidized-bed operation. De-
sign details of the 24-inch-OD receiver are shown in Figure 2-4.

At the same time, the original coal-feed hopper of 8. 3-cubic foot capacity
was replaced with a 17. 5~cubic foot capacity hopper.

2.2.5.9 Differential Pressure Control System

Following the reactor tube rupture after run HT-52, an improved reactor-
shell differential pressure control system was installed to maintain pressure
balance across the reactor tube and to reduce chances of tube overpressuri-
zation. With the modified control system the shell is pressurized and vented
by dual flow lines, the secondary lines to be opened when the differential
pressure exceeds the normal control differential. This shortens the time
lag for balancing the reactor tube and the shell. At a third control point,
that is set well below the critical differential pressure at which damage
to the tube might result, all inlet and outlet valves to both the reactor tube
and the shell are closed, and the equalizing line between the reactor tube
and the shell is opened. A schematic diagram of this control system is
shown in Figure 2-5.

2.2.5.10 Coal Bed-Level Sensors

Coal bed levels in the reactor had been sensed by differential pressure
readings and also by a heated thermocouple. The heated thermocouple de-
vice sensed the position of the coal bed by a change in temperature due to a
change in heat conduction when immersed in the coal bed. Because of corrosion -
by hydrogen sulfide and extreme temperature, however, the life of the relatively
slender thermocouple was limited. An additional consideration is that the
heated thermocouple is essentially a fixed-level sensor because of inherent
restrictions in its mounting. To allow flexibility in sensing the char bed along
the entire reactor, and to improve the closeness of sensing, a radiation-type
bed-level sensor was procured.
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This bed-level sensor, essentially a density gage, was obtained from
Nuclear-~Chicago Corp. It consists of a lead-shielded radioactive cesium 137
source of 2 curies, and a radiation detector. The radiation source and the
radiation detector are mounted 180° opposed on a movable yoke, outside of
the reactor shell, The radiation detector is connected by a wire cable to a
radiation indicator mounted on a panel board.

Following adjustments and calibration, the radiation-gage bed-level
sensor was put in operation following run HT-55.

2.2.5.11 Temperature Sensing

Reactor tube temperatures were sensed by chromel-alumel thermo-
couples peened to the outside wall of the tube. Thermocouple spacing and
locations on the tube before its rupture after run HT-52 are shown in Figure
2-6. Twenty-one thermocouples were attached to the tube wall. The number
of thermocouples on the tube was increased to 31 after run HT-52. These
thermocouples were also peened to the outside wall of the tube, Thermo-
couple locations and spacing in the expanded array are shown in Figure 2-7.

Thermocouples sensing the tube wall temperatures became totally
inoperative after run HT-130 and could not be repaired without removing
the reactor tube.

Reactor temperatures reported for runs HT-131, HT-132 and HT -135
are internal coal-bed temperatures. In these three tests, thermocouples
sensed temperatures 72. 5, 84. 5 and 96. 5 inches above the bottom of the
reactor furnace.

A new reactor tube and thermocouples were installed for run HT-138.
To sense tube-wall temperatures for preheat and operational control, a total
of 32 thermocouples were peened to the outside tube wall along the length
of the tube. The thermocouples were chromel-alumel with a 0.125-inch-
diameter sheathing. Positions of the thermocouples on the tube are shown in
Figure 2-8. Thermocouples were spaced at about 5-inch intervals along the
lower 8 feet of the reactor tube, and at about 10-inch intervals above the
8 -foot level. The closer thermocouple spacing at the lower end of the reactor
tube provided more detailed temperature sensing in the region of the coal bed
and in the region of the highest reactor-tube temperatures. Also, if some
of the thermocouples at the lower end of the tube should have failed, the
denser thermocouple spacing would still have provided adequate temperature
sensing.

2.2.5.12 Auxiliaries

Major modifications of and additions to the auxiliary equipment of the
hydrogasification unit were made when the unit was adapted for handling
larger throughput rates in fluidized-bed operation.

A larger capacity, natural gas-fired, steam generating and hydrogen
preheat furnace was fabricated. The heat-transfer tubes were fabricated
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of type 316 stainless steel tubing and were 0. 5-inch OD by 0. 25-inch ID. Each
set of tubes had 100 feet of tubing with a straight run of 6 feet between the re-
turn bends. Both sets of tubes were installed in a gas-fired furnace.

To provide increased feed gas storage capacity, necessary for high hydro-
gen feed rates in fluidized-bed hydrogasification tests, sixteen high-pressure
gas storage cylinders were mounted in an outdoor support frame. Each of
the cylinders was 21 feet long with an outside diameter of 9. 625 inches. The
inside free volume of each cylinder was 8. 2 cubic feet. Other modifications
designed to allow hydrogasification operations at feed gas and steam through-
puts of from 3 to 5 times the rates used in moving-bed tests, with propor-
tional increases in coal feed rates, included a new water-feed pump for steam
generation, and a larger capacity product gas meter.

A high-capacity, high-pressure water-feed pump with a positive dis-
placement piston was installed. The pump is capable of feeding up to 80
pounds per hour of water at pressures up to 3000 psig.

A large-capacity diaphragm-type dry-gas meter with positive displace-
ment was procured and installed. Rated for 3000 cubic feet per hour, it
metered product gases leaving the hydrogasification PDU.

2.2.6 Electrical Heat Input to Reactor

During a hydrogasification test, the furnace around the reactor tube
serves to control the heat losses from the reactor tube walls and to maintain
a reasonably fixed temperature in the reactor. The electrical heat input to
the furnace varies, dependent upon 1) the heat release due to the hydrogasifi-
cation reaction in the reactor, 2) the conductive and radiative heat losses
from the reactor tube, through the insulation inside the outer pressure shell,
and 3) the convective and radiative heat losses from the outside of the pressure
shell. In order to gage the level of electrical heat input to the furnace under
better controlled conditions than are possible in a coal hydrogasification test,
a special test was performed in the PDU.

In this special heat input test, technicians measured the electrical heat
input required to maintain the reactor tube at typical hydrogasification tem-
peratures in the range of 1300° to 1700°F. For this test, the reactor was
pressurized with nitrogen to 1000 psig and held at that pressure with no gas
flow through the reactor. There was no coal bed in the reactor, and no coal
was fed. Wattmeter readings measuring the electric power input to the
reactor furnaces were taken over a 5-hour period as the reactor was con-
trolled to a nearly constant temperature profile. The objective of this test
was to establish the level of heat loss from the reactor shell for use in heat
balance calculations of hydrogasification runs. The average electric power
input to the reactor furnaces for the nearly steady temperature level was 10
kilowatt, corresponding to a heat input of 34,000 Btu per hour. This heat
input represents the heat losses to the atmosphere from the pressurized shell
of the reactor. The average room temperature near the bottom of the reactor
shell during the test was 83.5°F. The temperature profile along the outer
wall of the reactor tube is indicated by the temperatures at different levels
in Table 2-1. The lowest level temperature corresponds to the bottom of the
coal bed in hydrogasification tests.
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Table 2-1. HEAT INPUT TEST IN HYDROGASIFICATION DEVELOPMENT
UNIT BALANCED-PRESSURE REACTOR

Reactor Pressure: 963 psig

Pressurizing Gas:

Inches .From Bottom

62.
67.
73.
78.
83.
89.
94,
100.
104.
114,
124,
135,
145,
155,
166.
176.
187.
197.
207.
217.

S,

[$,]

VIO UMIOOUOOUNNOOOUIOUVIN O WU

Average:

Nitrogen

Reactor Temperature, °F

635
1260
1580
1710
1800
1620
1755
1695
1690
1530
1535
1375
1450
1435
1290
1305
1280
1180
1020
1430

2.3 Hydrogasification Tests in Process Development Unit

2.3.1 Coal Feedstocks

AT506 1524

In the early phases of the operation of the balanced-pressure hydro-
gasification process development unit (PDU) the coal feed was a low-tempera-
ture bituminous coal char supplied by the Consolidation Coal Company. This
char was first used in laboratory and the original continuous flow hydrogasifi-
cation studies. It was used in the demonstration unit to facilitate operation
during the unit shakedown period and the program definition phase. Because
it was available in adequate quantities with a generally uniform composition,
hydrogasification tests in the demonstration unit were not dependent on pre-
treatment operations, or on differences in char composition due to varying

pretreatment conditions.



During the investigative phase of the hydrogasification program, fourteen
different coal feeds were used. These selected coals were chosen 1) to give u
a range in rank from a low-volatile content bituminous coal to a lignitic-type,
and 2) to enable evaluation of three different high-volatile bituminous coals
to determine variation in performance of coals due to origin as well as rank.

Coals tested and their origin are as follows:

Type
High-volatile
Bituminous

High-volatile
Bituminous

High-volatile
Bituminous

High-volatile
Bituminous

High-volatile

Bituminous

High-volatile
Bituminous

Low-volatile
Bituminous

Low-volatile
Bituminous

Subbituminous

Lignite

Medium-
Volatile
Bituminous

Subbituminous

Subbituminous

Lignite

Most of the hydrogasification tests were performed with Pittsburgh No. 8
seam bituminous coal from the Ireland mine.

Seam

Pittsburgh,
No. 8

Pittsburgh,
No. 8

Ohio No. 6

I1linois No. 6

Indiana — Sixth

Vein

No. 5 Block

Sewell

Pocahontas
No. 4

L.aramie No.

Sewell

Mine

Montour No. 4

Ireland
Broken Aro
Crown

Minnehaha

Lochgelly
No. 2

Stotesbury
No. 10

Eagle
Glenharold

Sewell No. 1

Colstrip

Savage

Location

Lawrence, Washington
Co., Pa.

Moundsville, Marshall
Co., W. Va,

Coshocton, Coshocton
Co., Ohio

Farmersville, Mont-
gomery Co., Illinois

Sullivan, Sullivan Co.,
Indiana

Kanawha Co., W. Va.

Mount Hope, Fayette Co. .

W. Va,
Helen, Raleigh Co.,
W. Va.

Erie, Weld Co., Colorado

Stanton, Mercer Co.,
No. Dakota

Nicholas Co., W. Va.

Rosebud Co., Montana

Navaho Indian Lease,
Farmington, New Mexico

Savage, Montana

The other coals were used in

selected tests to establish how coal type affected hydrogasification results.
Only one test was completed with Pittsburgh No. 8 seam bituminous coal from
the Montour No. 4 mine because additional supplies of this coal were no longer -

available at the time of the program reported here.

Light pretreatment of all

the bituminous coals, and of the subbituminous coal was necessary to destroy
agglomerating tendencies before they could be used for hydrogasification tests.
The North Dakota and Montana lignites were hydrogasified without pretreat-

ment, but required drying to insure uniform feeding.

Analyses of the coal

feedstocks are given in the tabulations of coal and residue analyses of each run.
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HYGAS researchers also studied the reactivity to hydrogasification of a
bituminous coal char produced by the FMC Corporation Project COED (Char
Oil Energy Development). This char was produced from an Illinois No. 6
seam, Crown mine, high-volatile C bituminous coal. The COED process in-
volves a multistage fluidized-bed pyrolysis of high-volatile bituminous coals
to produce oil, gas, and char.

2.3.2 Coal Particle Size

Coal and char feeds for all hydrogasification tests were screened to a
specific size range. Three different particle size distribution ranges were
used to meet the changing operational needs. Early moving-bed tests were
conducted with —35+80 USS mesh char. This range was satisfactory for
low throughputs but was changed to —10+ 40 USS mesh size when coal and gas
feed rates were increased: The purpose of switching to this coarser feed
was to allow operation at high linear gas velocities without fluidization of
the char, and to enable a more uniform flow of gas through the char bed.
With moving-bed tests scheduled at increasing hydrogen/char ratios, con-
tinued use of —35+80 mesh particle size would limit operations to about 50
percent of stoichiometric at solids feed rates of between 10 and 15 pounds
per hour in order to prevent the bed from fluidizing.

When hydrogasification studies were extended to fluidized-bed operation
the fine size of the coal particles was extended to include those down to +80
mesh size. Coarse particles were still controlled to no larger than 10 mesh
gsize. The —~10+80 mesh sieve range was used for all coal feeds in fluidized-
bed operation.

At the hydrogasification conditions investigated, there was no evidence
that coal particle size significantly affected the hydrogasification results.

2.3.3 Results of Operations

2.3.3.1 Moving Bed Hydrogasification Tests

The first part of the hydrogasification investigative program in the
balanced-pressure demonstration unit utilized a moving coal bed configura-
tion. Coal, fed to the top of the reactor, moved downward in plug flow,
being contacted with upward flowing feed gas in countercurrent fashion.
Highly reactive fresh coal was contacted in the upper part of the bed with a
reactant gas-product gas mixture having a low hydrogen concentration, while
the less reactive partially gasified coal was contacted in the lower part of
the bed with undiluted feed gas. Plug flow of the coal enabled researchers
to maintain 1) a temperature gradient across the coal bed, 2) high tempera-
tures at the bottom of the bed, to promote the rate of reaction, and 3) a lower
temperature at the top of the bed, for high methane equilibrium concentrations.
Moving bed operation also allowed flexibility in'the range of coal and reactant
gas feed rates, important because operational experience was being acquired.
As minimum linear gas velocities were not an operational factor, tests could
be conducted at low hydrogen/coal ratios in order to study limited coal con-
versions.



For the most part, the moving-bed tests were conducted with Pittsburgh
No. 8 seam bituminous coal from the Ireland mine. When two-stage hydro-
gasification operation was simulated in sequence, pretreated coal was the
feed in the low-temperature stage simulation, and partially gasified coal
from the low-temperature stage was the feed to the high-temperature stage
simulation. Selected moving bed tests were also conducted with Consolida-
tion Coal Company low-temperature bituminous coal char, pretreated Montour
No. 4 mine bituminous coal, pretreated Chio No. 6 seam, Broken Aro mine
bituminous coal, and North Dakota lignite. The moving bed was operated at
a height of either 7 or 3.5 feet. In some tests, where bed-level sensing was
marginal, there were variations from these heights.

2.3.3.1.1 Pretreated Bituminous Coal Results

Typical results of the moving-bed hydrogasification tests conducted with
Montour No. 4 mine and Ireland, both Pittsburgh seams, and Broken Aro mine,
Ohio seam, high-volatile content bituminous coals are shown in the appended
Table 2-Al. Reported coal residence times are based on measured bulk
densities of the reactor residues and the coal-bed volume. Time in free
fall was negligible compared to time in the bed. Feed gas residence times
are based on the flow rate at average bed conditions and coal bed volume.
Time in the free-fall section is not included. Typically, hydrogasification
of lightly pretreated Ireland mine bituminous coal with hydrogen and steam
in a moving bed resulted in up to 38. 54 carbon gasification and a product
gas of 495 Btu per standard cubic foot. When processing Montour No. 4 mine
pretreated coal, 284 of the carbon was gasified as a product gas of 576 Btu
per standard cubic foot was produced.

2.3.3.1,2 Coal Pretreatment

The proximate and ultimate analyses of the three pretreated high-volatile
content bituminous coals used in the moving-bed tests are shown in Table 2-A2
(appendix). These coals were pretreated to various extents and then hydro-
gasified. Using volatile matter content as an index of severity of pretreatment,
HYGAS researchers found that pretreated coal with between 24 and 26% volatile
matter can be processed without agglomeration. Raw coal was tested but
it swelled badly during the reaction, stuck to the reactor, and caused bridging.
It is entirely possible that in larger size reactors in which the coal feed would
not contact reactor walls immediately, coals with less pretreatment — or even
raw coal — could be fed successfully. However, the capability to feed pretreated
coal with as much as 24 to 26% volatile matter is considered a significant
achievement. Factors that were learned through this experience included
adjustment of feed tube size, length, and location; the amount of nitrogen
purge-gas required to pass through the tube; and the startup sequence.

2.3.3.1.3 North Dakota Lignite Results

Hydrogasification of a dried — but otherwise untreated — North Dakota
lignite from the Glenharold mine was successfully conducted in a 3. 5-foot
moving bed (run HT-135, Table 2-Al, appendix). Carbon conversions were
comparatively high; 57% of carbon was converted to gaseous products, and
6.8% of carbon was converted to liquid products. The heating value of the
product gas was 511 Btu per standard cubic foot.
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2.3.3.1.4 Two-Stage Simulation

The stage-by-stage simulation procedure used is realistic except that
the partially gasified coal was fed to the second stage at ambient temperature
instead of at temperatures between 1200° and 1400°F. Because hydrogen
represents the largest share of the total pipeline gas cost, practically all
the runs were conducted at the minimum hydrogen/coal ratio that would pro-
duce a total carbon gasification of about 50%. At this degree of gasification,
sufficient residual carbon would be available for generating the necessary
hydrogen. These figures resulted from an overall system analysis based
on existing data on equilibrium, kinetics and heat and material balances.

Key results obtained in two-stage simulations are summarized in Figure
2-9 with pretreated Pittsburgh seam coal, and in Figure 2-10 with pretreated
Ohio seam coal. Product gas analyses were adjusted to a nitrogen-free basis
because of the high nitrogen purge rates actually used in the tests, The purge
gas was needed to prevent hot reactor gases from entering the coal-feed tube.

High concentrations of unreacted hydrogen in the product gas from the
low-temperature stages limited the heating value to about 700 Btu per standard
cubic foot. To obtain a high-Btu gas (900 Btu per standard cubic foot) re-
quires catalytic methanation of the carbon oxides. Note the absence of car-
bon oxides in the feed gas in the first stage. Because of the low temperature
in the first stage, no steam-~carbon reaction was expected. Thus, carbon
monoxide is considered an inert insofar as methane formation is concerned.
Therefore, to simplify preparation of the simulation gas mixture, carbon
monoxide was not included in this feed. This assumption appears valid,
judging from the low carbon oxide concentration in the first-stage effluent;
the amount measured came from the organic oxygen in the coal rather than
from the steam-carbon reaction.

Apparently, however, steam plays an active role in the low-temperature
gasification. Two runs were made, one with a steam-natural gas-hydrogen
mixture (run HT-84) and the other with a nitrogen-natural gas-hydrogen mix-
ture (run HT-85, Table 2-Al, appendix ), Significantly greater amounts of
carbon oxides were formed and significantly less water was released from
the coal when steam was used, Steam, then, seems to suppress the release
of organic oxygen from coal as water, but forces the oxygen to leave as carbon
oxides. This phenomenon seems plausible from the mass-action standpoint,
From a process standpoint, the release of organic oxygen in coal as carbon
oxides is more desirable than as water, In the latter case, hydrogen (either
from coal or from external sources) is lost by being combined with the oxygen
to form water. In contrast, when the oxygen is released as carbon oxides,
these can be converted to more hydrocarbon by subsequent catalytic methanation.

2.3.3.1.5 Methane Formation

2.3.3.1.5.1 Equilibrium

It has been well established that the hydrogenation of the volatile matter
in coal proceeds very rapidly and yields methane concentrations higher than
the equilibrium value in a B-graphite-hydrogen system. This excess is
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Figure 2-9. STAGE-BY-STAGE SIMULATION IN HYDROGASIFYING PRE-
TREATED PITTSBURGH SEAM COAL
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conveniently attributed to a greater-than-unity coal activity in reference

to B -graphite activity. In fact, the hydrogenation of the reactive carbon
groups proceeds by splitting off the carbon chains and functional groups
rather than by reacting with graphitic carbon.” Such reactions lead to methane
formation because methane is the predominant stable hydrocarbon at the tem-
perature and pressure in question. The first-stage hydrogasification demon-
strates this type of reaction as shown, for example, by the predominance of
methane versus other hydrocarbons or carbon oxides in the effluent gas
(Figure 2-9).

Figure 2-11 presents the calculated ""equilibrium ratio", obtained from
the PDU tests, as a function of the maximum bed temperatures. The curve
represents true equilibrium ratio for the reaction:

C (B-gra,phite) + 2H, = CH,

Note the many runs yielding equilibrium ratios higher than the curve. The
group of points below the curve between 1450° and 1550°F came from runs
in which a high hydrogen/coal ratio was used, resulting in low methane con-
centration.

Initial gasification was found to be rapid. There appears to be little
equilibrium hindrance in view of the mechanism of methane formation dis-
cussed above. Once the reactive carbon is gone, however, the remaining
fixed carbon reacts much more slowly in the second stage. Here we check
the approach to B-graphite equilibrium to see if the coal, after the first
stage, still has sufficient reactive carbon left to show activity greater than
unity. Because methane formation is exothermic, from the process stand-
point, the more methane that is formed in the second stage, the more heat
there would be available to furnish the endothermic heat for the steam-
carbon reaction; the steam-carbon reaction, in turn, would produce hydrogen
in situ and reduce the extermnal hydrogen requirement. With partially gasi-
fied Pittsburgh No. 8 seam coal, the carbon activity observed ranged be-
tween 1 and 2 at from 1700° to 1950°F.

2.3.3.1.5,2 Reaction Rate

The integral methane formation rates from PDU tests were compared
with those reported by others. In order to perform the comparisons, the
reaction rate was considered to be pseudo-first order with respect to the
hydrogen partial pressure. The calculated reaction rate constant for each
run is plotted against carbon gasification in Figure 2-12. Several obser-
vations can be made:

1) The rate of methane formation for pretreated Pittsburgh coal is not
slowed by the presence of methane in the feed gas. This is in agreement with
Zielke and Gorin in their study of hydrogasification of Disco char.

2) The pretreated coal is quite reactive. For example, at between 25

and 30% carbon gasification with steam-hydrogen mixtures, the rate constant
is more than twice that reported by Feldkirchner and Linden in reacting low-
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temperature bituminous char with hydrogen. The greater reactivity is most
likely attributable to the higher volatile content of the pretreated coal utilized
(24 to 26% than that of their char (17%).

3) Partially hydrogasified coal, upon further reaction in the high-tem-
perature second stage, gave rate constants quite similar to those obtained
with Disco char and residual Australian brown coal, both containing very
little volatile matter. ‘

2.3.3.1.6 Steam-Carbon Reaction

The reacfion
C + H,0=2 CO+ H,

was significant only at temperatures above 1700°F, and was found to increase
with temperature. For example, at 1695°F (run HT-80), 50% of the feed

steam decomposed, but at 1825°F (run HT-72), 70% was decomposed ( Table 2-Al,

appendix). Carbon oxides formation was related directly to the steam fed and
to the steam decomposition. As much as 5.5 standard cubic feet of carbon
oxides per pound of coal were produced at the maximum 70% steam decom-
position. With little or no feed stearn decomposition, carbon oxides forma-
tion was about 1 standard cubic foot, or less, per pound of coal. In the low-
temperature first stage, the presence of steam in the feed gas is responsible,
through the laws of mass action, for converting a major fraction of the oxygen
in coal to carbon oxides. This oxygen is converted to water when steam is
omitted from the feed; in other words, when only hydrogen is fed.

The rate at which the steam-carbon reaction proceeds is highly tempera-
ture-dependent, requiring heat above 2000°F to approach equilibrium. Be-
cause hydrogasification tests are conducted at less than 2000°F, in order to
preserve the methane formed, the carbon-steam reaction is expected to be
substantially removed from equilibrium. This fact is shown in Figure 2-13
where calculated ""equilibrium ratios'' are plotted against maximum bed
temperature. The curve represents true equilibrium for comparison.

The carbon-steam reaction is important from the process standpoint
not only as a source of generating in situ hydrogen, but also as a temperature
controller. When pure hydrogen is the gasifying medium, the strong heat
release by the methane-forming reaction causes runaway temperatures. In
a hydrogen-steam mixture, this released heat is absorbed by the carbon-
gsteam reaction, thereby stabilizing temperatures.

2.3.3.2 Reaction Profile-Gas Sample Probes

To gain some insight into the path of reaction in free-fall or moving-bed
zones, gas sample probes were located at several levels in the bed. In
Table 2-2, compare the probe gas analyses from low-temperature run HT-67
with those from high-temperature run HT-72. Both runs were made with a 7-
foot-deep moving bed. Note that, in the high-temperature test, the reaction
was practically complete in the lower half of the bed, with very little reaction
in the upper half of the bed and in the free-fall zone above the bed. On the
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GAS SAMPLE PROBE ANALYSES (Nitrogen- and Water-Free Basis}
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other hand, in the low-temperature test, the reverse is true: The bulk of the
reaction took place in the free-fall zone and at the top of the bed, with very
little reaction in the rest of the bed. It follows, then, that at both tempera-
tures the bed height could be reduced to 3.5 feet without any loss of gasifi-
cation. This is in fact the case as shown in Table 2-2 by the probe samples
from HT-86, a high-temperature run using a 3. 5-foot-deep bed.

The high-temperature reaction is apparently equilibrium-limited; it
attains its limit in a relatively short contact time, in a short bed. The low-
temperature reaction is extremely rapid, requiring only a matter of seconds
to complete. The reactive portion of coal is quickly gasified, after which the
remainder of the carbon is not reactive at the low temperature. In view of
these facts, a likely hydrogasifier configuration would incorporate a low-
temperature free-fall zone followed by a shallow high-temperature stage.

2.3.3. 3 Free-Fall Tests

Hydrogasification tests with coal in free fall were performed to study
conversions of the coal at short residence times. The coal was gasified as
it fell through the 18.02-foot heated portion of the reactor tube, with reactant
gases flowing upward. The gasified coal residue was immediately removed
from the bottom of the reactor tube, preventing bed buildup anywhere in the
reactor. Residence time of the coal was determined by the length of the
reactor and the settling velocity of the coal particles. The settling velocity
of the coal particles is a function of the particle size, and the linear velocity,
density, and viscosity of the reactant gases. At typical test conditions, and
at normal coal and reactant gas feed rates, coal residence times could vary

from 8 seconds for 60-mesh coal particles, to 41 seconds for 200-mesh coal
particles.

The types of coal used in the free-fall gasification tests included medium-
and low-~-volatile content bituminous coals, a subbituminous coal, and two
different lignites. Operating results of all of the free-fall tests are given in
Table 2-A4 in the appendix. Chemical and screen analyses of the feeds and
residues of these tests are appended in Table 2-A5. Composition of the
liquid products from these tests are appended in Table 2-A6.

Bituminous coal and char conversion in free fall was studied in two tests.
In run HT-48 the feed was the low-temperature bituminous coal char from
the Consolidation Coal Company pilot plant, and in run HT-60 the feed was a
lightly pretreated bituminous coal from the Ireland mine. A short char resi-
dence time of from 4.8 to 16.7 seconds was obtained in run HT-48; the resi-
dence time affect on hydrogasification results is shown in the table below,
where key operating conditions and results of the test are summarized:
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Run No. B HT-48

Average Reactor Temperature, °F 1645
Bed Height, ft free-fall
Char Feed Rate, lb/hr 10.16
Char Bed Residence Time, s 4,.8-16.7
Steam Rate, lb/hr 7.16
Hydrogen/Char Ratio, ¢ of stoichiometric 77.7
Steam in Feed Gas, mole 4. 30.9
Steam Decomposition:

% of steam fed ' _ nil

1b/1b -

1b/1b char --
MAF Char Gasified, 4 20. 6
Measured Carbon Gasified, 4 24.8
Hydrocarbon Yield, SCF/1b 4, 69
Carbon Oxides Yield, SCF/1b 0.87

The char residue time of HT-48 is based on the terminal settling velocities
of char particles in the range of 40 to 100 mesh, and a heated reactor tube
length of 18. 02 feet,

The low carbon oxides yield of run HT-48 reflects the low steam decom-
position in this test; this is an indication that most of the reacted steam
reacts with char rather than with gaseous hydrocarbons, and therefore is
controlled by the solids residence time.

In run HT-60 (Table 2-A4, appendix), an additional objective was to es-
tablish the feasibility of operation with lightly pretreated coals. Only hydro-
‘gen was used for feed gas in this test. Steam was not used in order to avoid
the possibility of condensing steam interfering with coal discharge. The
hydrogasified coal residue was as free-flowing as the feed. This test es-
tablished the feasibility of discharging hydrogasified pretreated coal irom
the bottom of the reactor. '

"~ Run HT-60, conducted with coal in free-fall, was the first completely

- successful attempt to hydrogasify a lightly pretreated coal. Because of the
relatively short 4~second coal residence time, the carbon conversion to
gas was only 20.09%,

Free-fall tests were also performed with two low-volatile content bi-
tuminous coals, a West Virginia, Sewell seam coal from the Lochgelly No, 2
mine, and a Pocahontas No. 4 seam coal from the Stotesbury No. 10 mine,

Run HT-165, (Table 2-A4, appendix), with West Virginia Sewell seam
bituminous coal was conducted for about 1 hour with the coal gasification in
free fall (Part A), and then for over 2 hours with the coal gasification in a
2-foot fluidized bed (Part B), The free-fall and fluidized-bed combination
used prevented the recurrence of agglomeration encountered in previous
tests. The results show that the carbon gasified increased from 15 to 23%
when the operation was changed from free-fall to a 2-foot fluidized bed.
The 8% increase was due primarily to the increase in methane production,
as shown by the product gas composition and the product gas rate.
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Run HT-167, (Table 2-A4, appendix), with low-volatile-content Pocahontas
No. 4 seam bituminous coal, represents the only successful hydrogasification
of this highly caking coal in the hydrogasification PDU. Gasification of the
coal, without agglomeration, was accomplished with the coal in frec-fall,
When the operation was changed to a fluidized coal bed, the coal agglomerated
in the reactor. In general, results of this test are similar to those of the
free-fall operation of run HT-164, indicating only minor differences in the
performance of the Pocahontas and the Sewell seam coals.

Untreated Colorado subbituminous coal was processed with only partial
success in a fluidized bed. Completely successful hydrogasification was
obtained in run HT-179, (Table 2-A4, appendix), when the coal was hydro-
gasified entirely in free fall. No agglomeration of the untreated coal occurred
anywhere in the reactor. Two steady-state operating conditions, at coal feed
rates of 29 and 55 pounds per hour, were achieved in this test. With the in-
crease in coal feed rates, the hydrogen/coal ratio was reduced from 47 to
35% of stoichiometric. There was only a small decrease in carbon gasified
with the increase in coal feed rate — from 29.3 to 27. 7%.

To study the feasibility of limited lignite conversion at high pressures
by thermal treatment with no reactant gas, run HT-229 (Table 2-A4, appendix),
a high-temperature free-fall carbonization test, using as feed a dried lignite
from Savage, Montana was performed in the PDU. Conversion of the lignite
took place during free fall through a 15. 5-foot heated portion of the reactor
tube with only a nitrogen sweep gas flowing countercurrent to the falling
lignite particles. The lignite was fed at a nominal rate of 20 pounds per
hour to the top of the hydrogasification reactor, allowing the lignite to be
thermally converted while in free-fall. The top 7.5 feet of the reactor tube
was heated to 1300 °F; the lower section of the 15, 5-foot heated portion of the
reactor was controlled to a temperature of 1500°F, Nitrogen sweep gas was
fed to the bottom of the reactor at a rate of 250 standard cubic feet per hour.
The test lasted nearly 5 hours; 4. 5 hours of this timme was at steady-state,

The results of this test show that 37% of the lignite was converted, based
on the lignite residue recovery of 0. 628 pound per pound of lignite fed. About
139 of the lignite was converted to liquid products (0.1293 pound liquids per
pound lignite fed). Twenty-four percent of the lignite fed, was converted to
gaseous products based on the mass of gas produced and also by feed weight
loss. Carbon gasification was limited to 15. 2% of the carbon in the lignite.
The hydrocarbon yield was 0. 923 standard cubic feet per pound of lignite,
while the carbon oxides yield was nearly twice as large at 1. 808 standard
cubic feet per pound of lignite. The large carbon oxides yield reflects, of
course, the large oxygen content (20. 46%) of the lignite feed.

A lignite particle residence time for 10-mesh particles, the largest size
range in the lignite feed, was calculated based on Newton's law for free-falling
solid particles through a fluid. Residence time for the 10-mesh particles was




2.5 seconds. This is for a 15. 5-foot reactor length, corrected for the upward
velocity of the nitrogen sweep gas. Residence times of particles smaller
than 10 mesh are, of course, higher because of their lower settling velocities.

Limited conversion of a dried North Dakota lignite from the Glenharold
mine was studied in run HT-234 by thermal treatment of the lignite while in
free-fall through the reactor tube with no feed gas (Table 2-A4, appendix).
Operating conditions for this test were similar to those of run HT-229, per-
formed with a Montana lignite. The lignite was fed at a nominal rate of 20
pounds an hour and gasified in the 15, 5~foot heated section of the reactor
tube. To keep the lignite from hanging up on the walls of the reactor tube,
we fed 185 standard cubic feet per hour of sweep nitrogen to the bottom of
the reactor. The test lasted just over 3.25 hours. During this period,
lignite feeding was interrupted four times by minor plugs at the top of the
reactor. Because of these lignite feed stoppages, the steady-state operating
period was less than 1 hour. The thermal treatment of North Dakota lignite

" in free-fall during run HT-234 resulted in the gasification of 24. 5% of the
lignite on a moisture-~ and ash-free basis. Only 13, 7% of carbon in the
lignite was gasified, including the formation of hydrocarbons (primarily
methane), carbon monoxide, and carbon dioxide., Additional lignite was
converted to liquid products with 7. 114 going into the formation of water and
1.91¢ producing oils. The carbon appearing in the oil represents 2,41% of
the carbon in the lignite. Based on an ash balance, 0. 728 lb of partially’
gasified lignite was recovered for each pound of lignite fed, The volatile
matter content of the lignite was reduced from 40.0 to 11, 9%, while the ash
content increased from 7. 66 to 10, 547 as a result of the carbonization
(Table 2-A5, appendix). The results of this test are similar to those ob-
tained in run HT-229 performed with a Montana lignite at similar conditions,
but at a system pressure of 1004 psig.

2.3.2.4 Fluidized Bed Tests

The hydrogasification test program in the development unit was started
with moving coal-bed operations. A major operational restriction on moving-bed
operation was the limit it set on coal and feed gas rates. Gas rates could not
exceed those resulting in fluidization velocities. Coal rate, at the same time,
was limited so that desired hydrogen-to-coal ratios were maintained. From
a processing standpoint, the plug flow of the moving coal bed resulted in a
reaction gradient and in a steep temperature profile characterized by a tem-
perature peak near the top of the coal bed. :

Fluidized-bed operation removed the limitation on coal and feed gas
throughputs, significantly increasing the hydrogasification capacity of the
unit. Solids backmixing, inherent in a fluidized bed, minimized the hydro-
gasification reaction gradient and reduced the temperature profile peaks by
a more uniform distribution of the heat of reaction.

The evaluation of coals of different origins to hydrogasification was per-
formed with fluidized coal-bed operation. In these evaluations, tests were
conducted at sclected conditions on eight bituminous coals, three subbi-
tuminous coals, and two lignites. Tests simulating two-stage hydrogasifi-
cation, similar to those conducted with moving coal beds, were also con-
ducted with two bituminous coals at fluidized bed conditions. Most of the
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fluidized-bed tests were made at a system pressure of 1000 psig. Selected

tests were performed at pressures of 1500 psig and 500 psig. Operating re-
sults of all of the fluidized-bed hydrogasification tests are given in Table 2-A7
in the appendix. Chemical and screen analyses of the feeds and residues of
these tests are appended in Table 2-A8. Compositions of the liquid products
from these tests are appended in Table 2-A9.

2.3.3.4.1 Pittsburgh No. 8 Seam Bituminous Coal

Initial gasification tests with Pittsburgh No. 8 coal were performed
using hydrogen plus steam as the gasifying medium. In a later series of
tests, the coal was gasified with a synthesis gas plus steam feed gas. The
coal was also gasified in tests, at selected conditions, with mixtures of
hydrogen, methane and steam, and with mixtures of synthesis gas, methane,
and steam, to simulate a two-stage hydrogasifier.

This Ireland mine coal was gasified, after light pretreatment, in 7.0
and 3. 5-foot fluidized beds with hydrogen and steam. A carbon gasification
of 37. 3% was obtained with a hydrogen-to-coal ratio of 32. 1% of stoichio-
metric and a steam concentration of 49. 5 mole percent while producing a
product gas of 581 Btu per standard cubic foot (run HT-129). These results
were obtained in a 3. 5-foot bed at an average coal bed temperature of 1650°F,
and a reactor pressure of 1502 psig. Carbon conversions in a 7.0-foot bed
were not significantly different from those’in a 3. 5-foot bed when conducted
at similar conditions.

In a test simulating the upper, low-temperature zone of a two-tempera-
ture zone hydrogasifier, 20. 59 of the carbon in the coal was gasified with a
feed gas containing 67. 3¢ hydrogen and 32. 7% methane, plus higher hydro-
carbons, and steam (run HT-106). Hydrogen-to-coal ratio was 27.9 of
stoichiometric, and steam concentration in the feed gas was 33.8 mole per-
cent. A product gas having a heating value of 670 Btu per standard cubic
feet was produced in the 3. 5-foot fluidized bed at an average temperature
of 1480°F and a reactor pressure of 1009 psig.

In run HT-111A, the partially hydrogasified bituminous coal from the
low-temperature zone test (run HT-106) was gasified with hydrogen and
steam. The test simulated the lower, high-temperature zone in which 20. 9%
of the carbon remaining in the coal was converted to gaseous products.
Hydrogen-to-coal ratio was 36. 9% of stoichiometric, and steam concentration
in the feed gas was 51.3 mole percent. Temperature of the 3. 5-foot coal
bed averaged 1715°F while producing a product gas of 413 Btu per standard
cubic foot heating value. Overall carbon gasification in these two tests was
38. 74, based on the original carbon content of the coal.

Hydrogasification results of Pittsburgh seam bituminous coal with
synthesis gas-steam feed gas, and with synthesis gas-methane-steam mix-
tures, are discussed in a later section that presents the effect of synthesis
gas on coal gasification, Results of the gasification of the coal at a nominal
pressure of 500 psig are discussed in a later section that presents the effect
of this pressure on hydrogasification results.
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2.3.3.4.2 Ohio No. 6 Seam Bituminous Goal

Coal from the Broken Aro mine was gasified in a 3. 5-foot fluidized bed
with hydrogen and steam at an average temperature of 1685°F to yield a
product gas with a heating value of 562 Btu per standard cubic foot (run HT-130).
To produce this gas, 29. 7 of the carbon in the coal was gasified. This conver-
sion was obtained with a hydrogen-to-coal ratio of 19. 8% of stoichiometric and
a steam concentration of 51, 7 mole percent in the feed gas.

2.3.3.4.3 West Virginia No. 5 Block Seam Bituminous Coal

The best carbon conversion and product gas heating value were obtained
with this coal in run HT-147 when 31. 5% of the carbon was gasified, and a
product gas with heating value of 572 Btu per standard cubic foot was pro-
duced. These results were obtained at 1700 °F with a hydrogen-to-coal ratio
of 20. 2% of stoichiometric and a steam concentration of 31.5 mole percent

in the feed gas. .

2.3.3.4,4 Pocahontas No. 4 Steam Low-Volatile Bituminous Coal

Tests revealed this coal is significantly different in operating character-
istics from those of high-volatile bituminous coals.

The evaluation of the hydrogasification performance of Pocahontas low-
volatile-content bituminous coal was made in two tests, In run HT-150, the
lightly pretreated coal was reacted at a nominal feed rate of 46 pounds per
hour with 530 standard cubic feet per hour of hydrogen and 25 pounds of
steam per hour. This run was terminated after 1 hour because of excessive
coal agglomeration in the reactor tube. Agglomeration of the coal prevented
flow through the reactor and discharge to the residue receiver., The reactor
residue from this test was screened to determine the extent of agglomeration.
Approximately 104 of the coal was of 4 mesh size (0.187 inch) or larger. The
feed size for this test, as in all fluidized-bed tests, was 10 to 80 mesh.
I.aboratory evaluations of the pretreated coal feed used showed that it re-
mained free-flowing at conditions simulating those in hydrogasification.

Run HT-151, conducted at flow conditions similar to those of run HT-150,
lasted 1,5 hours before coal agglomeration in the reactor forced a shutdown.
This coal was processed successfully in free-fall, run HT-167, as discussed
earlier. Carbon gasification was 14,14 as a product gas of 441 Btu per
standard cubic foot was produced.

No tabulated operating data for runs HT-150 and HT-151 are given in
Table 2-A7 (appendix) because of the limited duration of these tests.

2.3.3.4.5 Illinois No. 6 Seam Bituminous Coal

The three tests with lightly pretreated Illinois bituminous coal — runs
HT-155, HT-156, and HT-157 — exhibited a range of carbon gasifications
similar to those of the tests with West Virginia bituminous coal, which were
conducted at similar conditions. The highest carbon gasification (34. 4%)
was obtained with a hydrogen/coal ratio of 25, 5% of the stoichiometric ratio
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and a steam concentration of 51.3%; the lowest carbon gasification (29.0%)
was obtained with a hydrogen/coal ratio of 17. 5% of the stoichiometric ratio
and a steam concentration of 53.4%. When 34. 4% of the carbon was gasified,
a product gas with heating value of 551 Btu per_standard dubic foot was pro-
duced:; with the lower carbon conversion of 29.0%, a product gas of 549 Btu
per standard cubic foot was generated.

2.3.3.4.6 Indiana No. 6 Vein Bituminous Coal

Both operational performance and results in hydrogasification of the
Indiana coal were similar to those of the Illinois coal.

The carbon gasification of 31.9% obtained with lightly pretreated Indiana
bituminous coal in run HT-161 is only somewhat lower than the 34. 4% obtained
with I1linois bituminous coal in run HT-155 at generally similar conditions.
However, this is explained in part to the lower hydrogen/coal ratio of run
HT-161, which was 22.0% of stoichiometric, compared to the 25. 5% of stoichio-
metric of run HT-155. The difference in hydrogen/coal ratio also accounts
for the higher product gas heating value of 560 Btu per standard cubic foot in
the test with Indiana coal. The concentration of unreacted hydrogen was
lower in the product gas.

2.3.3.4.7 West Virginia Sewell Seam Low-Volatile Bituminous
‘ Coal

Three hydrogasification tests were conducted with this coal after it
was lightly pretreated (runs HT-170, HT-172 and HT~174). The best carbon
gasification of 28. 54 was obtained with a hydrogen-to-coal ratio of 24. 5%
of stoichiometric and a steam concentration of 24. 5 mole percent in the
feed gas, run HT-170. The product gas with the highest heating value (520
Btu per standard cubic foot) was also obtained at the same time. From an
operational standpoint, the performance of this coal was significantly better
then that of the other low-volatile~content bituminous coal tested from the
Pocahontas No.-4 seam.

2.3.3.4.8 Colorado Laramie No. 3 Seam Subbituminous Coal

Initial hydrogasification studies with this coal from the Eagle mine were
conducted without pretreatment after only drying the coal. The coal was dried
from a moisture content of 19. 5% (as received) to 3.1%. Only minimal agglomera-
tion tendencies were detected when the coal was tested in the laboratory. In
the first test the dried coal was reacted in a 3. 5-foot fluidized bed with a
hydrogen/coal ratio of 25% of stoichiometric and with 50 mole percent steam
in the feed gas. The run was only partially successful, being terminated
shortly after the 3. 5-foot coal bed was established when the coal began to
agglomerate in the reactor tube and would not discharge. The agglomeration
of the coal appeared to start near the top of the feed gas distributor.

The performance of untreated Colorado subbituminous coal in six other
fluidized-bed tests continued to be marginal., The only completely successful
operation was when the coal was hydrogasified in free-fall (runs HT-179
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and HT-138, Table 2-A4, appendix. In a fluidized-bed operation the coal
agglomerated after 1 to 3 hours and prevented discharge of the coal bed.

In some cases, agglomeration of the coal near the top of the reactor choked
off the coal~feed tube.

Partially successful operation with the untreated Colorado subbituminous
coal was achieved in a fluidized bed during run HT-182 (Table 2-A7, appendix).
The hydrogasification data of this run represent operation with a fixed coal
bed at an average bed height of 4, 75 feet. The coal bed increased in height
as coal was fed to the top of the reactor, but agglomeration prevented the
discharge of residue at the bottom of the reactor. Carbon gasification was
comparatively high at 40%, based on a hydrogen/coal ratio of 284 of the
stoichiometric ratio, Carbon in the oil products was 4. 4% of the carbon in
the coal. This is a significant fraction, but is of the order expected with a
low=-rank coal of this type. A product gas with a heating value of 581 Btu
per standard cubic foot was produced.

To destroy the agglomerating tendencies of this coal and make it suitable
for hydrogasification use, the coal was pretreated with air in the fluidized
bed PDU pretreater. Following pretreatment, the coal successfully hydro-
gasified in a 3. 5-foot fluidized bed during three tests (runs HT-184, HT-185
and HT-187). A carbon gasification of 38% was obtained in two of the tests
when the hydrogen-to-coal ratio was 19 to 21% of the stoichiometric ratio
and the stearm concentration in the feed gas was 51 mole percent., Product
gas heating values for these tests were in the range of 539 to 542 Btu per ,
standard cubic foot. When the coal was hydrogasified with a hydrogen-to-coal
ratio of 244 of the stoichiometric ratio, and a steam concentration of 31 mole
percent, 404 of the carbon was gasified and a product gas of 599 Btu per
standard cubic foot was produced.

2.3.3.4.9 North Dakota Lignite

Dried, but otherwise untreated, lignite had been first processed success-
fully in a moving bed in run HT-135, as-discussed in the section on moving
bed tests.

This lignite was also thermally gasified in free-fall in run HT-234, as
discussed in the section on free-fall tests.

Run HT-139 (Table 2-A7, appendix), was the first successful fluidized-
* bed test conducted in the balanced-pressure PDU with North Dakota lignite,
The high reactivity of the lignite is illustrated by the 464 carbon gasification

when hydrogasifying with a hydrogen/lignite ratio of only 244 of stoichiometric.

In addition, about 6,6% of the carbon in the lignite was converted to liquid
hydrocarbons as a product gas of 534 Btu per standard cubic foot was pro-
duced. Steam concentration in this test was 51.3 mole percent. In another
test (run HT-145) a gas of 574 Btu per standard cubic foot heating value was
produced with a carbon gasification of 42.1%4. To get these results the hydro-
gen-to-coal ratio was 24. 74 of the stoichiometric ratio, and the steam con-

centration in the feed gas was 31.2 mole percent.

Compared to moving-bed hydrogasification of the lignite when 577 of
carbon was gasified at similar operating conditions (run HT-135), the carbon
gasification in fluidized bed tests was significantly less. This difference is
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most readily explained by the longer residence time of the lignite in moving-
bed operation as the lignite feed rate was about one-half of that in fluidized-
bed operation.

Fluidized-bed gasification tests of this lignite were also made using
synthesis gas plus steam feed gases, at selected conditions. Results of
these tests are discussed in a section which discusses how synthesis gas
affects coal gasification.

2.3.3.4.10 Montana Subbituminous Coal

The feasibility of successfully gasifying Montana subbituminous coal
from the Colstrip mine with no prior pretreatment was demonstrated in a
series of tests. The dried, but otherwise untreated coal was gasified ina
fluidized bed with hydrogen and steam feed gases, and with synthesis gas
and steam mixtures. Tests with both gases were performed at nominal
reactor pressures of 1000 psig and 500 psig (Table 2-A7, appendix).

More than 48 percent of the carbon in the subbituminous coal was
gasified in test run HT-212, when the coal was treated in a 3. 5-foot fluidized
bed at an average reactor temperature of 1595°F and a reactor pressure of
1082 psig. The hydrogen-to-coal ratio was 37. 29 of stoichiometric, and
the steam concentration in the hydrogen-steam mixture was 51. 4%, In
test run HT-216 using a significantly lower hydrogen-to-coal ratio of 24. 8%
of stoichiometric, but with otherwise similar conditions, the carbon gasifi-
cation was 43.1%.

The hydrogasification tests made with the dried, but unpretreated Montana
subbituminous coal have shown that this coal is more reactive than pretreated
bituminous coal, but somewhat less reactive than lignite, judging from the
degree of gasification.

Results of the hydrogasification of Montana subbituminous coal with
synthesis gas and steam are presented in the section on the effect of synthesis
gas on coal gasification. How pressure affects gasification of this coal is
discussed in the section on 500 psig Hydrogasification Tests.

2.3.3.4.11 Montana Lignite

The hydrogasification behavior of a Montana lignite was studied in the
balanced-pressure, high-temperature PDU to extend the evaluation of coals
of different ranks in order to determine variation in performance due to
origin as well as rank. It was not necessary to pretreat the lignite for
hydrogasification use.

The Montana lignite was supplied by the Knife River Coal Co. from
its mine at Savage, Montana. The feed for the tests was prepared by first
pulverizing the as-received 1, 5- to 3~inch particles in a swing hammer
mill to —10+80 mesh size. After crushing and screening, the lignite was
dried with air at 240°F in the PDU fluidized~bed coal pretreatment unit, The
moisture content was reduced by drying from the as-received level of 35%
to 3.5%. After drying, the lignite was again screened to remove particles
of minue 80 mesh size not removed in the first screening.
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The hydrogasification performance of the dried lignite with hydrogen
and steam was studied in three tests, runs HT-217, HT-218 and HT-219,
(Table 2-A7, appendix) performed in a 3. 5-foot fluidized bed controlled to
1700°F, and at a nominal reactor pressure of 1000 psig. In these tests,
the hydrogen-to-lignite ratio was varied from 20 to 25% of stoichiometric,
and the steam concentration from 30 to 50 mole percent in the feed gas.

No difficulties were experienced in feeding the lignite or in discharging the
lignite residue from the reactor in any of the tests. Lignite flow through
the free-fall section of the reactor tube and through the fluidized bed was
generally smooth with no evidence of holdup.

Hydrogasification test HT-217, the first with Montana lignite, was
performed with a hydrogen/lignite ratio of 19, 1% of stoichiometric, and
a steam concentration of 53.9 mole percent in the feed gas. At these con-
ditions, 60% of the moisture- and ash-free lignite was converted, 43% of
the carbon in the lignite was gasified, and a product gas of 534 Btu per
standard cubic foot (nitrogen-free basis) was produced.

Key results of run HT-217 are shown in Table 2-3 with those of run HT-213
to show the comparative hydrogasification behavior of Montana lignite and
Montana subbituminous coal. Run HT-213 was conducted at conditions similar
to those of run HT-217.

The lignite shows a higher degree of reactivity than the subbituminous
coal based on the larger fraction of carbon, and moisture-~ and ash-free feed
that was gasified. For both feeds, hydrocarbon yields are similar. The
increased carbon gasification with lignite was due mainly to the increased
yield of carbon oxides, A greater conversion of feed carbon to oil products
was also obtained with the lignite feed. Of the carbon in the subbituminous
coal, 5.8% was converted to oil, whereas 8. 8% of the carbon in the lignite
appeared as oil. In general, both feeds produced gases of similar composi-
tions. The somewhat lower heating value of the gas produced from the lignite
feed shows that the carbon oxide concentrations are higher and that the
methane concentrations are lower than those of the gas produced from the
subbituminous coal feed.

In the second test, run HT-218, the lignite was fed at a nominal rate of
69.5 pounds per hour, the hydrogen at a rate of 463 standard cubic feet per
hour, and the steam at a rate of 11,9 pounds per hour. At these flow con-
ditions, the hydrogen/lignite ratio was 20.2% of the stoichiometric ratio; the
steam concentration in the feed gas was 35 mole percent.

At these conditions, 51. 3% of the moisture- and ash-free lignite was
converted, 38.5% of the carbon in the lignite gasified, and a product gas of
581 Btu per standard cubic foot (nitrogen-free basis) was produced. The
lignite conversion of run HT-218 is lower when compared to that of run
HT-217. The product gas heating value, however, is higher in run HT-218
than in run HT-217, The reason for this is that run HT-217 was conducted
at a higher steam concentration (50 mole percent) which resulted in higher
carbon oxides production, but in lower hydrocarbon production than in run
HT-218.

The third Montana lignite hydrogasification test with hydrogen and steam
(run HT-219), was performed with a hydrogen/lignite ratio of 28. 1% of
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Table 2-3. COMPARISON OF MONTANA SUBBITUMINOUS COAL AND
LIGNITE TEST RESULTS

Run No. HT-213
Feed Montana Subbituminous

HT-217

Montana Lignite

OPERATING RESULTS

Reactor Pressure, psig 1068
Coal Bed Temp., average, °F 1605
Coal Bed Height, ft 3.5
Coal Feed Rate, 1b/hr 69.11
Hydrogen Feed Rate, SCF/hr 489, 2
Steam Feed Rate, 1b/hr 25,62
Steam/ Coal Ratio, 1b/1b 0.371
Hydrogen/Coal Ratio, % of stoichio- 20.8

metric
Steam Concentration Feed Gas, mole ¢ 52.4
Steam Decomposed, % of steam fed 18.8
Steam Decomposed, % of total

equivalent steam fed 50.7
Carbon Gasified, % 38.3
MAF Coal Gasified, % 46.6
Hydrocarbon Yield, SCF/1b 4.317
CO + CO, Yield, SCF/1b 3.089
Carbon in Oil Products, %

of carbon in coal 5.85

PRODUCT GAS PROPERTIES

Gas Composition (nitrogen-free), mole %4

Carbon Monoxide 11.8
Carbon Dioxide 14, 4
Hydrogen 36.8
Methane 34.1
Ethane 1.6
Propane 0.8
Benzene 0.5

Total 100.0

Product Gas Heating Value (nitrogen-
free), Btu/SCF 564
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