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S PRODUCTION OF PIPELINE GAS BY HIGH-PRESSURE,
FLUID-BED HYDROGASIFICATION OF CHAR

o i

E. J. Pyrcioch and H. R. Linden
Institute of Gas Technology
Chicago, Illinois

Production of high-methane-content gpipeline) gas by direct hydro-
genation of coal or low-temperature char? ®714s15 has three major
advantages over the two-step partial coal oxldation-synthesis gas methan-
ation process:!’!3 large reduction, or potentlal elimination, of oxygen
requirements; eliminatlion of the extreme synthesls gas purification
requirements prior to catalytic methanation; and greater thermal effil-
ciency through reduction of exothermic heats of reaction. Complete
feed utilization will result if less than half of the more reactive
coal or char constltuents 1s hydrogasified and the residue 1s used as
a source of hydrogen. However, essentially complete hydrogasification of
lignites and some subbltuminous coals may be feasible; hydrogen could
then be produced by the reforming of a portion of the product gas or
the primary natural gas supply. ) ' .

' In earlier phases of this investigation,®’!% it was demonstrated
i in batch reactor tests that gases containing 60-80 volume % methane
! could be produced by hydrogasification of the lower-rank coals at
1350°F. and 2500-4000 p.s.i.g. By adjustment of hydrogen-coal ratios,
it gasifications on a moisture-, ash-free (MAF) basls up to 80 wt. % were
obtained with bituminous coal, and over 90 wt. % with lignite. How-
7 ever, the residues from bituminous coal hydrogasification were severely
iy agglomerated. As thils would hinder smooth operation of a continuocus
# hydrogasifiication reactor, a pretreatment step ylelding nonagglomer-
: ating, reactive chars was needed. Optimum reactivity and substantial
reduction of agglomeration tendencles of bltuminous coal were obtained
; by fluidized pretreatment in a2ir and nitrogen for about one hour at
;)// a maxlimum temperature of about 600°F; pretreatment with steam as the
Tluidizing medium did not reduce agglomeration tendencies to the same
extent, and pretreatment with carbon dioxide produced chars with the
X - highest agglomeratlon tendency and also lower reactivity.® Lignite,
4 although essentlally nonagglomerating during hydrogasificatlon, was
¢ benefited by elimination of COz; reactivity was only slightly increased
l by fluidized pretreatment at about 500°F.S )

// REACTOR DESIGN
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' After the feasibllity of preparing sufficlently reactive, non-
agglomerating feeds had been established, a design for a fluld-bed
hydrogasification unit was developed. To obtain reliable information
on the effects of the process varlables, it was deemed necessary to
have positive control over bed depth. This required parallel upward
flow of pulverized coal or char, and of hydrogen, with discharge through
a standpipe. It was felt that if a single-stage cocurrent-flow reactor
could not produce gas of the desired heating value, or give hydrogasi-
fication yields required for a balanced process, multistage operation
cauld be simulated by a serles of operations 1n a single reactor.
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The main design problem was selectlion of the bed depth, hydro-
gen superficlzl velocity and coal feed rate which, at nominal design
operating conditions of 1400°F., 1000 p.s.l.g. and 60-325 mesh par-
ticle size range,would give a) sufficlent agitation for free move-
ment of the bed, b) sufficient gas residence time for utilization of
most of the hydrogen feed, and ¢) hydrogen/coal ratios sufficient for
gasification of a substantial portion of the coal feed. Tests were
made in glass models of upflow reactors with carbon dloxide at a at-
mospheric pressure and temperature to simulate the mass wvelocity of
‘hydrogen at reaction conditions. In a 2-inch dlameter reactor with
a l-inch standpipe, adequate fluidization of a 5-foot char bed was
obtained at a superficlal gas velocity of about 0.06 ft./sec. This
corresponded to a gas residence time of 1.3-1.4 seconds and, at e char
feed rate of about 4 1b./hr., to a char residence time of 30 minutes
and an equivalent hydrogen/char ratio of 20 SCF/1b. It appeared from
the batch reactor test results that these conditions should give
acceptable gasification results; however, the reactor was designed
to accommodate an approximately 9-foot bed for greater operatlonal
flexibility. i

APPARATUS

The high-pressure semicontinuous coal hydrogasification pilot
unit consists of an intercomnected pressure vessel assembly that
includes a reactor, a char feed hopper, a screw feeder and an ungasi-
fied-char-residue receiver (Figure 1). The reactor is designed for
a working pressure of 3500 p.s.l.g. at 1500°F. and is fabricated of
19-9 DL alloy. It has an inside effective length of 113 inches, an
outside diameter of 5 inches, and an inside diameter of 2 inches. A
1-inch diameter standpipe, of a selected height, provides the re-
action anmilus, controls the height of the char bed, and serves for
the removal of the residual char and product gases from the top of the
reactor. Self-sealing closures at the top and bottom of the reactor
are of the modified Bridgman type with a stainless steel seazl ring.

The char feed hopper 1s fabricated of Type 316 stainless steel
and has an inside diameter of 5 inches, an outside diameter of 6-3/4
inches, and has recently been extended to an inside height of 120
inches. It is fitted with confined gasket-type closures at the top
and the bottom. Capacity of the hopper is about 40 pounds of char.

In most of the tests reported here, the original hopper with an inside
height of 60 inches and half of the present char capacity was used.

The hopper is parallel to the reactor and is joined to it by a hori-
zontal feed-screw-housing 24 inches in length (see Figure 2 for details).

The ungasified-char receiver has the same dimensions as the orig-
inal hopper, and is also fabricated of Type 316 stainless steel. The
top of the residue receiver is joined to the bottom of the reactor by
a short tube with a self-sealing closure, (modified and full Bridgman,
respectively). The residue receiver also acts as a separator for the
product gas and the ungasified char. The product gas is passed through
a porous stainless steel filter, a water-cooled condenser, and a bank
of gas filters for final cleanup. Pressure on the hydrogasificaticn
unit is maintained by an externally loaded back-pressure regulator.

Char is transferred through the housing connecting the feed hopper
and the reactor by means of a rotating splral screw with an outside
diameter of 5/8 inch, a root diameter of 1/4 inch, and a pitch of
0.40 inch. Delivery of char to the screw within the feed hopper is
by gravity. A varlable-speed electric motor drive, with belt coup-
ling, rotates the screw. Normal operation is at 25-85 r.p.m. for char
rates of 1.5 to 6 lb./hr. Commercial electrolytic hydrogen, recom-
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pressed to 3000 p.s.i.g., is fed from a manifolded cylinder bank. A
regulator reduces the pressure to a level depending on the desired
reactor pressure and hydrogen flow rate. Flow i3 controlled by a
manually operated needle valve, and is metered by a plate orifice
with f%ange pressure taps. Hydrogen enters the reactor preheated

to 150°F. .

The char bed (reaction) volume is 0.07391 cu.ft. when a nominal
5-foot standpipe (4.714-foot true height) of l-inch diameter is used.
The reactor cross-sectional area, based on a 2-inch by l-inch annulus,
and corrected for two l/4-inch diameter thermowells that extend the
length of the reactor, is 0.01568 sq.ft. A sintered steel disk, of
0.0025-1nch mean pore size, which is fastened to the standpipe just
below the point where char from the screw feeder enters the reactor,
serves as a base for the char bed and as a distributor for the feed
hydrogen as it enters the reactor below the disk.

The reactor is heated externally by a 21.5 kw. electric furnace
naving elight individually controlled heating zones. Char bed temper-
-atures are sensed in ten locations with chromel-alumel thermocouples. .
Feed hydrogen and gas stream temperatures are also sensed with chromel-
alumel thermocouples.

Reactor pressure, differential pressure across the reactor and
differential pressure across the hydrogen orifice are continuously
recorded. Product gas volume is measured with a wet test meter, and

product gas specific gravity is indicated and recorded by a continuous

gravitometer.
EXPERTMENTAL PROCEDURE

Feed batches were prepared by crushing and screening the char
to a 60-325 mesh size, and drying in air at 110°C. in a forced-con-
vection oven. After the char had been charged to the hooper, the pre-
heated unit was purged with nitrogen and pressurized with hydrogen.
The hydrogen orifice meter was then calibrated against the wet test
gas meter, the desired hydrogen feed rate established, and the char
screw feeder started at a preset rate..

When the char bed reached the top of the standpipe, the differen-
tial pressure across the reactor became constant. This differential
was normally 20-25 inches of water column, which agreed, closely with
the value predicted from the bulk density of the expanded char begd;
severe fluctuations of differential pressure were an indication of
mechanical operating difficulties, such as bypassing of feed nydrogen
around the porous steel.distributing disk, or plugging of the reactor
at the char feed inlet.

The steady-state operating period began when the product gas
specific gravity reached a constant value. A composite gas sample
was contimuously bled into a 10 cu.ft. water-sealed gas holder dur-
ing the steady-state period; spot gas samples were also taken period-
ically to confirm other observations relating to attainment of steady
opverating conditions. ) IS

Upon termination of the test, which normally lasted from 4-1/2
to 5-1/2 hours, the unit was depressurized, purged and allowed to
cool. Char remaining in the feed hopper, solid residues and con-
densed liquids were then removed and weighed. Samples of char feed
and solid residues were subjected to proximate, ultimate and sieve
analyses, and their heating values were determined. Product gases
were analyzed with a Consolidated Engineering Co. Mpdel 21-103 mass
spectrometer. Carbon monoxlde content was determined by infrared
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analysis with a Perkin-Elmer Model 12-C infrared spectrometer.

The properties of the composite gas samples, and the char and
residue weights corrected to a dry basis, were used in the computa-
tion of hydrogasification test results. The char feed rate was com-
puted from the difference between the charged and recovered welghts,
and from the total feed time. Hydrogen and groduct gas volumes for
the steady-state period were corrected to 60°F. and 30 inches of .
mercury pressure, and are reported as standard cubic feet (SCF) on a
dry basis. Gas heating values and specific gravities were computed
from the gas analysis; heating values are reported at 60°F., 30 in-
ches of wmercury pressure and saturated with water vapor, whereas
specific gravities are for dry gas referred to dry air.

RESULTS

A low-temperature bituminous coal char (Montour No. 10 Mine)
supplied by the Research and Development Division of the Consolidation
Coal Co. was used in this study. This material was produced in a
fluidized carbonization process at much more severe conditions than
those employed in the earlier pretreatment study; in batch hydro-
gasification tests it produced a free-flowing residue, but had signi-
ficantly less reactivity than chars produced at optimum pretreatment
conditions.® It was selected for a study of process variables be-
cause of its ready availability and uniform properties, and the pros-
pect of minimum handling difficulties. Unlike the feed material em-
ployed in the laboratory semiflow study reported by Hiteshue and
others,!? the char was not impregnated with a catalyst. Typical
properties of the feed char and the hydrogasifilcation residues are
given in Table 1, and selected results for operation at 500, 1000
1500 and 2000 p.s.i.g., 1400° and 1500°F. nominal temperature and
nominal char feed rates of 2, 4.5 and 6 1b./hr., are given in Table
2. Precise control of char feed rate was not practical; actual values
for each feed rate level varied considerably, and the overall range
was 1.6-6.3 1b./nr. Normally, hydrogen feed rates corresponded to a
superficial velocity of about 0.06 ft./sec., the level required to
meintain free flow of char through the reactor; this was equivalent
to rates ranging from 34-35 SCF (dry)/hr. at 500 p.s.i.g., to 130-133
SCF (dry)/hr. at 2000 p.s.i.g. Consequently, with the exception of
a few tests at a higher hydrogen rate than the minimum, the hydrogen
residence time based on the free reaction volume with the 5-foot stand-
pipe was nearly constant at 1.2-1.5 minutes.

The average reactor temperatures reported in Table 2 are based
on measurements taken 1, 8, 18, 28, 42, and 54 inches above the
bottom of the char bed. The closer spacing at the bottom, where
temperatures are lowest, .is partially responsible for the substantial
difference between the average and maxlmum temperatures; the latter
closely approach the nominal temperature levels of 1400° and 1500°F.

The effectg of char feed rate and pressure on hydrogasification
results at 1400°F. are shown graphically in Figure 3. The char feed
rate expressed as space veloclty or reciprocal space velocity is used
as the independent varilable. Char residence times can be computed by
assuming a typical bulk density of the expanded bed of 25 1b./cu.ft.
The available data for the low-temperature bituminous coal char ex-
hibit the expected trends: increase in the percent of char hydro-
gasified (on a moisture-, ash-free basis) with increases in pressure
and decreases in char space veloclty; increase in gaseous hydrocarbon
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Table 1.-PROXIMATE, ULTIMATE AND SCREEN ANALYSES J
OF CHAR FEEDS AND RESIDUES

Run To. . _ 19 17 35 S ) )

Operating conditlons . . :
Reactor pressure, p.s.l.z. 521 516 1007 1031 1015
Maxlmm reactor temperauure, °F. 1815 1hos 1405 1410 1510
Thar feed rate, 1b./hr.8 1
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Proximate analysts, vt. §
Motgture
Volatile watier
Flzed carbon
Ash
Total
Tliimate snalysis, wt. § (dry basla)
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rogen + oxygen (by difference)
"‘o al
Heating value, B.t.u. éb (dry basis) 1
Screen amlynls, wt.
+ 80 mesh
+ 60 wmesh
+ 30 mesh
+100 mesh
+180 mesh
+200 meah
+325 mash
=325 mash
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Operating conditions
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"har feed rate, 1b./hr.% . €
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(primarily methane) space-time yleld with Increases in pressure and in-
creases in char space velocity. The increases in char converslon are
accompanied by equivalent increases in the gquantity of feed hydrogen re-
acted ~ the difference between the amount of hydrogen fed and the amount
of unreacted hydrogen contained in the product gas, both per pound of
dry char. The net B.t.u. recovery — the difference between the heat
of combustion of the product gas and the heat of combustion of the
feed hydrogen, both per pound of dry char — also exhiblts the same
trends as the conversion of char to gas. The data at 500 p.s.i.g.
further show that an increase in hydrogen rate to double the level re-
quired to maintain a minimum superficial veloclty results 1n a measur-
able increase in char conversion, gaseous hydrocarbon space-time yield,
and quantity of feed hydrogen reacted. Similar results were obtained
at higher pressures when the hydrogen feed rate was increased.

The effect of an increase in temperature from 14%00° to 1500°F.
1s indicated in Table 2 in a series of runs at 1000 p.s.i.g. at each
of the three feed rate levels. Except for the somewhat erratic be-
havior of the net B.t.u. recovery, which 1s an exceedingly sensitive
parameter since it is obtained from a relatively small difference of
two experimentally determined quantities, this increase in temper-
ature resulted in a small but significant improvement in hydrogasi-
fication results.

The char feed and residue analysis data of Table 1 show that, in
the course of hydrogasification, the volatile matter and oxygen-plus-
nitrogen contents of the char were reduced to a small fraction of the
original values, hydrogen content was reduced to about one-half of the
original value, and sulfur content remained about the same. The in-
crease in moisture content was caused by water formation through evol-
ution of bound water or reactions of oxygen-containing coal constituents
and gasification products with hydrogen; most of this water condensed
in the residue receiver and moistened the char residue. Systematic
variations of residual char properties with hydrogasificatlon condi-
tions appeared to exist, such as more severe reduction in hydrogen
and volatile matter contents at the higher reaction temperature. The
screen analyses of the feed and residual chars indicate some size re-
duction; however, analyses of the residues remaining in the reactor
after shutdown showed this was not due to accumulation of larger par-
ticles in the reactor.

In the product distributions reported in Table 2, the condensed
liquid products consisted primarily of water. Material balances can
be seen to be near 100%, and the two parameters of net moisture-,
asn-free char hydrogasified and carbon hydrogasified follow similar
trends and aré of approximately the same magnitude. In conjunction
with the consistent behavior of the operating results over the range
of test conditions employed, this indicates reliability of the reported
data, in spite of the uncertainties introduced by fluid-bed operation
at extremely low superficial gas velocities.

DISCUSSION COF RESULTS

The data obtained with low-temperature biltuminous coal char and
a 5-foot bed height show that a more reactive feed material, a deeper
bed, or a number of countercurrent stages will be necessary to achieve
both high conversions and high product gas heating values in a single-
pass fluid-bed operation. However, an alternate technique for the
production of a high-methane-content gas, comprising a hydrogen
separation and recycle step, may be more attractive in spite of-the
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additional process steps required; the gasification rate would be
increased by the resulting increase in hydrogen partial pressure, and
problems of exothermic heat removal and control of gas-sollds con-
tacting greatly simplified. After completion of the present fluid-
bed study, moving-bed operation allowing truly countercurrent single-
pass :contacting may also have to be considered.

Of considerable practical significance are the unexpectedly
high gaseous hydrocarbon space-time yields obtained with the bitumin-
ous char at 1400°F, A series of studies by Gorin and othersgi®s1is16,17
of the kinetics of Disco char gasification with Ha-steam mixtures and
pure Hr in a fluid-bed batch reactor at pressures up to 30 atmospheres
(426 p.s.i.g.) and temperatures of 1500°-1700°F. are of 1nterest in
this connection. Direct comparison is not possible, since results
are reported assdifferential gasification rates, i.e., rates corres-
ponding to zero bed weight, which is equivalent to conditions where
no equilibrium hindrance or other inhiblting effects of reaction
products exist. The integral gasificatlon rates obtained in this
study would, therefore, be expected to be lower than equivalent
"differential rates, although this difference should be relatively small
at low conversions. It appears that, due to the lower reactivity of
Disco char, differential rates of methane formation extrapolated to
the conditions of the present study are substantlally lower than the
integral rates reported in Table 2. For example, in terms of the units
employed by Gorin and others6 integral rates of methane formation in
the 5-foot fluld bed at 1500°F. and 1000 p.s.i.g.ranged from about
70-100 x 10~ * 1lb. moles CH,/1lb. atom C per minute over a range of about
50-20% carbon gasification; this 1s approximately equivalent to extra-
polated differential rates for Disco char and pure hydrogen at 1600°F.

At the relatively low pressures and high temperatures employed
in the Disco char gasification study, steam was found to greatly -
accelerate methane formatlon, in addition to increasing char gasifi-
catlion by reactions leading to the formation of CO,CO> and H».. How-
ever, the effect of steam on methane formation decreased rapidly with
Increases in pressure. This was confirmed in an exploratory fluid-
bed test at 1000 p.s.l.g., 1500°F, and 1.1:1 Hp/steam mole ratio,
in which the gaseous hydrocarbon space-time yleld was 12% lower than
in a test at the same conditions with H, feed only; a small increase
in the rate of gaseous hydrocarbon formation was indicated by com-
parison with extrapolated data at the same inlet H, partial pressure.

The large increase in gaseous hydrocarbon space-time yield with
increases in char feed rate, while the hydrogen rate was held nearly
constant at each pressure level (Figure 3), occurred in spite of in-
creased equilibrium hindrance from product methane. Since there wvas
no clearly defined tendency for a shift in the source of the hydrogen
contained in the gaseous hydrocarbons, this must have been caused
primarily by an Increase 1n average reactivity of the char bed. The
quantity of feed hydrogen reacted increased nearly in proportilon to
the gaseous hydrocarbon formation, and corresponded to 80-100% of the
hydrogen contained in the gaseous hydrocarbons over the whole range
of operating conditions, except for some tests at 500 p.s.i.g. Con-
versely, the relatively small change in residual char properties with
increases in char feed rate and pressure (Table 1) is consistent
with the assumption that the increase in the amount of hydrogen sup-
plied by the char was also roughly proportional to the 1ncrease in
. gaseous hydrocarbon formatlon. :

CONCLUSIONS
The feasibility of producing high-methane-content fuel gas by

continmuous fluld-bed hydrogenolysis of a low-temperature bltuminous
coal char was demonstrated. In spite of the relatively low reactivity
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of the feed material, it was possible to achleve about 40% conversion
in a 5-foot bed at 2000 p.s.i.g. and 1400°F. when producing an approx-
imately 50 mole % methane content gas. At these condltions, the
gaseous hydrocarbon (mostly methane) production rate was about 600

SCF

(dry)/ar.-cu.ft. bed volume, which is sufficiently high to be

of commercial interest. Larger conversions were obtained at pressures
as low as 1000 p.s.i.g., but at greatly reduced char space veloclties,
resulting in lower methane production. No major difficulties were
encountered in operation of the fluid-bed reactor at an lnlet hydro-

gen superficial velocity of only 0.06 ft./sec. at 500-2000 p.s.i.g.

and 1400°-1500°F. - Significant improvements in results are expected
with deeper beds and more reactive feed materials.
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