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@ High temperature desulfurization of synthesis gas.

@ The hot process gas stream from the partial
oxidation of sulfur-containing heavy liquid hydrocar-
bonaceous fuel and/or sulfur-containing solid car-
bonaceous fuel comprising gaseous mixtures of Hz
+ GO, sulfur-containing gases, entrained particulate
carbon, and molten slag is passed through the unob-
structed central passage of a radiant cooler where
the temperature is reduced to a temperature in the
range of about 1800° F to 1200° F. From about 0 to
95 wt. % of the molten slag and/or entrained ma-
terial may be removed from the hot process gas
stream prior to the radiant cooler with substantially
no reduction in temperature of the process gas
stream. In the radiant cooler, after substantially all of
the molten slag has solidified, the sulfur-containing
gases are contacted with a calcium-containing ma-
terial to produce calcium sulfide. A partially cooled
stream of synthesis gas, reducing gas, or fuel gas
containing entrained calcium sulfide particulate mat-
ter, particulate carbon, and solidified slag leaves the
radiant cooler containing a greatly reduced amount
of sulfur-containing gases.
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HIGH TEMPERATURE DESULFURIZATION OF SYNTHESIS GAS

BACKGROUND OF THE INVENTION

This invention relates to the gasification of
sulfur-containing liquid hydrocarbonaceous fuel or
a slurry of sulfur-containing solid carbonaceous
fuel. More specifically it relates to the removal of
sulfur-containing gases from the raw effluent syn-
thesis gas stream produced in a refractory lined
free-flow gas generator.

As supplies of petroleum gradually diminish
sulfur-containing heavy liquid hydrocarbonaceous
fuel and/or sulfur-containing coal which is Amer-
ica's most abundant form of fossil fuel will play an
increasingly major role in providing for the nation's
energy requirements. One fon of coal contains the
same amount of energy as three to four barrels of
crude oil. Accordingly, in the future it will become
necessary to produce an increasing fraction of lig-
uid and gaseous fuels from these sulfur-containing
comparatively low cost fuels. The synthesis, reduc-
ing, and fuel gases produced from these sulfur-
containing materials contain a comparatively high
e.g. from about 0.1 to 2.0 mole % of HzS and
COS. The desirability for removing at high tem-
perature a major share of the sulfur present in
synthesis gas as generated in the Partial Oxidation
Gasification Process is widely recognized. In par-
ticular, removing sulfur from syngas at high tem-
peratures would improve combined cycle thermail
efficiency and decrease costs by eliminating the
need for cooling product gases prior to scrubbing.
When the synthesis gas is burned as fuel in a gas
turbine, it may be unnecessary to remove the last
trace of sulfur. Energy savings such as are possi-
ble through a high temperature (circa 1000° F) de-
sulfurization process can outweigh the need to get
an extremely low sulfur content fuel gas. The gas
produced by this invention may be used with or
without further processing and/or purification as a
gaseous fuel or as feedstock for the catalytic syn-
thesis of liquid fuels.

Synthesis gas, fuel gas, and reducing gas may
be produced from coal by well known gasification
processes. For example, coassigned U.S. Patent
Nos. 3,544,291 and 4,289,502 respectively relate to
a process for the partial oxidation of slurries of
coal, and to an apparatus for producing cleaned
and cooled synthesis gas by the partial oxidation of
solid carbonaceous fuel. The subject invention is
superior to the mode wherein iron oxide is mixed
with the fuel feedstock to the gasifier, such as
described in coassigned U.S. Patent No. 4,668,428,
since calcium can accept more sulfur at the lower
temperature in the radiant cooler of the subject
invention. Further, the thermal energy produced by
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the sulfur removal reaction may be now recovered
in the radiant cooler.

The use of an iron-containing additive to react
with sulfur-containing gases in a stream of synthe-
sis gas is described in coassigned copending U.S.
Patent Application S.N. 07/090,822, which is incor-
porated herein by reference. However, it was un-
expectedly found that at the lower temperatures
resulting after cooling the process gas stream to
solidify the slag, as provided by the invention de-
scribed herein, calcium is more potent than iron for
capturing sulfur in-situ. For example, at a tempera-
ture of 1500 F, 98.2% of the sulfur may be re-
moved as CaS in comparison with 87.4% of the
sulfur removed as FeS.

SUMMARY OF THE INVENTION

This is a continuous process for producing a
desulfurized stream of synthesis gas fuel gas or
reducing gas by the non-catalytic partial oxidation
of sulfur-containing heavy liquid hydrocar-
bonaceous fuel and/or sulfur-containing solid car-
bonaceous fuel with a free-oxygen containing gas.
A liquid or gaseous carrier is used to introduce the
solid fuel into the down-flowing unobstructed verti-
cal reaction zone of the gas generator. An effluent
gas stream is first produced by the partial oxidation
of the sulfur-containing heavy liquid hydrocar-
bonaceous fuel and/or sulfur-containing solid car-
bonaceous fuel in the free-flow non-catalytic refrac-
tory lined gas generator at a temperature in the
range of about 1900 F to 2900° F and above the
ash-fusion temperature of the slag formed in the
reaction zone, and a pressure in the range of about
2 to 250 atmospheres. A temperature moderator
such as H,O may be employed when the liquid
carrier is a liquid hydrocarbon fuel. It was un-
expectedly found that by controlling the equilibrium
oxygen concentration in the gas phase, the effi-
ciency of the downstream desulfurization reactions
which take place after cooling the gas stream is
improved.

The partial oxidation gas generator is operated
so as to convert from about 75 to 99 wt. % of the
carbon in the fuel feed to the reaction zone into
carbon oxides. The hot effluent gas stream leaving
the gas generator comprises Hz, CO, CO2, Hz2S,
COS and at least one gaseous material from the
group consisting of H20, Nz, CHs, NHs3, and Ar.
Further, entrained in the hot effluent gas stream
leaving the reaction zone is particulate carbon e.g.
any remaining unconverted fuel and/or soot and the
non-combustible inorganic ash portion of the fuel
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e.g. molten slag from the reacted portion of the
solid carbonaceous fuel.

At least a portion e.g. about 20 to 100 volume
% of the hot effluent gas stream leaving the reac-
tion zone of the gas generator, with from 0 to 95
wt. % of the molten slag removed, is passed
through an unobstrucied vertical central passage of
a free-flow radiant cooler. The remainder of the hot
effluent gas stream, if any, may be cooled in a
quench tank such as shown and described in coas-
signed U.S. Patent No. 4,328,008, which is incor-
porated herein by reference. The process gas
stream is cooled in a radiant cooler to a tempera-
ture in the range of about 1800° F to 1200 F, such
as about 1800° F to 1500  F, and below the ash-
fusion temperature. Substantially all e.g. greater
than 99 wt. % of the molten slag in the process
gas stream is solidified during this cooling siep.
This cooling step is important to reduce the
amount of calcium-containing material used in the
process. There is substantially no reaction between
the solidified slag and the calcium-containing ma-
terial. Accordingly, no additional calcium silicates,
are formed. The calcium-containing material is in-
froduced into the hot effluent gas stream at one or
more locations within the radiant cooler after the
molten slag has solidifed. Sufficient calcium-con-
taining material is introduced into the hot effluent
gas stream so as to provide in the radiant cooler a
weight ratio of calcium-containing material to sulfur
in the fuel feed in the range of about 0.8-5.0 to 1.0.

A tube-wall comprising pipes or coils through
which cooling water is passed line the inside walls
of the radiant cooler. By this means, the tempera-
ture of the stream of hot effluent gas passing
through the radiant cooler is controlled. The hot
effluent gas stream enters the radiant cooler at a
temperature in the range of 1900° F 10 2900° F and
leaves at a temperature in the range of about
1200°F to 1800 F., such as about 1800°F to
1500 F. Cooling is effected by noncontact indirect
heat exchange.

As the effluent gas stream passes through the
unobstructed central passage of the radiant cooler,
at least a portion i.e. about 50-100 weight percent
and preferably all of the sulfur-containing gases in
the effluent gas stream e.g. H2S and COS react
with the calcium-containing material to produce
particulate matter comprising calcium sulfide. A
partially cooled process stream of synthesis gas,
reducing gas, or fuel gas leaves the radiant cooler
containing entrained particulate matter comprising
calcium sulfide, particulate carbon, and solidified
slag. The particulate matter may be separated from
the effluent gas stream by conventional gas-solids
separation means, roasted to convert the calcium
sulfide to calcium sulfate, and then discarded with-
out polluting the environment. Alternatively, the cal-
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cium sulfide particles, particulate carbon and solid-
fied slag may be removed from the effluent gas
stream by scrubbing with a suitable washing agent.
Advantageously, portions of the sensible heat in
the stream of hot effluent gas from the partial
oxidation reaction zone and from the exothermic
reactions going on in the radiant cooler are recov-
ered by indirect heat exchange with the cooling
water flowing through the tube-wall in the radiant
cooling zone. By-product steam may be thereby
produced. Further, the desulfurized product gas is
available for use at a higher temperature. Costly
reheating is thereby avoided.

In one embodiment with or without introducing
calcium-containing material into the radiant cooler
in the manner previously described, calcium-con-
taining material is introduced into a reaction vessel
located immediately down stream from the radiant
cooler. Reaction between the calcium-containing
material and the sulfur-containing gases in the
precooled process gas stream in said reaction ves-
sel takes place at temperature of at least about 50
to 200 F below the ash-fusion temperature of the
solidifed slag entrained in the process gas stream.
Production of calcium sulfide is more efficient at
the lower temperature prevailing in said reaction
vessel.

DESCRIPTION OF THE INVENTION

The present invention pertains to a continuous
process for the production of a desulfurized stream
of synthesis gas, fuel gas, or reducing gas from
sulfur-containing heavy liquid hydrocarbonaceous
fuel and/or suifur-containing solid carbonaceous
fuel in a liquid or gaseous carrier. The hot effluent
gas stream is desulfurized in-situ, after the hot
effluent gas from the gas generator is cooled in a
radiant cooler to a temperature in the range of
about 1200° F to 1800 F, and below the ash-fusion
temperature.

A typical down-flowing partial oxidation synthe-
sis gas generator is shown in coassigned U.S.
Patent No. 2,818,326. The gas generator is a verti-
cal cylindrical steel pressure vessel lined on the
inside with a thermal refractory material. A burner
is located in the top of the gas generator along the
central vertical axis for infroducing the feed
streams. A suitable annulus-type burner is shown
in coassigned U.S. Patent No. 2,928,460.

The term sulfur-containing solid carbonaceous
fuel includes coal, such as anthracite, bituminous,
subbituminous; coke from coal; lignite: residue de-
rived from coal liquefaction; oil shale; tar sands;
petroleum coke; asphalt; pitch; particulaie carbon
(soot); concentrated sewer sludge; and mixiure
thereof. The sulfur content of the solid carbona-
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ceous fuel is in the range of about 0.2 to 6.0 wi. %.
The ash or inorganic portion of the solid carbona-
ceous fuel is in the range of about 0.1 to 30 wt. %.
Ash from solid carbonaceous fuel substantially
comprises the oxides and some sulfides of Si, Fe,
V, Ni, and Al. The solid carbonaceous fuel may be
ground to a particle size so that 100% passes
through an ASTM E11-70 Sieve Designation Stan-
dard (SDS) 1.40 mm Alternative No. 14. Pumpable
slurries of solid carbonaceous fuels may have a
solids content in the range of about 25-70 wt. %
such as 45-68 wti %, depending on the char-
acteristics of the fuel and the slurring medium. The
slurring medium may be water, liquid hydrocarbon,
or both.

The term sulfur-containing heavy liquid hydro-
carbon fuel, as used herein, is intended to include
various materials, such as virgin crude, residue
from petroleum distillation and cracking, petroleum
distillates, reduced crude, whole crude, asphalt,
coal tar, coal derived oil, shale oil, tar sand oil and
mixtures thereof. The sulfur and ash contents of
the heavy liquid hydrocarbonaceous fuel are re-
spectively in the ranges of about 0.5 to 5.0 weight
%; and 100 to 10,000 parts per million. Ash from
heavy liquid hydrocarbonaceous fuel substantially
comprises the oxides and some sulfides of Fe, Ni,
V, and Si.

The use of a temperature moderator to mod-
erate the temperature in the reaction zone of the
gas generator depends in general on the carbon to
hydrogen ratio of the feedstock and the oxygen
content of the oxidant stream. Suitable temperature
moderators include steam, water, COz-rich gas,
liquid CO», recycle synthesis gas, a portion of the
cooled clean exhaust gas from a gas turbine em-
ployed downstream in the process with or without
admixture with air, by-product nitrogen from the air
separation unit used to produce substantially pure
oxygen, and mixtures of the aforesaid temperature
moderators. Water serves as the carrier and the
temperature moderator with slurries of liquid hy-
drocarbon fuels and solid carbonaceous fuel. How-
ever, steam may be the temperature moderator
with slurries of liquid hydrocarbon fuels and solid
carbonaceous fuel. Generally, a temperature
moderator is used with liquid hydrocarbon fuels
and with substantially pure oxygen. The tempera-
ture moderator may be introduced into the gas
generator in admixture with either the solid car-
bonaceous fuel feed, the free-oxygen containing
steam, or both. Alternatively, the temperature
moderator may be introduced into the reaction
zone of the gas generator by way of a separate
conduit in the fuel burner. When Hz20 is introduced
into the gas generator either as a temperature
moderator, a slurring medium, or both, the weight
ratio of water to the solid carbon in the solid
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carbonaceous fuel plus liquid hydrocarbon fuel if
any, is in the range of about 0.3 to 2.0 and prefer-
ably in the range of about 0.5 to 1.0.

The term free-oxygen containing gas, as used
herein, is intended to include air, oxygen-enriched
air, i.e. greater than 21 mole % of oxygen, and
substantially pure oxygen, i.e.., greater than 95
mole % oxygen, (the remainder comprising N2 and
rare gases). Free-oxygen containing gas may be
introduced into the burner at a temperature in the
range of about ambient to 1200°F. The atomic
ratio of free-oxygen in the oxidant to carbon in the
feed stock (O/C atom/atom) is preferably in the
range of about 0.7 to 1.5, such as about 0.80 to
1.2

The relative proportions of solid carbonaceous
fuel, liquid hydrocarbon fuel if any, water or other
temperature moderator, and oxygen in the feed
streams to the gas generator, are carefully regu-
lated to convert a substantial portion of the carbon
in the fuel feed to the partial oxidation gas gener-
ator e.g. 75 to 99 wt. %, such as 80 to 90 wt. % of
the carbon to carbon oxides e.g. CO and COz and
to maintain an autogenous reaction zone tempera-
ture in the range of about 1900 F to 2900° F, and
above the ash-fusion temperature of the slag
formed in the reaction zone e.g. above about 50°F
to 200 F. Further, the equilibrium oxygen con-
centration in the gas phase in the reaction zone of
the gas generator is controlled to provide a partial
pressure in the range of less than about 7.7 x
10~'* atmospheres at a temperature of about
1900 F, less than about 5.8 x 10~10 atmospheres
at a temperature of about 2500°F, and less than
about 2.1 x 107? atmospheres at a temperature of

" about 2900° F. With sulfur-containing solid carbo-

naceous feeds, the ash in the solid carbonaceous
fuel forms molten slag at such reaction tempera-
tures. Molten slag is much easier to separate from
the hot effluent gas than fly-ash. The pressure in
the reaction zone is in the range of about 2 to 250
atmospheres. The time in the reaction zone of the
partial oxidation gas generator in seconds is in the
range of about 0.5 to 10, such as normally about
1.0to0 5.

The effluent gas stream leaving the partial oxi-
dation gas generator has the following composition
in mole % H» 8.0 to 60.0, CO 8.0 to 70.0, CO2 1.0
to 50.0, H20 2.0 to 50.0, CH4 0.0 to 2.0, H2S plus
COS 0.10 to 2.0, N2 0.0 to 80.0, and Ar 0.0 to 2.0.
Trace amounts of the following gaseous impurities
may be also present in the effluent gas stream in
parts per million (ppm): HCN O to 100; such as
about 2 to 20; HCI 0 to about 20,000 , such as
about 200 to 2,000; and NHs 0 to about 10,000,
such as about 100 to 1000. Entrained in the ef-
fluent gas stream is about 0.5 to 20 wt. %, such as
1 to 4 wt. % particulate carbon (basis weight of
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carbon in the feed to the gas generator) comprising
the remaining portion of the unconverted ash-con-
taining solid carbonaceous fuel feed and/or soot.
Molten slag resulting from the fusion of the ash
content in the coal is also entrained in the gas
stream leaving the generator.

At least a portion e.g. about 20 to 100 volume
% of the effluent gas stream leaving the reaction
zone of partial oxidation gas generator at a tem-
perature in the range of about 1900° F to 2900° F
is passed through the unobstructed central axial
passage of a radiant cooler. The calcium-containing
material may be introduced into the hot effluent
gas stream at one or more locations within the
radiant cooler after substantially all e.g. greater
than 95 wt. % of the molten slag has solidifed. The
temperature of the process gas stream is reduced
to a temperature in the range of about 1800°F to
1200°F, such as about 1800 F to 1500°F. Ad-
vantageously, in the form of particulate solid mat-
ter, the solid slag particles will not react with the
calcium-containing materials to produce calcium
silicate. Accordingly, at a great economic savings,
all of the calcium-containing additive may be used
for desulfurization. Sufficient calcium-containing
material is introduced into the hot effluent gas
stream so as to provide in the radiant cooler a
weight ratio of calcium-containing additive to sulfur
in the fuel feed in the range of about 0.8-5.0 o 1.0.
The hot effluent gas siream from the gas generator
may be passed in a downward or upward direction
through the radiant cooler. For example, a radiant
cooler may be connected directly in succession to
the discharge outlet of the gas generator, in an
arrangement such as shown in U.S. Patent No.
2,801,158 and in coassigned U.S. Patent No.
3,551,347, which are incorporated herein by refer-
ence.

In one embodiment, refractory-lined first and/or
second slag and residue separation chambers may
be connected between the discharge outlet of the
reaction zone of the gas generator and the inlet to
the radiation cooler for separation of a portion of
the entrained matter by gravity. For example, see
coassigned U. S. Patent No. 4,251,228, which is
incorporated herein by reference. By this means,
from about 0 to 95 wt. %, or more, of the molten
slag and/or combustion residue entrained in the
effluent gas stream leaving the reaction zone may
be removed prior to the radiant cooler. This may
be done with substantially no reduction in tempera-
ture of the effluent gas stream by gravity and/or
gas-solids separation means, such as by cyclone
or impingement separators. This mode is shown
and described in coassigned U.S. Patent No.
4,328,006 and 4,377,394, which are incorporated
herein be reference.

Any suitable radiant cooler, such as those in
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the previously mentioned references, may be used
in the subject process. The radiant cooler essen-
tially comprises an elongated cylindrically shaped
vertical pressure vessel. The steel walls of the
vessel are lined on the inside with a tube-wall
which may extend through the full length of the
vessel. A coolant such as cooling water or water
and steam flows through the individual tubes of the
tube-wall. By this means the outer shell of the
radiant cooler is protected against the hot gas
stream flowing freely through the unobstructed lon-
gitudinal central passage of the vessel which is
surrounded by said tube-wall. The tube-wall com-
prises a plurally of adjacent contacting rows of
vertical tubes or coils in a concentric ring that is
radially spaced from the central longitudinal axis of
the vessel.

In one embodiment, a plurality of thin-walled
vertical tubes, with or without side fins, line the
inside walls of the radiant cooler. The adjacent
rows of tubes are longitudinaily welded together to
make an annular gas-tight wall of tubes. The lower
and upper ends of each of said tubes may be
respectively connected to lower and upper annular
shaped headers. When the coolant in the tube wall
is water or a mixture of water and steam, the
highest temperaiure that the pressure shell can
reach is the temperature of the saturated steam
within the radiant cooler. Boiler feed water is intro-
duced into the bottom header and then passes up
through the plurality of separate upright tubes into
the top header. The mixture of steam and water is
removed from the top header and introduced into
an external steam drum where separation takes
place. The saturated steam removed from the
steam drum may be used elsewhere in the process
to provide heat or power. Optionally, at least a
portion of the saturated steam may be superheat-
ed. The hot water separated in the steam drum
may be returned to the bottom header of the ra-
diant cooler. Optionally, for cleaning and main-
tenance, a plurality of nozzles may be secured on
the outside of the tube-wall. By this means, a
stream of water, steam, or air may be directed
against the tube-wall. Thus, the tube-wall may be
washed down with waier, and any slag deposited
thereon may be removed by the wash water. In
one embodiment, the inside surfaces of the radiant
cooler and the outside surfaces of the tubing in the
radiant cooler are provided with a protective metal
which substantially reduces any sticking or build-up
of slag. See coassigned U.S. Patent Application
Serial Number 07/045,632 filed May 4, 1987, which
is incorporated herein by reference.

The hot effluent gas stream may enter through
either end of the vertical radiant cooler and freely
flow through the unobstructed central core. The
temperature of the hot effluent gas stream is stead-
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ily reduced as it flows through the radiant cooler.
By radiation and convection, a portion of the sensi-
ble heat in the hot effluent gas stream is absorbed
by indirect heat exchange with the cooling water
and steam flowing inside of the tube-wall. The
temperature of the gas siream is primarily con-
trolled by this means.

The calcium-containing material having a par-
ticle size (microns) in the range of about 1.0 to
1000, such as about 5.0 to 100, may be sprayed
into the effluent gas stream passing through the
unobstructed central passage of the radiant cooler
by means of spray nozzles, aspirators or atomizers.
The calcium-containing material may be introduced
into the hot raw process gas stream as a dry
powder or entrained in a liquid or gaseous carrier.
Liquid carriers for the calcium-containing material
include water and liquid hydrocarbon fuel carriers.
The equilibrium oxygen concentration in the gas
phase in the reaction zone e.g. radiant cooler
and/or a reaction vessel located downstream from
the radiant cooler is preferably controlled to pro-
vide a partial pressure of oxygen in the range of
less than about 1.7 x 107'S atmospheres at a
temperature of about 1800° F. and less than about
5.3 x 1072 aimospheres at a temperature of about
1200° F.

Any suitable number and arrangement of spray
nozzles, aspirators, atomizers, or other suitable
mixing means may be employed which allow the
calcium-containing material to intimately contact
and mix with the hot effluent gas stream. For
example, at least one spray nozzle may be located
within the radiant cooler downstream from the en-
trance and where the temperature of the molien
slag is reduced below the ash fusion temperature.
At this point the partially cooled process gas
stream is contacted by an atomized spray of
calcium-containing material. At least one spray
nozzle for spraying calcium-containing material
may be longitudinally spaced at various levels in
the radiant cooler beyond the first spray nozzle.

In one embodiment, a slurry of calcium-con-
taining additive material in a liquid hydrocarbon
fuel having a solids content in weight % in the
range of about 30 to 90, such as about 60 to 80,
and at a temperature in the range of about ambient
to 200° F is mixed with the hot effluent gas stream
from the partial oxidation gas generator. The rate of
introduction and concentration of the slurry are
such that after the liquid hydrocarbon carrier is
vaporized the weight ratio of theé calcium-containing
material that becomes intimately associated with
the sulfur-containing gases in the effluent gas pass-
ing through the radiant cooler is in the range of
about 0.8 to 5.0 parts by wt. of calcium-containing
material for each part by wt. of sulfur in the fuel
feed. The dwell time of the hot gas stream passing
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through the radiant cooler is in the range of about 5
to 50 seconds, such as 15 to 40 seconds. In
another embodiment, the calcium-containing ad-
ditive is entrained in a gaseous medium selected
from the group consisting of steam, air CO2, Na,
recycle synthesis gas, and mixtures thereof.

By the subject process, in the radiant cooler at
least a portion e.g. 50 to 100 wt. %, such as about
70 to 95 wt. % of the sulfur originally present in the
fuel feed and in the form of sulfur-containing gases
e.g. H2S, COS reacts with the calcium-containing
material to produce particulate matter comprising
calcium sulfide. Substantially no new calcium sili-
cates are formed in the radiant cooler. Further, the
mole % H>S + COS in the effluent gas stream
from the gas generator is reduced from a mole %
of about 0.10 to 2.0 to less than about 0.05 mole %
by the subject process.

The calcium-containing material may comprise
a calcium-compound selected from the group con-
sisting of calcium oxide, calcium hydroxide, cail-
cium carbonate, calcium hydrate, calcium nitrate,
calcium phosphate, and mixtures thereof.

In another embodiment, a metallic oxide from
the group consisting of copper oxide, zinc oxide,
and mixtures thereof is mixed with said calcium-
containing additive. For example from 1 to 50 wt.
%, such as about 2 to 10 wi. %, of said metallic
oxide (basis weight of said calcium-containing ma-
terial) may be mixed with said calcium-containing
additive. The oxides of copper and/or zinc like the
calcium oxide, form sulfides. In addition, copper
and zinc oxides catalyze the reactions between
steam and carbon in the radiant cooler to produce
supplementatl H, + CO, and to complete the con-
version of any unburned fuel or soot that may
come from the partial oxidation unit.

In a preferred embodiment, with at least a
portion of the molten slag removed, the gas stream
enters the radiant cooler at substantially the same
temperature as that which it had when it left the
reaction zone of the partial oxidation gas generator
i.e. about 1900° F to 2900  F., less any ordinary
drop in the lines i.e. about 50°F 100" F tempera-
ture drop. Preferably, the temperature of the enter-
ing gas stream is above the ash-fusion temperature
of any slag that may be entrained in the gas
stream. The partially cooled gas stream leaves at
the opposite end of the radiant cooler after its
temperature has been reduced to a temperature in
the range of about 1200 F - 1800 F, such as
about 1500° F - 1800° F, say at least about 50 F
to 200 F below the ash-fusion temperature. The
pressure of the gas stream in the radiant cooler is
substantially the same as that in the gas generator,
less ordinary pressure drop in the line i.e. about 1
atmosphere pressure drop. At these temperatures
and pressures, sulfur-containing gases e.g. HzS
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and COS that were produced in the partial oxida-
tion reaction zone along with the effluent gas
stream comprising Hz + CO react with the
calcium-containing material to produce calcium sul-
fide. The calcium sulfide leaves the radiant cooler
in the form of discrete solid particles entrained in
the effluent gas stream along with the solid slag
particles and particles of particulate carbon e.g.
unconverted fuel particles and/or soot. The en-
trained solid particles are separated from the ef-
fluent gas stream by conventional gas-solids sepa-
ration means. In one embodiment, the enirained
solid particles are separated from the partially cool-
ed and desulfurized stream of synthesis gas leav-
ing the radiant cooler by means of a cyclone
separator or impingement separator of the types
shown in coassigned U. S. Patent Numbers
4,328,006 and 4,377,394, which are incorporated
herein by reference. By oxidizing the mixture of
particulate solids, calcium sulfide in the mixture
may be converted into CaSOs. The mixture of
particulate matter may be then readily disposed
without polluting the environment.

Advantageously, useful thermal energy may be
recovered from exothermic reactions that take
place in the radiant cooler. By indirect heat ex-
change between the hot gas stream flowing
through the central passageway of the radiant cool-
er and the cooling water flowing through the tube-
wall, by-product steam may be produced.

The comparatively clean, desulfurized and par-
tially cooled gas stream may leave the downstream
end of the gas solids separation zone at a tempera-
ture below the maximum safe operating tempera-
ture for downstream devices used to recover en-
ergy from the hot gas stream, such as a conven-
tional expansion turbine for the production of me-
chanical or electrical energy, or both. Alternatively,
the gas stream may be passed through a down-
stream convection-type gas cooler or some other
energy utilizing means where its temperature is
reduced still further to a range of about 150 F to
600" F. The gas stream may be then optionaily
subjected to additional process steps including gas
scrubbing, methanation reactions, and purification,
depending on its intended use as a synthesis gas,
reducing gas, or fuel gas.

The advantages achieved by the subject pro-
cess in which the calcium-containing material is
introduced directly into the radiant cooler include
the following:

1. A Ho + CO containing product gas is pro-

duced containing a reduced amount of sulfur-
containing gases.

2. A smaller amount of calcium-containing ma-
terial is used in the desulfurization process since
there is substantially no calcium lost by reaction
with slag.
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3. The gas stream passing through the radiant
cooler is desulfurized while the temperature is
maintained at a high level e.g. greater than
1000°F.

4. The sensible heat in the effluent gas stream
from the partial oxidation gas generator may be
efficiently used at high temperatures to provide
the necessary energy to initiate and to carry out
the desulfurization reaction.

5. The calcium-containing additive may be in-
timately mixed with the sulfur-containing gases
in the hot gas stream in the radiant cooler. The
conversion rate for the desulfurization reaction is
thereby increased.

Other modifications and variations of the inven-
tion as hereinbefore set forth may be made without
departing from the spirit and scope thereof, and
therefore only such limitations should be imposed
on the invention as are indicated in the appended
claims.

Claims

1. A continuous process for the production of de-

sulfurized synthesis gas, fuel gas, or reducing gas

comprising:
(1) reacting sulfur-containing heavy liquid
hydrocarbonaceous fuel and/or sulfur-containing
solid carbonaceous fuel by partial oxidation with
a free-oxygen containing gas and in the pres-
ence of a temperature moderator in the free-flow
refractory lined reaction zone of a gas generator
at an autogenous temperature in the range of
about 1900° F to 2900 F and above the ash-
fusion temperature of the slag formed in the
reaction zone, and a pressure in the range of
about 2 to 250 atmospheres to produce a hot
stream of synthesis gas, reducing gas, or fuel
gas comprising Hz, CO, CO2, H28, COS and at
least one gaseous material selected from the
group consisting of H20, N2, CHe, NHs, Ar, and
containing entrained material comprising par-
ticulate carbon, and molten slag;
(2) passing at least a portion of the hot gas
stream from (1) through an unobstructed central
passage of a radiant cooler, thereby cooling the
process gas stream to a temperature in the
range of about 1800° F to 1200 F while solidify-
ing the molten slag;
(3) contacting the sulfur-containing gases in the
process gas stream in said radiant cooler with a
calcium-containing material after substantially all
of said molten slag has solidifed, wherein said
calcium-containing material is introduced into
the cooled process gas siream at one or more
locations within the radiant cooler, and the
weight ratio of calcium-containing material o
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sulfur is in the range of about 0.8 to 5.0 to 1.0,
and wherein the partial pressure of oxygen in
the radiant cooler is in the range of less than
about 1 .7 X 10™'> atmospheres at a tempera-
ture of about 1800° F and less than about 5.3 X
10728 atmospheres at a temperature of about
1200° F;
(4) reacting in said radiant cooler said calcium-
containing material with sulfur containing con-
stituents in said gas stream to produce par-
ticulate matter comprising calcium sulfide; and
(5) discharging from said radiant cooler a par-
tially cooled process stream of synthesis gas,
reducing gas, or fuel gas containing entrained
calcium sulfide particulate matter, particulate
carbon, and slag; and in comparison with a gas
stream produced without the introduction of said
calcium-containing additive in (3), said cooled
process gas stream contains a reduced amount
of sulfur-containing gases.
2. A process according to Claim 1 where in step (1)
the partial pressure of oxygen in the reaction zone
of the gas generator is in the range of less than
about 7.7 X 10~'* atmospheres at a temperature of
about 1900°F and less than about 5.8 X 1010
atmospheres at a temperature of about 2500 °F.
3. A process according to Claim 1 or Claim 2
wherein the ceniral passage of said radiant cooler
is surrounded by a tube-wall through which cooling
water is passed.
4. A process according to any one of Claims 1 - 3
wherein the hot gas stream passing through the
central passage of said radiant cooler is contacted
in (3) with an atomized spray of said calcium-
containing material.
5. A process according to any one of Claims 1 - 4
wherein the calcium-containing material in (3) is a
calcium compound selected from the group con-
sisting of calcium oxide, calcium hydroxide, cal-
cium carbonate, calcium hydrate, calcium nitrate,
calcium phosphate, and mixtures thereof.
6. A process according fo any one of Claims 1 - 5
wherein the dwell times in the partial oxidation gas
generator in (1) and in the radiant cooler in (3) are
respectively in the ranges of about 0.5 to 10 sec-
onds and about 5 to 50 seconds.
7. A process according to any one of Claims 1 - 6
wherein the hot stream of gas leaving the gas
generator in (1) is introduced into the radiant gas
cooling zone in"(2) with substantially no change in
temperature and pressure, sxcept for ordinary
losses of temperature and pressure in the lines.
8. A process according to any one of Claims 1 -7
wherein from about 0 to 95 wi. % of the molten
slag and/or entrained material in the hot gas stream
leaving the gas generator in (1) are removed re-
spectively by gravity and gas-solids separation
means prior to introducing the hot gas stream into
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the radiant cooler in (2).

9. A process according to any one of Claims 1 - 8
wherein said sulfur-containing solid carbonaceous
fuel is selected from the group consisting of coal,
coke from coal; lignite; residue derived from coal
liquefaction; oil shale; tar sands; petroleum coke;
asphalt; pitch; particulate carbon (soot); and mix-
tures thereof.

10. A process according to any one of Claims 1 -9
wherein the calcium containing material in (3) is
introduced into a vertical radiant cooler at one or
more levels along the height of said radiant cooler.
11. A process according to any one of Claims 1 -
10 wherein said sulfur-containing liquid hydrocar-
bonaceous or solid carbonaceous fuel is introduced
into said partial oxidation reaction zone entrai ned
in a liquid or gaseous carrier.

12. A process according to Claim 11 wherein said
liquid carrier is selected from the group consisting
of water, liquid hydrocarbonaceous fuel, and mix-
tures thereof.

13. A process according to Claim 11 wherein said
gaseous carrier is selected from the group consist-
ing of steam, air, N2, COz, recycle synthesis gas,
and mixtures thereof.

14. A process according to any one of Claims 1 -
13 in which said temperature moderator is selected
from the group consisting of steam, water, COz-rich
gas, liguid CO2, N2, recycle synthesis gas, exhaust
gas from a turbine, and mixtures thereof.

15. A process according to any one of Claims 1 -
14 in which said free-oxygen containing gas is
selected from the group consisting of air, oxygen-
enriched air, i.e. greater than 21 mole % 02, and
substantially pure oxygen, i.e. greater than about
95 mole % 0.

16. A process according to any one of Claims 1 -
15 where a coolant comprising water or a mixture
of water and steam is passed through said radiant
cooler and by-product steam is produced by in-
direct heat exchange with said hot process gas
stream.

17. A process according to any one of Claims 1 -
16 provided with the steps of separating particulate
matter comprising calcium sulfide, slag and par-
ticulate carbon from the cooled process gas stream
from (5) in a gas-solids separation zone.

18. A process according to any one of Claims 1 -
17 provided with the steps of roasting said par-
ticulate matter thereby converting said calcium sul-
fide to calcium sulfate, and discarding the roasted
material.

19. A process according to any one of Claims 1 -
18, wherein the hot gas stream from (1) is passed
either in a downward or upward direction through
said radiant cooler.

20. A process according to any one of Claims 1 -
19 wherein calcium-containing material is also in-
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troduced into a reaction vessel located downstream
from said radiant cooler.
21. A process according to any one of Claims 1 -
20 wherein the hot gas stream from (1) is con-
tacted with at least one atomized spray of calcium-
containing material in said radiant cooler and/or in
said reaction zone.
22. A process according to any one of Claims 1 -
21 wherein a metallic oxide from the group consist-
ing of copper oxide, zinc oxide, and mixtures there-
of is introduced into the radiant cooler in (2) in
admixture with said calcium-containing material
23. A process according to any one of Claims 1 -
22 wherein the calcium-containing material is intro-
duced into the radiant cooling zone in (2) either dry
or as a slurry in water.
24. A continuous process for the production of
desulfurized synthesis gas, fuel gas, or reducing
gas comprising:
(1) reacting sulfur-containing heavy liquid
hydrocarbonaceous fuel and/or sulfur-containing
solid carbonaceous fuel by particle oxidation
with a free-oxygen containing gas and in the
presence of a temperature moderator in the
free-flow refractory lined reaction zone of a gas
generator at an autogenous temperature in the
range of about 1900° F to 2900  F and above
the ash-fusion temperature of the slag formed in
the reaction zone, and a pressure in the range
of about 2 to 250 atmospheres to produce a hot
stream of syntehsis gas, reducing gas, or fuel
gas comprising Hz, CO, GOz, Hz8, COS and at
least one gaseous material selected from the
group consisting of H20, Nz, CHs, NHs, Ar, and
containing entrained material comprising par-
ticulate carbon, and molten slag;
(2) passing at least a portion of the hot gas
stream from (1) through an unobstructed central
passage of a radiant cooler, thereby cooling the
process gas stream to a temperature in the
range of about 1800 F to 1200 F while solidify-
ing the molten slag;
(3) contacting the sulfur-containing gases in the
process gas stream in a reaction zone located
downstream from said radiant cooler, with a
calcium-containing material after substantially ail
of said molten slag has solidifed, wherein the
weight ratio of calcium-containing material to
sulfur is in the range of about 0.8 to 5.0 to 1.0
and the tempreature in said reaction zone is at
least about 50 to 200° F below the ash-fusion
temperature of the solidifed slag entrained in the
process gas stream;
(4) reacting in said reaction zone said calcium-
containing material with sulfur containing con-
stituents in said gas stream to produce par-
ticulate matter comprising calcium sulfide; and
(5) discharging from said reaction zone a par-
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tially cooled process siream of synthesis gas,
reducing gas, or fuel gas containing entrained
calcium sulfide particulate matter, particulate
carbon, and slag; and in comparison with a gas
stream produced without the introduction of said
calcium-containing additive in (3), said cooled
process gas stream contains a reduced amount
of sulfur-containing gases.
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