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This invention relates to a method of and apparatusi

for generation of carbon monoxide and hydrogen from hydro-

of this invention relates to the conversion of a normally
gageous hydrocarbon to carbon monoxide and hydrogen by con-
Secutive reaction of the hydrocarbon with steam and free
oxygen,

The present invention is directed to an improvement
in the generation of synthesis gas from normally gaseous
hydrocarbors in which steam is reacted with a normally gas-
eous hydrocarbon at an elevated pressure over a catalyst
effecting partial conversion of the hydrocarbon by reforming
with steam followed by reaction of the unconverted hydrocar-
bon contained in the effluent from the steamn-hydrocarbon
reforming reaction with oxygen in a zone of partial combus-
tion. Heat for the endothermic reforming feaction is
obtained by indirect heat exchange with the hot E3Se8 pro=-
duced in the exothermic partial combustion reaction in two
stages as described in more detail hersinafter.

Mixtures of carbon monoxide and hydregen, or syn-
thesis gas, are useful in the synthesis of hydrocarbons and
alcohols. Synthesis gas is also useful as a source of hydro-
gen for variocus chemical reactions, particularly hydrogena-
tion and ammonia synthesis. Carbon monoxide contained in
synthesis gas mixtures is the full equivalent of hydreogen
since it may be made to yield an equivalent quantity of
hydrogen by reaction with steam in the water-gas shift reag-
tion. Consequently, by far the larger proportion of ammonia
produced at the preseht time depends upon synthesis gas as

a source of hydrogen for the ammonia synthesis reagtion.
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oxldatlon with free oxygen, on the other hand, operates satls<

The so-called "steam-methane" reaction in which a
gaseous hydrocarbon is reacted with steam at temperatures in
the range of 1200 to 1600°F. has long been known., More re-
cently a commercial process has been developed for the pro=-
duction of synthesis gas from hydrocarbens by direct partial
oxidation of the hydrocarbon with free oxygen. The partial
oxitdation of hydrocarbons may be carried out at temperatures
above about 1800°F. When the temperature of the partial
oxidation reaction is maintained above about 2200°F., the
product synthesis gas 1s substantiall} completely free from
hydrocarbons even when the reaction is conducted under
elevated pressure.

The steam=-methane reforming reaction provides satis-
factory conversion of hydrocarbons to synthesis gas only at
relatively low pressures of the order of atmospheric to 50
psig. As the pressure is increased, the unconverted hydro-

carbon in the effluent gas stream increases. The partial

factorily at elevated pressures of the order of 100 to 800
psig or higher.

In the steam-methane reforming reaction, usual
practice is to pass a mixture of steam and gaseous hydrocar-
bop over a ctatalyst maintained at the required reaction tem-
peféture of the order of 1300 to 1500°F, In order to main-
tain the catalyst and reactants at the reaction temperature,
due to the highly endothermic nature of the reaction, it is
customary to dispose the catalyst in tubes of relatively
small diameter, e.g. 4 to 6 inches in diameter, and to place
the tubes in a furnace-type structure provided with burners
which supply heat to the catalyst and reactants through the

walls of the tubes.
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The physical limitations of metals and alloys
available as materials of constiruction limit the operation %ol

relatively low pressure, It has been proposed heretofore to

steam-methane reforming reaction by enclosing the tubes
within a pressurized chamber. While this proposal is
feasible, the effect of pressure on the equilibrium is such
that incomplete conversion of methane is obtained when the
reforming reaction is carried out at superatmospheric
pressure.

It has also been proposed heretofore to effect
economies in the generation of synthesis gas by effecting
partial conversion of a hydrocarbon with steam in the presence
of a reforming catalyst and to complete the conversion of the
hydrocarbon by subjecting the product of the reforming step
containing unconverted hydrocarben to partial combustion with
free oxygen. Heat required in the endothermic steam=-hydrocarsy
bon reforming reaction is supplied by heat exchange with the
hot gaseous products from the partial combustion reaction.
For a given quantity of synthesis gas, savings of as much as
30 to 35 per cent oxygen may be effected, as compared with
straight direct partial oxidation. The savings in oxygen is
offset to some extent by the increased cost of construction
of steam-hydrocarbon reforming facilities designed to operate
at elevated pressure.

I have observed that high ﬁemperature metal alloys,
even those highly resistant to corrosion, such as inconel,
18-8 stainless and 25-20 stainless steels, are subject to

rapid erosion when placed in heat exchanger service in contacy

with the hot reducing gases which result from the partial
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foxidation of hydrocarbons with free oxygen. These alloy
steels literally disappeared from certain sections of the
apparatus handling the hot gases from synthesis gas genera-
tors at elevated temperature and pressure.

I have now devised a method of cperation which per-
mits the combination of the steam~hydrocarbon reaction at
elevated pressure with partial oxidation of the unconverted
portion of the hydrocarbon and with heat exchange between the
hot gases from the zone of partial combustion and the catalyst
and reactants in tﬁe steam-hydrocarbon reforming reaction

zone without serious ercsicn of high temperature steel alloys.

s produced, the hot synthesis gas is decarburizing with re-
ﬁpect to iron; ag expressed in the following reaction:
Fe + 200 == FeC + 0z

As the effluent from the synthesis gas generator is cooled,
'8 transition temperature is reached at which the mixture
shifts from decarburizing to carburizing with respect to
iron. The region where the transition takes place may be
bonsidered a eritical temperature range in that there is very
rapld attack on even highly corrosion resistant iron alloys.
Normal fluctuations in the operating ¢onditions of the syn=-

hesis gas generator result in fluctﬁations in temperature
Et any given point in the heat exchange apparatus with the
lhresult that some of the metal in the heat exchange system
Wherein the hot gases undergo cooling is subjected alternately
to carburizing conditions and to decarburizing conditions.
lthough I do not wish to limit my invention by any theories,

pparently it is the alternate carburizing-decarburizing at-

mosphere that causes erosion.
The equilibrium temperature, or the transition tem-

perature of the carburizing-decarburizing reaction, may be
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estimated from the composition of the synthesis gas according

to the following table:

Table 1 _
Temp. {°F.) (00}2/802 (atm.)
2,000 425
1,900 235
1,800 120
1,700 57
1,600 25
1,500 10

wherein OO0 represents the partial pressure of carbon monoxide
in atmospheres and G0z represents the partial pressure of
carbon dioxide in atmospheres.

My invention takes advantage of this discovery by
employing heat exchange between the hot gaseous products of
reaction of partial combustion, and the catalyst and reactants
in the reforming zone at temperatures both above and below
the transiticn temperature on the carburization-decarburiza-
tion curve, Thus, in carrying out the process according to
my invention, a normally gaseous hydrocarbon is mixed with
steam, preheated to a suitable temperature, and subjected to
reforming. From 2 to 5 parts stsam per part hydrocarbon may
be used. In reforming, the mixture of hydrocarbon and
steam is passed into contact with a steam-hydrocarbon reform-
ing catalyst in heat exchange with hot synthesis gas. The
heat exchange is carried out first wifh previously cooled
synthesis gas from a partial combustion reaction zene at a
temperature below the transition temperature effecting a con-
version of e portion of the hydrocarbon with steam. The heat
exchange is then carried out with hot gases from the partial
combustion reaction at a temperature above the transition

temperature, effecting further conversion of the nydrocarbon
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iby reaction with steam. Preferably, from 20 to 55 per cent
conversion of the hydrocarbon is effected in the reforming
step. Finally, the effluent from the steam-hydrocarbon re-
forming step, containing carbon monoxide and hydrogen, to-
gether with unreacted steam and hydrocarbon, is passed inte

admixture wlth free oxygen into the zone of partial combus-

tion, In the zone of partial combustion, residual unconverted
hydrocarbon from the steam-hydrocarbon reforming step 1s sub-
stantially completely converted to carbon monoxide and
hydrogen.

The hydrocarbon-steam reforming reaction zohe is
divided into two sections, Intermediate the two sections of
the reforming reaction zone, the hot synthesis gas from the
zone of partial combustion is quench cooled from & temperature

somewhat above the transition temperature toc a temperature

below the transition temperaﬁure by the addition of a suitable
cooling fluid to the hot gas stream. In gemeral, it is de~
sirable to quench cool the gases through a range of about
100°F.; although a wider range may be recuired in cases where
there is conslderable fluctuation in the composition of the
synthesis gas. The cooling range, therefore, generally should
be from about 50°F, above the transition temperature to about
50°F. below the transition temperature under normal operating
qonditions. As intimated above, in some cases it may be de-
éirable to quench cool the gas from a temperature 100 to
200°F. above the transition temperature to a temperature 100
ta 200°F, below the transition temperature.

Suitable fiuid ccoling media for quench cooling the
synthesis gas include steam and carbon dioxide, which may be

termed fully oxidized products of combustion of a‘hydrocarbon.
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separated from the synthesis gas. Carbon monoxide, hydrogen,
mixtures of carbon monoxide and hydrogen, and mixtures of
hydrogen, carbon monoxide, or both, with steam, carbon
dloxide, or both, are suitable fluid cooling media. It is
sometimes advantageous to recirculate cooled synthesis gas
from the outlet of the second heat exchange section employed
in ecarrying out the steam-hydrocarbon reforming reaction to
the intermediate section to effect quench cooling. This is
more fully explained hereinafter in the detailed description
of a specific embodiment of the present invention,

As previously stated, the transition temperature
may be estimated from the composition of the product gas from
the zone of partial combustion. Two examples will serve to
illustrate the method of determining the transition tempera-

ture. In both cases the total pressure is 30 atmospheres

absolute.
Cagse I
Gas Composition Mols Mol % Atm,
Carbon monoxide 90 22,5 647
Carbon dioxide 10 2.5 0.8
Water a5 212 buls
Hydrogen 215 53,8 i6.1
400 100.0 30.0
Case II
Gas Composition Mols Mol % Atm,
Carbon monoxide 58 15.4 L6
Carbon dioxide 17 © hed l.4
Water 136 36.3 10.9
Hydrogen 164 43.8 13.1
375 100.0 30.0

The transition temperature for Case 1 is determined
as follows. The value for the equilibrium constant (00)2/002

is calculated, i.e. (6.7)2/0.8 = 56, With reference to Fig. 1
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%of the drawings, which is a graphical representation of the
information abpearing in Table I, it will be found that the
transition temperature corresponding to the equilibrium con-
fstant for (00)2/002 = 56 is approximately 1700°F. Similarly,
| the value (C0)2/C0; for Case II is (446)2/1.4 or 15.1. With
reference to Fig., 1, the transition temperature for Case II
ls found to be about 1550°F,

In Case I in which the equilibrium temperature is

approximately 1700°F., the hot gas from the partial oxidation
reaction step is cooled by heat exchange with the steam-

methane reforming reactor to a temperature not below about

1750°F, or 50°F. higher than the transition temperature in
the hotter section of the heat exchange system. A suitable
fluid coolant; for example, steam at 500°F,, is then injected
into the hot synthesis gas stream, quench cooling it to a
temperature not above about 1650°F. or 50°F. below the transid
tion temperature. Following the quench cooling, the synthesig
gas 1s again contacted with the heat exchange surfaces of the
steam~hydrocarbon reforming reaction zZone in the cooler sec-
tioen of the heat exchange system., Similarly, in Case II _
in which the equilibrium temperature is approximately 1550°F, ,
the hot gases from the synthesis gas generator are first
cooled to & temperature not below 1600°F. by heat exchange
with the heat exchange surfaces of the reforming reactor,
quench cooled through the region 1600 to 1500°F,, and again
contacted with heat exchange surfaces of the reforming reac-
tion zcne,

My invention will be more readily understood from
the following description. Fig. 2 of the drawings illustrated

diagrammatically one method in which the process of this
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iinvention may be carried out, With reference to Fig. 2, the
:numeral 5 designates a cylindrical pressure vessel shell de-
signed to withstand operating pressure, for example, a pres-
sure within the range 100 to 800 psig., provided with an ine
sulating refractory lining 6. A partition 7 divides the
vessel into an unpacked reaction chamber & suitable for con-
ducting non-catalytic partial oxidation reaction between a
hydrocarbon and free oxygen, and a heat exchange zone 9. A
.suitable mixer-burner 11 ic provided in the inlet to reaction
chamber 8. Outlets 10 in partition 7 permit products of the
partial oxidation reaction to pass into heat exchange zone 9.
In heat exchange zone 9 are tubular reactors 124 and 12B
adapted for carrying out the hydrocarbon-steam reforming re-

action. Product synthesis gas is discharged from the reactor

system through outlet 19,

rA mixture of gaseous hydrocarbon and steam; sult-
ably preheated; for example, preheated to about 800°F.; is
introduced through line 13 into tubes 12B which preferably
contain a steam-methane reforming catalyst. Such catalysts
are well known; nickel oxide is a commonly-used catalyst,
In tubes 12B a portion of the reforming reaction is carried
out; heat for the steam-hydrocarbon reaction is supplied by
heat exchange with hot gases from reaction zone 8 as described
in more detail hereinafter. A porticn of the hydrocarbon is
converted te carbon monoxide and hydrogen in tubes 12B, From
tubes 12B the partially reformed effluent passes into tubes
124 which, like the tubes 12B, also contain reforming cata-
lyst. Further reforming of the hydrocarbon takes place in
tubes 124 in heat exchange with hot gases from reaction zone

8. The effluent from reforming tubes 12A pass via line 14
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l;1:,0 burner 1l where it is mixed with oxygen introduced through
line 16 in an amount sufficient to react with the unconverted
hydrocarbon contained in the effluent from reforming sections
12A and 12B and autogenously maintaln the temperature within
the reaction zone above about 2000°F, and preferably in the
range <2C0 to 3000°F,

~ The hot effluent gases from reaction zone 8 are

discharged through openings 10 and passed first over the

exterior surface of tubes 12A supplying heat by heat exchange
to the catalyst and reactants within the tubes. The heat
exchange with tubes 12A reduces the temperature of the gases
from reactor 8 to a temperatures not below 50 to 100°F. above
the carburizing-decarburizing transition temperature defined
hereinabove, At this point, the gases are quench cooled
almost instantaneously through the critical temperature
region from above the transition temperature to below the
transition temperature by injection of coolant into the gases
at a suitable temperature through line 18,

The coolant may be at any suitable temperature
below the transition temperature. It has been found that
steam is particularly suitable as a ccoling medium for quench
cooling the partial combustion products from gas generation
zone 8§ through the critical temperature region. Another
particularly good cooling medium is the cooled gas itself
which may be recirculated from outlet 19 to pipe 1l8.

The guench cooled gases at a temperature helow
the transition temperature, are then brought into contact
with tubes 12B to supply heat to the catalyst and reactants
contained therein effecting conversion to carbon monoxide and

hydrogen by the steam-hydrocarbon reaction. The cooled
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gaseous reaction products are discharged from the reactor
through cutlet 19 for further treatment.

The reaction in reforming reaction zones 12A and
12B converts a portion, for example, 10 to 60 per cent, of
the hydrocarbon te carbon monoxide and hydrogen by reaction
with steam and at the same time preheats the reactants sup=
plied through line 14 to reaction zone 8 to a temperature
well above the maximum permissible preheat temperature
normally obtainable. As an aid in controlling the tempera-~
tures within the various reaction zones, lines 21 and 22 may
be provided; together with suitable control valves, to permit
bypassing either section 12A or 12B of the reforming reaction
gone with a portion of the feed stream.

Example

A mixture of steam and methane containing two mols
steam per mol methane is preheated to 800°F, and fed at the
rate of about 85.3 MSCFH (thousand standard cubic feet per
hour} to a reaction system as described herein. The fead
mixture at about 450 psig contacts a hydrocarbon-steam re-
forming catalyst contained in tubes in heat exchange with
hot gases from a partial oxidation reaction zone as illus-
trated in the accompanying drawing. The steam-hydrocarbeon
reforming reactor i1s divided into two sectlions, as described
above. The mixture of hydrocarbon and steam first enters the
cooler section of the steam-methane reforming reactor and
then passes into the hotter section. The effluent gas from
the steam-hydrocarbon reforming reaction has the following

approximate composition:
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Hols Mol %
Carbon monoxide 19 O.l
Carbon dioxide 16 S5
Steam 99 33.6
Hydrogen 121 L1.0
Methane 40 13.6

This effluent from the steam-methane reforming re-
action at about 1500°F, and about 225 psig is fed to the
partial oxidation reaction zone into admixture with 15.16
M3CFH of oxygen preheated to 300°F, The temperature in the
partial oxidation reacticn zone is autogenously maintained
at 2700°F. Prodyct gas, or synthesis gas, from the partial

oxidatfqn reaction zZone has the followlng approximate

v

composition:
Mol %
Carbon monoxide 15.5
Carbon dioxide Led
Steam 375
Hydrogen L2.4
Methane 0.3

The hot synthesis gas from the partial combustion
zone 1s pasged into the hot section of the heat exchange
zone into contact with tubes containing catalyst for the
gteam~hydrocarbon reaction where the synthesis gas is cooled
by heat exchange to a temperature of approximately 1600°F,
The transition temperature for the mixture leaving the zone
of partial combustion is calculated from the composition of
the product gas as indicated in connection with Case I and

Case II above,
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Mol % Atm.

Carbon monoxide 15.5 4e6
Carbon dioxide 4e3 1.3
Steam 3745 1l.3
Hydrogen L2 4 12,7
Methane 0.3 0.1
30.0

The value for the equilibrium constant for {00}2/002 is
(4.6)°/1.3 = 16.3.

that the value for {C0)2/C0, corresponds to a transition

With reference to Fig., 1, it will be seen

temperature of approximately 1550°F.

Quench cooling of the hot synthesis gas through
the critical temperature range of 1600°F. to 1500°F, inter-
mediate the sections of the steam~methane reforming reaction
zoﬁg is accomplishéd by injecting 500°F. steam at the rate
of 9,5 MSCFH into the synthesis gas at this point. The re-
sulting mixture is then passed in heat exchange with the
steam-methane reforming reactants and catalyst in the cooler

section of the heat exchange zone,

nbroduct gas is discharged from the heat exchange

izone of the reaction vessel at a temperature of approximately

1,040°F, The product gas has the following approximate com-
position on a dry basisi

Carbon monoxide 24.9

Carbon dioxide 6.8

Hydrogen 67.8

Methane 0.5

As indicated herein, the steam~hydrocarbon reform-
ing catalyst may be a conventional catalyst and is not, per

se, a part of the present invention. Steam-hydrocarbon
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such as an oxide of ircn, nickel, cobalt, frequently in ad-
mixture with one or more of the following: alumina, aluminum
silicate, bauxite, kaolin, and rare earth metal oxldes., Par-
ticularly effective catalysts are iron and nickel oxides
together with compounds of aluminum, silicoun, boron or
phosphorus, for example, aluminum silicate, bauxite, kaolin
and the like. Another exsmple of a suitable catalyst is one
which consists of nickel oxide promoted with alumina and
supported on unglazed porcelain.

Obvicusly, many modifications and variations of the
invention, as hereinbefore set forth, may be made without de-
parting from the spirit and scope thereof, and therefore only
such limitations should be imposed‘as are indicated in the

appended claims,
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The embodiments of the inventlon in which an exclu- |

slve property or privilege is clzimed are defined as follows:

1. A process for the production of carbon nonoxide
and hydrogen from a gasiform hydrccarbon which comprises pe-
forming a minor part of said hydrocarbon with steam 1ln a

first reforming reactlon zone; passlng effluent from sald
filrst reactlon zene to a second reforming reactlon zone; re-
forming a further part of said hydrocarbon with steam In said
second reactlon zone; subjecting effluent from said second
reaction zone comprising carbon monoxide, carbon dloxide and
unreacted hydroearbon to partial oxidation in a zone of
partial combustion autogenously maintained at a temperature

in the range of 2000°F. to 3000°F. with oxygen in an amount
effecting substantlally complete conversilon of sald hydroe-
carbon to carbon monoxide and hydrogen; passing hot effluent
‘liproduct gases ghmprising carbon monoxide, hydrogen, and

carbon diloxide from said partial oxidatlon reaction zone
through a first cooling zone in indirect heat exchange re-
lationship with reactants in said second reforming reaction
zone at a temperature above the transition temperature for the
reactlon Fe £ 200:;:::} FeC £ COp; sald transition temperature
prepresenting the temperature at which the equilibrium between
carbon monoxide and carbon dloxide shifts from decarburizing
to carburizing with respect to iron; further cooling said
product gases from a temperature above sald transition temperal
ture tc a temperature below said transition temperature in a
second cooling zone by admixing a fluild cooling medium there-
With; thereafter passing sald product gases through a third
cooling zone 1n indirect heat exchange relationship with
reactants in said first reforming reaction zone; and withdraw-
ing cooled product gases comprising carbon monoxide and

hydrogen from sald third cooling zZone,

18
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2. A process as defined in claim 1 wherein the
temperature in each of said reforming zones is within the

range of 1200°F, to 1600°F.

3. A process as defined in claim 1 wherein said

cooling medium comprises steam at a temperature of the order

of several hundred degrees Fahrenheit below sald transition

temperature,

4, A process as defined in claim 1 wherein said
mixture of steam and hydrocarbon supplied to said first re-
action zone contains from 1 to 5 mols of steam per mol of

carbon contained in said hydrocarbon.

5. A process as defined in claim 1 wherein the
pressure maintained within said reaction zones is within the

range of from about 100 to 800 pounds per square inch gauge.

6. A process as defined in claim 1 wherein from
20 to 60 per cent of the hydrocarbon feed to the process is

converted in the reforming reaction zones.

7. A process as defined in claim 1 wherein said

hydrocarbon consists essentially of methane.

17
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8. A process for the production of carbon monoxide
and hydrogen from a paziform hydrocarbon which compriges
passing a mixture of said hydrocarbon and steam into a first
reactlon zone into contact with a steam-hydrocarbon reforming
catalyst malntalned at reactlon temperature effectlnz conver-
sion of part of sald hydrocarbon to carbon monoxide, carbon
dloxlde, and hydrogen; passlng effluent gases from sald first
reaction zone 1nto contact with steam-hydrocarbon reforming
catalyst in a second reactlon zone maintained at rezctlon
temperature effecting conversion of a further part of said
hydrocarbon to carbon monoxide, carbon dioxide, and hydrogen;
passing effluent gases from said second reaction zone in ad-
mixture with free oxygen into an unpacked partisl oxidation
reaction zone autogenously malntalned at a temperature
wlthin the range of ZOOO®F. to 3000°F, effecting subgtantially
complete conversion of unconverted hydrocarbon to carbon
monoxide and hydrogen; passing effluent product gases com-
prising carbon monoxlde, carbon diecxide, and hydrogen from
said zone of partial oxidation through a first cooling zone
in indirect heat exchange relationship with sald catalyst
and sald reactants in sald second steam-hydrocarbon reforming
zone at a temperature above the transitlon temperature for the
reaction Fe / 200 —Fe( A COo; said transition temperature
representing the éZ;;;rature at which the equilibrium between
carbon monoxlde and carbon dioxide shifts from decarburlzing
to carburizing with respect to iron; further cooling said
product gases from a temperature above said transition
temperature fo a temperature below said transition temperature
in a second cooling zZone by inJecting a fluid coollng medium

into sald hot gases and thereafter passing resulting cooled

18




b

638873

product gas mixture through a tnird cooling zone in indirect
heat exchange relationship with catalyst and reactants con-
tained in salid first reaction zone; and withdrawing a cooled

product gas comprising carbon monoxlde and hydrogen.

19
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