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The present invention relates to the prepara-
tion of a gas comprising carbon monoxide and hy-
drogen. It is more particularly conceirned with
the production of these gases by reforming a light
hydrocaribon feed gas and is particularly directed
to & simplified and highly advantageous process
for furnishing heat for the endothermic reforming
reactionn. In accordance with the present inven-
tion, carbon dioxide, steam and a light hydrocar-
bon gas such as methane or nabural gas is sub-
jocted to the action of radiant heat to produce
carbon monoxide and hydrogen in proportions
suitable for empioyment in the hydrocarbon syn-
thesis process. The methane reforming reaction
may be indicated as follows:

1. CHy+H20e23H2+4-CO
2. CHy-CO222H2+2C0

By manipulation of the quantities of CHs, 4O
and CO2 to be reacted, desired tatios of Hz to CO
in the product may be obtained. Thus, to produce
3 synthesis gas having an Ha to CO ratio of 2:1,
proportions would be

3. 3CH¢+2H20--CO2=28H2+4CO

The synthesis of hydrocarbons having 4 and more
carbon atoms in the molecule from ecarbon
monoxide and hydrogen in the présence of suit-
able catalysts is o matter of record. The ratio of
these components varies somewhat between 1 fo
2 volutnes of hydrogen per volurne of ‘carbon mon-
oxide.

‘Fhese feed gases may be prepared in a number
of ways such 28 by the water gas reaction to give
a 1:1 gas and by the centrolled oxidation of na-
tural gas or methane with oxygen or with metal
oxides to give synthesis gas having s highetr ratio
of hydrogen to carbon monoxide. One of the Mmost
effective methods and most fexible for obtaining
synthesis gas of desired Ha to:CO ratios is to re-
form methane or natural gas which contains
about 559 wmethane either non-catalytically atb
high temperatures or with a catalyst comprising
a metal of group VIII of the periodic system. Re-
forming is, as indicated, a partial oxidation of
methane by steam or carbon dioxide or a rmixture
of these gases to form primarily carhon monoxide
and hydrogen. The reaction is generally -con-
ducted by passing methane and steam and/or
carbon dioxide over a catalyst such 'as nickel or
iron sither alone or supported on carriers such
as kaolin or kieselguhr at a temperature in the
range of about 1560° to 2000° ¥. and pressures
from about 1 to 20 atmospheres.

Heretofore and prior to the present invention,
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it has been the practice to supply heat to the
highly endethermic reformation reaction invelv-
ing methane, steam, and carbon dioxide, indi-
rectly by means of tubular furnaces, the tubes of
which surround the long and narrow reaetion
chambher which is usually in the form of a vertical
column. A tubular furnace employed for this type
of service requires a large number of costly alloy
tubes since heat transfer rates for heating gases
in tubes are very low. Thus, a typical furnace
may consist of vertical tubes filled with catalyst,
which tubes are of heat-resisting chrome nickel
alloy to withstand the 1600° ¥, or:so internal oper~
ating temperatures.

Other technigues that have been developed -for
the commercial utilization of the reforming re-
action involve regenerative furnaces, or reaction
chambers involving diréct oxidation with pure
oxygen. 'The regenerating furnace will permit
operation non-catalytically at very high tem=
peratures. Also suggested has been g -catalytic
and non-catalytic fluid solids type of process
wherein the reforming gases ‘are contacted with
the dense fluidized mass of a heat carrier or
catalyst.

Each of the above enumerated processes for re-
forming gas is accompanied by certain distinect
disadvantages. Thus, catalytic processes in gen-
eral, require regeneration of the catalyst to re-
move coke while fluid processes require regenera-
tion as well ‘as ‘extraneous equipment for recover-
ing catalyst as well as replacement foi catalyst
losses. The employment of tubular type of re-
formers wherein the tubes contain catalyst is ac-
companied by the following disadvantages:

(1) The tubes must be of the expensive tem-
perature resistant alloy such as 25% chrome, 20%
nickel alloy steel to withstand the required mini-
mum 1600° P. inside tube operating temperature
over long periods of time.

(2) A large amount of tubular surface is re-
quired. Thus, it has been found that 350,000
B. t. u. per hour is as much heat as can be ab-
sorbed by a 6’7 x 24’ tube at an internal gas tem-
perature of 1500° 7., and on this basis the heat
density through the wall is only -about 10,000
B. §. u. per hour per square foot. Furthermore,
the temperature of the catalyst in the center of
the tube is considerably less than the temperature
near the walls ‘of the tube resulting in uneven re-
formmer conditionsand impairment of the efficieney
of the catalyst exposed to the high tube wall tem-
perature. Also, the heat density through the side
of the tube facing the fire box or flame is con-
siderably higher than the opposite side ‘of the
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tube, while passing the gas through tubes filled
with solid catalyst leads to excessive gas pressure
drops.

One of the serious disadvantages in operating
in accordance with the tube reforming process at
pressures in the order of 20 atmospheres is the
fact that the high cost metal alloy does not per-
nait employment of the high temperatures above
about 2000° F. which favor the endothermic re-

forming process and result in high yield of syn-

thesis gas. Previous regenerative furnace proc-
esses operating at high temperatures have been
accompanied by difficulties in coke deposition, and
in the cyclic reversing arrangement used in sup-
plying heat to the system. :

It is the purpose of the present invention to dis-
close the method of furnishing heat to the re-
forming process whereby high yields of synthesis
gas may be obtained without employment of tubu-
lar furnaces, regenerative furnaces, or essentially
pure oxygen.,

It is also a purpose of the present invention
to utilize the radiant energy emitted by the
combustion of fuel gas to furnish the heat re-
quired for the endothermic reforming process.

Other purposes and advantages of the present
invention will become apparent from the more
detailed disclosure below.

In accordance with the present invention, tubu-
lar furnaces are dispensed with in the gas ref-
ormation process and are replaced by a novel,
simple and highly advantageous method of heat
supply by the application of radiant heating.
Though the application of radiant heating to
processes of petroleum has been hitherto de-
scribed, the present application to the reforma-
tion reaction is based upon the transfer of radi-
ant energy not to liquid or solid hydrocarbon
molecules, but to the gaseous molecules which, in
the process of the present invention, are pecul-
iarly adapted fo receive the radiant energy.

In brief compass, in accordance with the pres-
ent invention, a mixture of COz2, CH: and steam
is passed into a furnace, preferably horizontally,
and in its passage through that furnace, is ex-
posed to direct radiation from a preferably con-
current flue gas stream flowing essentially par-
allel. The flue gas resulting from combustion of
carbonaceous fuel such as natural gas, contains
CO2 and water vapor and, therefore; a very large
portion of the radiant heat waves from the burn-
ers is characteristic of the vibrations within these
moiecules. N

The gases involved in the production of syn-
thesis gas from natural gas, namely, COz, CO,
H20 and CHs all have particularly strong abili-
ties to absorb infras red radiation of the wave
lengths encountered in high temperature fur-
naces. These gases are heteropolar gases and
absorb infra red radiation strongly, while other
gases with symmetrical molecules such as N2, Oz
and Ha do not absorb as strongly. The absorp-
tion of radiant heat by CO2 and H20 in the feed
gas is a direct function of the emissivity of
radiant heat from the CO2 and the H20 mole-
cules and the hot gas. In other words, the flue
gas and the feed gas act substantially as black
bodies to one another, especially when employed
in sufficiently thick gas layers and in sufiicient
concentrations. Thicknesses of feed gas of from
10 to 20 feet, product gas of 10 to 20 feet and
flue gas of 20 to 50 feet are preferred.

One of the advantages of employing the radiant
heat technique iIn accordance with the present

invention is that the heat absorbing gases can !
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be permitted to reach high temperatures in order
to promote complete reaction and still very high
heat transfer rates be secured. Thus for ex-
ample, a radiating refractory temperature of
2800° . and a synthesis gas temperature leaving
the furnace of 2000° . results in a radiant heat
transfer rate of 91,000 B. t. u. per hour per
square foot plane surface. If the absorbing gases
were at 2400° P, and the radiating body remained
at 2800° F., the rate would be 55,000 B. t. u. per
hour per square.foot. Furthermore, if the radi-
ation surface were at a temperature of 3000° F.,
the heat transfer rate to an absorption gas at
2400° F. is again 91,000 B. t. u. As indicated,
the above shows that the temperatures of the
heat absorbing gases may be easily maintained at
high levels without appreciable sacrifice in heat
transfer rates. The reason for this is that heat
transfer rates in radiant heat transfer are pro-
portional to the difference between the absolute
temperature of the radiating medium raised to
the fourth power and the absclute temperature of
the absorbing medium raised to the fourth power;
while for conduction, heat {ransfer rates are pro-
portional simply to the difference between the
temperature of the radiating medium and the
temperature of the absorbing medium. In fact,
even when the temperature of the absorbing gases
is as little as 200° P. below the temperature of
radiating surfaces, heat transfer rates above
30,000 B. t. u. per hour per square foot are
obtained in high temperature level furnaces.
These high heat transfer rates are substantially
above those obtainable in tube reformers. Thus,
summarizing, radiant heating of the gases in-
volved and thermal reforming of methane with
CO: and H20 is particularly effective because
these gases and CO are particularly strong ab-
sorbers of infra red radiation of wave lengths
incurred in furnaces and the radiation is emitted
by the CO2 and H2O molecules in the flue gas
which produces most of the radiation in almost
exactly the same wave lengths which are absorbed
by the CO:2 and H20O molecules of the feed gas.

The process of the present invention may be
readily understood by referring to the accompany-
ing drawings illustrating preferred modifications
of the present invention. .

Figure I discloses a process wherein all the
reforming is carried out at high temperatures
under non-catalytic conditions, Figure II dis~
closes a modification wherein any unconverted
feed gases are substantially completely converted
in a catalytic type of reforming process and Fig-
ure IIT discloses a modification of Figure I where-
in a slightly different arrangement of the gas
streams in the furnace is provided to accom-
plish the same result.

Referring now in detail to Figure I, this illus-
trates the method of utilizing radiant heat to
supply the necessary endothermic heat of reac-
tion in the thermal or non-catalytic reforming of
methane with H20 and CO:2. Reactor {8 is pref-
erably a box type of furnace wherein natural gas
fuel is fired at the top front side through lines
2 and 4. Air for combustion purposes preheated
by heat exchange with flue gas to about say 1200°
F. is introduced through line 6§ into compart-
ment 1, and through air ports 8. Combustion
takes place in 8, which may be at a temperature
as high as 4000° F. and the flue gas passes across
the top of the furnace {0 and discharges through
suitable ports {2 and line {3 at the top rear side
of furnace 8. The fuel gas and the compressed
air are both controlled at constant rates by means
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of valves 3 and §, respectively, and the volitme of
flue gas -so produced is constant for any paxr=
ticular temperature of the flue gas. The heat
generated within the reactor may also be ¢con-
trolled by conirolling the ratio of iuel gas to
air. In general, it is desirable to employ pre-
heated eembustion air so as to maintain the tem-
perature of the flue gas at high temperatures,
in the range of 3500° to 4000° F. to facilitate
efficient heat transfer. At the high temperatures
of operation;, when an excess of steam is em-
ployed with the feéd gases, any carbon black pie~
cipitated in the open reaction zone absorbs radi-
ation extremely fast, promoting its reaction with
steam.

Feed gas preheated to about 1200° to 1400° F
by heat exchange with exit gas is passed into
furnace ¢ through line {4. The feed gas con-
sists essentially of CO2 introduced through line
16, natural gas introduced through line 48§, and
steam introduced through line 29. The feed gas
constituents may be present in any proportions
to produce synthesis gas having carbon monoxide
to hydrogen in any desired ratio. To produce &
synthesis gas having a 2:1 ratio of Ha to €O, the
proportions of the feed gas are in the ratio of
3 mols of methane to 2.4 mols of water to 1 mol
of CO2. A volume of 2.4 mols of water is used
to facilitate the completion of the reaction and
to avoid deposition of carbon black. The excess
water is readily removed from the synthesis gas
formed by subsequeni condensation. The pre-
heated feed gas is passed to ieactor {0 through
line 14 and as a result of the radiation from the
flue gas stream above, it is heated to a tempera-
ture of about 2600° . The feed and product gas
pasges along the floor of the furnace and is with-
drawn in the opposite side of the furnace through
ports 22 and line 24. The resulting synthesis
gas is passed in heat exchange relation with in-
coming feed gas and excess heat may be ex-
tracted in making steam.

Within the furnace the feed gas comprising
CO2, H20 and CH: is exposed to flue gases at
approximately 2800° B, to 4000° F. resulting in an
average radiant heat transfer rate of 46,000 B. t. u.
per hour per square foot floor area. The feed
gas temperature rises rapidly since only sénsible
heat is required initially. When a temperature
in the order of 1800° to 2000° F. is reathed in
the feed gas, the rate of reforming becomes ap-
preciable angd the temperature holds at about that
level. As the rate of reforming decreasés to-
ward completion of the reaction, the temperature
increases in the order of 2600° . This firial high
temperature shifts the equilibrium so as to pro-
duce substantially complete conversion of CHa.

To prevent apprecible intermixing of lower feed
gag and product gas with the upper flue gas, the
linear velocities of the two gas streams through-
out the reactor are maintained substantially
equal, particularly at the outlet side of the re-
actor. The velocities of the gas streams through
the reactor may be in the order of 5 to 15 feet
per second. In a preferred operation, the resi-
dence time of the feed gas in the reformer is
aboutb 10 seconds. The excess steam is about 20%
and the pressure is about 0 p. s. i. g. and the tem-
perature of the synthesis gas leaving the furhace
in the order of about 2400° to 2600° F. The ex-
cess of steam is useful to prevent the deposition
of carbon as well as to facilitate the absorption
of radiant heat by the reformed gases when the
reaction is near completion, _

In order to decrease intermixing of the flue.gas

10

15

20

[+
v

30

35

40

3
&

50

60

70

76

. 6

and ths synthesis gas, the exit and inlét poit
openings may be adjusted by suitable dampers
whevréeby velocities of the two layers may be held
substantially equal. In'order to adjust the rates
of synthesis gas withdrawal, a ‘sample of the 225
substantially above the synthesis gas oltlet ports
may be withdrawn through line 25 and passed
thiough an analytwal device such as mass spec-
tiomieter 28 wherein the hydrogén ‘concentration
may be determined. In aécordance with the hy-
drogen conceniration in the gas Iayer, the rate
of synthesis gas withdrawal may be controlted
through Control valve 34. Thus, if the synthesis
gas layer rises’above the preseribed sample draws
off level, its rate of removal is incleased, in e~
sponse to its oncentration in the layer above the
synthesis gas withidrawal port.

Puige gas may be introduced through line 23,
compartment 25, and adjustable ports 21 into
chamber [0 between the lower layer ‘of feed gas
and the upper layer of flue gas. This purge gas
is helpful in preventing intermixing ‘of the feed
gas and flue gas. It may be discharged through
line 28 or burned at Teast in part, and discharged
with the flue gas. A purge gas consisting largely
of hydrogen, ‘such as tail ¢as, is particularly
adapiable as tail gas intermixing with the broduet
gas Is not Objectionable and hydrogen i5 trans-
parent to the yadiant heat. It may also be ad-
vantageous ‘when passing the syhthesis gas or
the gas to be reformed along the wpper portion
of the reaction chiamber to construct the roof of
polished stiinless steel inStead of five brick in
order to refiect infra wed tradiation pasSing
throtigh the gas back ‘through the ‘gas. This
stainless steel ‘would be only lightly insulated to
hold its temperature below about 1009° to 1568°
These radiations will be reflected radiations and
not re-radiated radiation and will, theréfore, be
more intense ahd characteristic of the original
temperature levels.

Though the reformer is preferably operated at
atmospheric pressures or slightly below since
increasing pressure reduces methane Conversion,
the equilibrium reforimer oven 10 may, if desired,
be ‘operated at élevated pressures up to 400
pounds ‘o more, which pressures are more suit-
able for ‘thé hydrocarbon sSynthesis reaction.
Under those conditions, the teimnperatures obtain-
ing in the reformer are of the ‘same order of
magnitude as those 6btaining when a catalytic
rather than a non=catalytic proeess is ‘employed
for it has previously been the practice to reform
catalytically at elevated pressures in the tem-
perature range of 2000° to 2200° . When ‘ele~
vated pressures are employed it may be désirable
to employ a eylindrical shape reaction vessel in-
stead ‘of the box type which is more suitable fot
operating at atimospheric Pressures. -At elevated
pressures ‘the thicknessés of the respective gas
layers will be decreased if veldeities ‘are niot de-
crezised, but ‘the partial pressures ‘of the radiant
heat absorbing constituents, i. e. CO2 and Hz0 will
not change dué to the increased total pressure.

Under certain circumstances, it may be de-
51rab1e to operate at less than complete conver-
smn in the reformer and to complete the con-
version in a subsequent catalytw reformmg ves-
sel. Thus, gs shown in Figure IT, exit gases from
the thermal reformer are passed through line
24 to catalytic reformer 30. "The latter may com-
prise a plu hty of elohgated tubes 32 ‘of Teél-
atively narrow desigh enclosed ik a jacket. Thée
témperature of the ihcoming Bas Stream, ap-
proxiniately 2000°. F., sapplies substentially &l
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of the heat required for the endothermic cata-
lytic process, though smaller amounts of addi-
tional heat may be furnished to reformer 30 if
desired, to prevent substantial temperature drops
throughout the reactor and prevent carbon dep-
osition. Thus, to maintain the temperature
within the conversion zone within the range of

about 1600° to 1800° P, smaller amounts of heat-

may be supplied by passage of the hot flue gases
irom reactor {9 through the jacket.
- Tubes 32 may be filled with a pelleted catalyst

conducive to the conversion of methane: A:

good conversion catalyst is one containing about

20% nickel supported on a mixture of alumina

and kaolin. The operation of the reformer and
the material of the catalyst do not go to the
heart of the invention. Previously, unconverted
steam, carbon dioxide and methane, in addition
to.the carbon monoxide and hydrogen previous-
1y formed heated to a temperature level of about
1800° to 2000° ., are passed through the reform-

ing tubes. The reformed product after desired.
time of contact, is withdrawn from reformer 30

through line 34 and is handled in any way de-
sired. Thus, product gas having any desired He

to CO ratio is withdrawn from the bottom of

tubes 32 and passed to condenser 36 wherein
condensible constitutents, mainly excess steam,
are condensed. Gas and condensate pass through

line 38 to gas-liquid separator 40. Product gas

is withdrawn overhead from separator 40 through
line 42 and the gas may be subjected to any
conventional means for removing CO: if de-
sired, as by caustic scrubbing in conventional
apparatus not shown. The make-gas is then
ready for use in.the synthesis operainon or for
any -other desired purpose.

In the foregoing, the gas to be reformed and

the resulting synthesis gas is passed along the

lower section of the reactor and the flue gas
along the upper portion of the reactor. How-
ever, if desired, the synthesis gas may be passed
across the roof and the combustion gas across
the floor. This modification is-shown in Figure
III, which includes a partial showing of the ap-
paratus arranged as-in Figure I, in which simi-
lar parts are similarly numbered. Thus the
feed gas introduced through line 14. enters the
top of furnace {10 through inlet posts 108, pass-
ing across in the horizontal layer (11 to exit
ports 122 and thence to the product recovery
line 24. Fuel gas introduced through line 2 and
preheated air introduced through line § react
to form a flue gas layer 189, at the bottom of
generator [10. Spent combustion gases are
vented through line (3. As in Figure I, purge
gas introduced through line 23 and withdrawn
through line 29 separates the flue gas layer {89
from the feed gas undergoing reaction in layer
f11. This arrangement has the advantage that
at the outlets of the furnace this puts the heavier
gas below the lighter gas which further helps to
prevent intermixing. For example, the gases
have the following weights per 100 cublc feet at
a pressure of 1 atmosphere.

: Lb. / 100 cu. ft.
Combustlon gas entering at 4000° F________ 0.92

Combustion gas leaving at 2800° P_________ . 1.27
Feed gas entering at 1400° P _____ 1.56
Synthesis gas leaving at 2400° ¥__________ 0.51

The system 111ustrated by the drawings per-
mits of many modifications obvious to those
skilled in the art without deviating from the

spirit of the invention which is to transmit heat
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by radiant energy to gases in the reforming of
methane. Thus, it may be desirable, under cer-
tain circumstances, to pass the combustion gas
and the synthesis gas countercurrently through
the reactor in order to obtain larger temperature
differentials for heat exchange. This would
have the disadvantage, however, that consider-
ably more inftermixing of the gas layers would
be sustained.

The foregoing description and exemplary op-
erations have served to illustrate specific em-
bodiments and applications of the present in-
vention and are not infended to be limiting in.
any way.

What is claimed is:

1. The -process of preparing a hydlocarbon
synthesis gas consisting essentially of hydrogen
and carbon monoxide which comprises feeding
into a gas inlet zone at one end of a methane re-
forming zone, a gas stream comprising a thick
layer of the order of at least 10 feet of methane,
COz and H20, feeding a fuel gas and a combus-
tion-supporting gas to a combustion zone spaced
vertically from said gas inlet zone, carrying out
a combustion reaction wherein a flue gas com-
prising substantial amounts of CC: and HaC
is produced, maintaining the temperature of
said combustion zone at about 2800° to 4000° ¥,
passing said flue gas as a thick layer of at least
10 feet, moving horizontally and concurrent-
ly with the thick layer of said first-named gas
stream through said reaction zone, carrying out
& methane reforming reaction in said zone,
furnishing substantially all the heat required for
said reforming reaction as radiant energy from
said flue gas, absorbing substantially all of said
radiant energy in said thick layer of said gas
undergoing reforming whereby said thick layer
acts substantially as a black body for said ab-:
sorption, and separately withdrawing flue gas
and a gas mixture comprising synthesis gas at
the opposite end of said reaction zone from said
gas inlet zone.

2. The process of claim 1 wherein said fuel gas
and combustion-supporting gas are admitted to
said combustion zone at a point spaced above the
gas inlet zone for said first-named gas mixture.

3. The process of claim 1 wherein said fuel gas
and combustion-supporting gas are admitted to.
said combustion zone at a point spaced below the
inlet zone for said first-named gas mixture,

4, The process of claim 1 wherein said gas
mixture comprising synthesis gas is withdrawn
{rom said reforming zone and passed to a cata-.
lytic reforming zone for the further partial oxi-
dation of methane to hydrogen and carbonh mon-
oxide in the presence of steam and COa.

5. The process of claim 4 wherein said with-
drawn gas is contacted in said catalyiic reform-
ing zone with a methane reforming catalyst for
said reaction selected from group VIII of the.
periodic system.

6. The process of claim 1 wherein the pressure
in said reforming zone is in the range of 0 to 400
p.s.i.g .

1. The process of claim 1 wherein said meth-
ane, H20 and CO: are added to said reforming:
zone in the ratio of about 3 mols CHs tc 2.4 mols
H>0 to 1.0 mol COx. :

8., The process of claim 1 wherein a purge gas
is in$roduced into said reaction zone intermedi-
ate said fuel gas and said first-named gas
stream.

8. The process of claim 1 wherein said flue gas
and said first-named gas stream are passed
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through said reaction zone at substantially equal
velocities. .

10. The process of claim 1 wherein the rate of
synthesis gas withdrawal is-separately controlled,
an analytical device responsive to the hydrogen
content of the reactant gas and flue gases pro-
vides an index of the thickness of the product
synthesis gas layer within the reforming zone,
and said rate of synthesis gas withdrawal is con-
trolled according to said indicated hydrogen con-
tent to maintain the desired thickness of the
synthesis gas layer at the outlet of said reforming
zone.
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