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This invention relates to: the synthesis of or-
ganic compounds. - In one. aspect this invention
-relates to -the method and apparatus. for the
production of a gas rich in hydrogen and car-
bon monoxide, useful for the synthesis of organic
compounds.

It has been known for some time that a gaseous
mixture comprising hydrogen and carbon mon-
‘oxide in relatively large proportions may be pro-

F. The use of excess oxygen results in an ex-
pensive process.

Similarly, in the conversion of methane with
‘steam, a disadvantage is the fact that usually
: & relatively small proportion of carbon monoxide

(C1. 252—373)

is produced by this method. In order to over-

.come the deficiency. of carbon monoxide, simul-

taneous conversion of carbon dioxide with meth-
ane has been practiced. This latter method is
inadequate for numerous reasons, one being that
extraneous  carbon dioxide must be supplied.
Furthermore, since the conversion of methane
with steam is a moderately endothermic reac-
tion, heat must be supplied, such as by indirect

duced by both partial combustion of normally 10-combustion . of fuel. It is, therefore, desirable
gaseous hydrocarbons; such as methane, and by to provide a method and apparatus for alleviat-
the reaction of normally gaseous hydrocarbons ing or minimizing the above described difficulties
with steam and/or carbon dioxide. . The partial and disadvantages inherent in the partial com-
combustion of methane with oxygen as well as bustion and in the ‘reforming of methane by
the reaction with carbon dioxide to produce !5 the processes heretofore practiced.
hydrogen -and carbon monoxidée produces these An objeet of.this invention is to provide a
components in a relatively low ratio with respect process for the synthesis of organic compounds.
to each other usually in a mol ratio of less than Another object of this invention is to provide
about 2:1 at a temperature between: about 1800 a method and apparatus for the conversion of
‘and about 2500° F. 'The production of hydrogen 20 normally gaseous hydrocarbons -into hydrogen
and carbon monoxide by the reaction between and carbon monoxide.
methane and steam produces these components It is another object of this invention to provide
in a mol ratio above about 2:1 at a temperature a-method and apparatus for the production of
of about 1250 to about 2400° F. Either of the a synthesis gas having the desired hydrogen to
above reactions may be effected with or without 28 carbon monoxide mol ratio between about 1:1
a catalyst. The synthesis of organic compounds and about 3:1.
“from such gaseous mixtures has been effected Still' a further object of this invention is to
in the presence of a catalyst, such as 'a metal provide a process for the partial combustion of
or a metal -oxide of group VIII of the periodic methane having. a relatively. large yield of car-
table. Generally, the mol ratio-of hydrogen to 30 “bon monoxide and consuming. a-relatively.small
carbon monoxide in the feed gas for the syn- quantity -of = oxygen.
thesis of organic compounds in the presence of It is still a further object of this invention to
such a catalyst is befween about 1:1 and about decrease the temperature of preheating required
3:1, preferably a ratio of about 2:1. in the conversion of methane. to hydrogen and
Each of the above methods for producing hy- 5 carbon monoxide by partial combustion with
drogen and carbon moncxide in relatively large =~ oxygen. :
proportions has certain inherent disadvantages. A further object of thls invention is to prov1de
In the partial combustion of methane, the meth- -a method and. apparatus to. increase the tem-
ane feed is preheated prior to .combustion for perature of partial combustion of methane to
reasons of efficiency and conservation of oxygen. 40 produce hydrogen and carbon monoxide.
‘It is desirable to preheat the methane as close -/ Various other objects-and advantages will be-
.o the cperating combustion temperature as pos- come apparent to those skilled in the art from
sible. However, preheating methane above about the following  deseription and dlsclosure
~1200° F. results in the decomposition of the In ‘the drawing:
‘methane and deposition of carbon in the pre- 45 The accompanying drawing d1agrammatlca11y
heater. 'This, of course, has its obvious disad- illustrates, partly in cross-section, an elevational
:vantages. .In order to obtain the required tem- view of an elongated reaction chamber positioned
~perature in the partial combustion of methane substantially vertically for the conversion of nor-
‘excess oxygen must be supplied because’of the mally gaseous hydrocarbons to hydrogen and
inability to preheat the feed above about 1200° 55 carbon monoxide for use in' the . synthesis of

organic compounds. -The synthesis gas unit of
the drawing is capable of producing sufficient
feed gas to produce 1500 barrels per day of
normally liquid  products.

The principal elements of the reaction cham-
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ber of the drawing comprise a primary header
or bonnet 9 having an oxygen inlet 8 therein, a
secondary header or channel section (3 having

a methane inlet 1, oxygen preheating tubes: {1,

methane reforming tubes - {8 and combustion
chamber & having efluent outlets:28. :
Primary Header 9 is-a cylindricsl séetion hav-
ing an elliptical end through which inlet § is
inserted. Primary header 9 is constructed of one
ineh steel clad with 3 inch stainless. steel..
_tached to the other end of header 9'is & conven-
tional circular tube sheet 2 having depending

therefrom a plurality of opén tubes. or conduits

{l. Tube sheet 12 is a 53 inch thick stéek plate

and is connected to primary header § and chan--

nel section i3 by conventional means knewn.to

those skilled in the art, such as by welding, boli-
ing or clamping. From the top of header: 9 to"

tube sheet {2 is about 32inches. The tube bundle
t{ comprises 282 Y4 inch Inconel tubes.. . Channel
‘section: 13 comprises 4 flanged cylindrieal. shell
- ‘¢onstructed of steel and having a suitable inside
iagging, as shown. The inside  diameter .of
headers § and {3 is about. 74 inches.
-portion of channel section 13 is: connected in.a
suitable manner to. the lower. side of tube sheet
§2,as shown. -A-second conventional circular tube
sheet |7 constructed-of 5. ineh - thick steel plate

is attached to the lower: end of channel section

-13 by welding; bolting .or clamping. Tube sheet
t7 has 282 open Inconel tubes 15 of 3 inch diam-
éter depending therefrom. and: into. which tubes
i1 are concentrically inserted. The distance be-

tween tube sheets 12 and LT is about 2 feet and

2. inches. - Tubes. 1l and. 15 are. welded to: their
-respective. tube-sheéts so-that fluid cannot pass
between distributing zones 10 and 14 formed by
header 9 and section 13, respectively.

A lower énclosed shell or combustion chamber
8, preferably cylindrical, is. .attached to the
underside of tube sheet |71 and eneloses-tubes 11
and 5.  Combustion. chamber or: shell 8 com-
prises an upper -outlet. section 18 having two.gas
outlets- 28 therein, a4 middle section 29 and -a
lower ‘or end section {9 of enla¥géd cross-sec-
tional dimension. - Shell {8 is lagged intermally
with an outer layer 20-of approximately 6 inches
-of zirconium: oxide and am inner layer 22 -be=-
tween: the steel shell and the zirconium: oxide
layer of about 6 inches of high temperature in-
sulating fire brick.. Outlet. section 28 of com-

bustion chamber 8 has about a. 74 inch: inside

diameter and the lower enlarged section (9: has
about- a 106 inch inside diameter excluding the
insulation. = The  total .length of combustion
chamber 8 is approximately. 33 feet. The outlet
section 28 is approximately 3 feet in length and
the lower sectmn 19 is: approxunately 11 feet in
length:

Numeral 25 indicates. catalyst partlcles posi- |

tioned in the .anhular space:16 between tubes {1
and tubes 5. . The catalyst composition will be
discussed  fully hereinafter during the -descrip-
~ tion of the operation of the apparatus. Perio-

- rated metal plugs 24 are fixed inn the lower por-

tion of tubes 15 to support the catalyst particles
- therein. Similar perforated plugs-23 are posi-
“tioned at the top: of -the catalyst layer in tubes

15 as shown. . Plugs 23 may be omitted if desired.
Ceramic nozzles 26 are attached- to the-ends of )

tubes 15.
_ Elliptical head 9 and combustion chamber 8
are constructed of A. S. M. E. SA-70 rolled steel.

-Tube sheets 12 and [T are constructed-of A. S.:
Channel section 13

M. E. SA-212 rolled steel.
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is constructed of A. 8. M. E. SA-105 forged steel.
Although specific materials of consfruction have
been specified, other construction materials and
specifications may be used as will become ap-
parent to. those skilled in the art without de-
parting fromt: the scope: of this invention.

. Numeral 27 indicates a.break in the drawing

and thus the apparatus is not shown in iis true

-Iéngth. The elements of the apparatus on either
9. side of the break 27 are substantially the same.

The over-all length of the apparatus shown is
approximately 39 feet. The length of tubes {5
are approximately ‘20 feet. The length of the
tubes and vessel may be longer or shorter, de-

5 pénding upon the heat duty required.

..The enlarged lower section 18 of combustion
chamber 8 provides a combustion zone 21 of suffl-
ciert size to permit the required residence time
of the reactants for partial.combustion of meth-

ane and eriables inereased thickness. of the lining
rof that portionr of combustion chamber 8 which
:i8 the: hottest.. The distance between the ends
-of tubes 15 and:the bottom of chamber 8 is suffi-
-elent to prevent. dlrect impingement of flames
5 thereon.

The positioning of the reaction chamber of the
drawing in a.substantial vertical position is éne

-of the important. features of the apparatus be-

cause: this: enables. the hanging. of tubes 1i and
i5 downwardly from: their respective tube sheets.
As a consequence, no further support of tubes. i

~and. 45 is required than tube sheets {2 and: 17,
-and free expansion of tubes is permitted. Posi-
. tioning of the reaction chamber so that tubes {1

and 5 project upward from tube sheets 12 and
{7 into combustion chamber €, although not as
desirable. as the position shown, -is within the -
:scope. of this invention. . In the modification of

the apparatus in which: tubes i and {5 stand -

upright, plugs 23 are essemtial to hold catalyst
25 in: place and plugs 24 may be necessary to
prevent catalyst 25 from being blown out of
tubes 1.

In some instances it is desuable to have cata-
A catalyst suitable

is nickel or nickel.oxide- supported on Alundum
in the form: of pellets or granules. Although

.partial- combustion of methane can be effected
-without a catalyst the use of a catalyst in com-

bustion: zone 21 is within the scope of this inven-

tion.. If a catalyst is used for the partial com-

bustion of methane, preferably, it is placed in

-the space: between tubes i1§ and shell 19 of com-
s bustion .chamber 8 and supported by suitable
‘means, -not shown.

Various insulating and hlgh temperature re-

- sisting: material may be used as internal lagging

without departing from the scope of this inven-
tion.. Altheugh two- outlets are shown in outlet
section 28, only a-single outlet may be necessary.
Various other alterations. and modifications of
certain features of the apparatus and the dimen-
sions. thereof may be practiced by -those skilled
in: the: art without. departing from the scope of
this invention.. -Although the apparatus of the

S drawing ‘and- elements thereof have been  de-

- seribed as cylindrical in shape, such shape is pre-

70
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" ferred but other shapes, such as octagona,l may

be employed.
. - Operation
-In the operation of the apparatus of the draw-

- ing te eonvert methane to a gas rich in hydrogen

and carbon monoxide useful for the synthesis of
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B
organic compounds therefrom, methane, steam,
and/or carbon dioxide are continuously intro-
duced into manifold or - distributing ‘zone {4
‘through inlet conduit 7. The steam, methane,

and/or-carbon dioxide mixture is preferably pre-

"heated prior to introduction into-manifold zone
14 to a temperature between about 200 and about
1000° F. and with this invention a preheat tem-
perature of less than about 800° F. is usually suffi-
cient for high yields of hydrogen and carbon
monoxide. The mol ratio of carbon dioxide and

- steam to crganic carbon (carbon combined in the

“form of methane) is between about 1.3 to abous

--3.5 and usually less than about 2. The preheat-

..ed mixture passes from distributing zone 14 into .

K2

.10

annular space 8 between tubes (i and tubes i5. "

"Heat is transferred from gases in combustion
zone 21 through the walls of tubes 15 to the
gaseous mixture of steam, methane, and/or car-
bon dioxide in annular space {8. By means of

ture is raised to the conversion temperature of
methane whereby the, methane, steam, and/or
carbon dioxide are converted to hydrogen and
-carbon - monoxide. Since the conversion of
methane with steam ‘and carbon dioxide is
endothermic, leat is continuously supplied from
the hot gases of combustion zone 2i. The gases
in annular space {6 flow through perforated plugs
23, catalyst 25 and plugs 24.. During the pas-
‘sage of the gases through annular space 16 the
gases are heated and reacted to convert about 20
to about 50 per cent of the methane, preferably
between about 30 and about 40 per cent. Any
suitable reforming catalyst may be used, such
as nickel or nickel oxide supported on alumina
or other supporting material. A satisfactory
catalyst for the reforming operation contains in
‘parts by weight 1NiO, 0.2Cr203, 1.68Si02, 0.9MgC.

.20
this heat the temperature of the gaseous mix~ =~

25

Other reforming catalysts comprise molybdenum, i

cobali, and chromium and their oxides and sul-
fides.

When a nickel catalyst is used the temperature
of the efluent gas from annular space 16 is be-

tween about 1100 and about 1600° F., preferably .;

-between about 1300 and about 1500° F The ef-
fluent contains unreacted methane and passes
. through nozzles 2§ into which substantially pure

oxygen, preferably of at least 90 per cent purity,

_Is injected by means of tubes i1. Oxygen is con-
tinuously introduced through inlet conduit 6 into
manifold or distributing zone 10 by means of
which .it is distributed uniformly into tubes {1.
Oxygen is preheated in tubes {1 to a temperature

-between about 500 and about 1600° ¥., prefer-
ably to a temperature between about 600 and

.about 800° F. If desired, the oxygen may be pre-

- heated prior to introduction in the manifold sec-
tion 10 without departing from the scope of this

“invention. In order to keep the oxygen preheat

- temperature in the preferred range, it may be

~necessary to insulate the oxygen tubes If.

- The amount of oxygen introduced and admixed
with the effluent from annular space 16 is suf-

. ficient to partially combust the unreacted meth-
ane to hydrogen and carbon monoxide. The mol
ratio of oxygen to organic carbon is between

-about 0.5 and about 0.7 and in accordance with

.the preferred operation of this invention may be
less than. about 0.6." Since the partial combus~
tion of methane with oxygen is an exothermic

.reaction .the temperature of combustion zone 21

-1s between about 1800 and about 3000° F. and for
smooth .and .continuous operation a temperature

-0f between about 2100 and about 2600° F. is ap-

h
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propriate. The hot gases of reaction in combus-
tion zone 21 has countercurrently in indirect heat
exchange with the flow of gases'in annular space
16 and are continuously removed from the up-
per portion- of -combustion chamber 8 through

‘outlet conduits - 28.  In ‘passing- countercurrently

to ‘the flow of gases in annular space 16 the hot

‘gages of combustion zone 21 give up part of their

sensible heat and in this manner provide the
endothermic heat of reaction for the reforming
operation.  For this reason preheating of the
steam, methane, and/or carbon dioxide mixture
to a.relatively high temperature is unnecessary
and a relatively high combustion temperature in
combustion zone 21 can be achieved without the
use of the usual high préheating temperature.

Actually, the feed gases to combustion zone 21 are

preheated simultaneously with the reforming op-
eration and in this manrner carbon deposition is
prevented or minimized.

The gas outlet temperature in conduits 28 is be-
tween about 500 and about 1500° F., preferably
between about 600 and about 1200° F., depending
on such factors as residence time, ratlo of meth-
ane to oxygen, ete.

The pressure of .the reforming operatlon and
partial - combustion . operation - in  eombustion
chamber 8 is between about 10 and .about 800
pounds per square inch gage, preferably between
about 50 and about 500 pounds per square inch
gage.

The gases from conduits 28 comprise hydrogen
and carbon  monoxide in a mol ratio between
about 1:1 and about 3:1. 'These gases also con-
tain water formed during the partial combustion
and reforming of methane. This water is re-
moved from the efluent gases from conduits 28
by cooling (not shown) the reaction effuent to
a temperature below about 200° F', to condense the
steam. After condensation of the steam the re-
maining gaseous effluent containing the hydrogen
and carbon monoxide is passed to a conventional
synthesis reaction chamber (not shown), with or
without preheating, for the conversion of the
carbon monoxide and hydrogen to hydrocarbons
and oxygenated organic compounds in the pres~
ence of a suitable catalyst and under suitable op-
erating conditions known to those skilled in the
art. Pressures below about 500 pounds per
square inch gage and temperatures between ahout
300 and about 700° F. are appropriate for the
synthesis reaction. The synthesis reaction efflu-
ent is then passed to conventional separation and
recovery equipment (not shown) for removal of

55 the oxygenated organic compounds and hydro-

carbons from normally gaseous compeonents of
the effluent and unreacted reactants. The nor-
mally gaseous components, such as methane and
carbon dioxide, and unreacted reactants, such as

) hydrogen, are recycled to the methane converter

of the drawing. and may be. introduced therein
through inlet conduit 1.

The following examples are oﬁered as a means
for better understanding of the invention and
should not be construed as unnecessarily limiting
to the invention.

EXAMPLE I

This. example illustrates the results obtained
for the conversion of methane to hydrogen and
carbon monoxide with the apparatus and method
of the drawing (Case 2) in comparison with the
partial combustion of methane accompanied by
conventional preheating of the feed (Case 1)
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, Pable T -
Feed gas composition:
Mol percent

CCHY e 37.0
COa : 7 . 21.0
H2O oo . 420

100.0
- Case:J-Proheat | o
» o : A Cage 2:Present’
Operating, Cenditions. and Partial Pl
e : Gomrbustion Inventicn:.
Prehest Temp., ® Fooioeeeo 1,400 | 350¢
Qperating Ptessute, D s f.g.. = 300: 300
0s/CHyin Feeda . aimmarcna- E 0.5 0.5
Temp, of gas to Combustwn :
_zone:2l, ° E.c IO -k 1, 400.
Equxlibrium Combustton .
Temperature, O P ailaniiag - 1, 600: 2, 500:
¥ fiuent. Composition X Case 1 Case 2
0.9 |oooieaee
11.3 6.8
2.7 26.7
39.8 37.2
26.3 29.3
1.8 [ 1.4
Mols CO made/mol CHs..... : 1.00 | 1.25
Mols COz in Prod.jmol COz Feed. 0.92 ¢ 0.56

"In Case 2 the products of combustion in the
combustion step are used to supply the heat for
the partial reforming operatiocn which in turn in-
_creases the equilibrium combustion temperature
attainable. The above example represents ene

way of expressing the advantage of partial re- *

forming as it shows.an increase in the jermation
of carban monoxide by operations in aceordance
‘with this invention.” The advantage of. this in-
_vention may also be expressed . in another way.
If we assume the same oxygen to methane ratio
and desire the same equilibrium temperature for
each: method of .operation as above, it will ke
necessary to preheat the feed gas to about 2354°
. using the conventional preheating operation
"to obtain the product composition indicated for
a, partial combustlon temperature of 2560 instead
of 1660° F. This is not practical since the meth-
-ane will erack to hydrogen and carkon before
such temperature ean be obtained. - By the use of
partial veforming before the partial combustion
‘of methane with oxygen and the indirect transier
of heat from the partial combustion step to. the
reforming step, less oxygen is required. to reach
a given equilibrium combustion temperature than
would be required with a conventional pr eheaiing
operation. ‘It is possible to obtain a high equili-
Brium temperature of combustion by the use of

10
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1
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(32

1400° F. preheat in the conventional manner and -

the use of a relatively large quantity or excess of

oxygen. Accordingly, the equilibriom tempera-

ture of partial combustion of 2500% F. may be
reached with a preheat temperature of 1469° ¥
by increasing the oxygen to raethane ratio in case
“one of the examples from 0.5 to 8.7 or 9.8, This
“is- uriecoriomical because of the use of exeess
oxysen.
EXAMPLE I

Example II.makes a compalison similar to BEx-
ample I hetween the method of the present inven-
“tion for producing hydrogen and carbon mon-
oxide (Case 2) and the conventicnal method of
‘préheat. plus partial oxidation of methane. In
Example II the feed IS substantially free from
carbon dioxide.

60

70

8
- Table II

Feed gas composﬂ;ion*
Mol percent
31

CHq .., N, — .
H20 ———— e 83
C : : ’Case.l»kP'reheat Case 2-Prehest
Qperating Conditions gnd Partial and Present
e Combustion Invention
Preheat Temp., °F.__ 1, 400 . - 360
Operating: Pressure;. p 250 | .. 250
0g/CHy in feed A 0.585 | 0.55
‘Temp: of gas to- combustion. | ¢
Z0T0 2L, O F v em e s imim i 1,400
hqmlxbmum Combustiontem-
perature; " .. o.liiioiaot - 1, 840: 2,725
Heat, Exchango: Duty 1,000:of |, : ) :
B Ve - 4,000 7,238
_ Effluent Composition . ! Case'1 Case. &
€Mt oo Mol et cent..| 0.2 o
C - d 15.2 17.7
6.0 36
32.6 4.8
48.0 43.9
Mol:par cent. -} 100.0 100.0
Mols. CO made/mol CHyin feed..__..oloono . L. 0.713 0. 8
B OO0 e oo e 30 2.5
It is evident. from Table II that this invention

increases. the amount of carbon monexide pro-
duced and econsequently lowers the . ratio of
H2/CO. According to the present. invention the
veactions for- the partial combustion and reform-
ing of methane are effected in such & manner as
to: mutually benefit each since the exothermic
heat from the partial combustion reaction is
recovered to supply the endothermic heat for the
reforming reaction. Less oxygen is required for
the combined reactions. of this invention than

‘would be:required for either: refomnng ar pa,rtlal

combustlon alone.
1 claims
" 1. A process for the conversion of- methane to

5 hymo‘fen and carbon monoxide which comprises
“the steps-of preheating methane to a temperature

between. about 200 and about 1008 degrees Fahr-
enheit, reforming about 20" to about. 50 per cent
of the preheated methane with steam in a re-
ferming zone to produce carbon monoxide and
hydrogen, passing the reforming effluent at a
temperature between about 1100 and about 1600
degrees Fahrenheit into a combustion zone, par-
tiaily burning substantially all of the unreacted
methane in the reforming effiuent at a tempera-
ture between about 1800 and akout 3000 degrees
Fahrenheit with oxygen ‘supplied to the com-
bustion zone in a ratio of frem about. 0.5.to about

0.7 mo! of cxygen per mol of unreacted methane °

to produce additional quantities-of hydrogen and

carbon monoxide;, maintaining the pressure in

the reforming and combustion zones between
about 16 and about 800 pounds per square inch

‘gage, countercurrently passing the combustion

products in indirect heat exchange with the re-
action mixture in the reforming zone whereby
the exothermic partial combustion reaction stp-
plies heat to the endothermic reformation, and
withdrawing a product comprising hydrogen and
carbon raonoxide in a molar ratio between a,bout
1:1 and about 3:1.

2. A process according to claim 1-in which the

" reforming reaction is carried out in the presence

75

of & nickel-containing reforming catalyst.

3. A process’ accordmg to claim 1 in which the '

@

-
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oxygen is preheated to a temperature between
about 500 and about 1600 degrees Fahrenheit.

4. A process according to claim 1 in which said
product is withdrawn from the heat exchange
zone at a temperature between about 500 and
about 1500 degrees Fahrenheit.

5. A process according to claim 1 in which
carbon dioxide is introduced into the reforming
zone.

6. A process for the conversion of methane to
hydrogen and carbon monoxide which comprises
the steps of preheating methane to a temperature
between about 200 and about 800 degrees Fahren-
heit, reforming about 30 to about 40 per cent of
the preheated methane with steam in the pres-
ence of a nickel-containing catalyst in a reform-
ing zone to produce carbon monoxide and hydro-
gen, passing the reforming effluent at a temper-
ature between about 1300 and about 1500 degrees
Fahrenheit into a combustion zone, partially
burning substantially all of the unreacted meth-
ane in the reforming effluent at a temperature
between about 2100.and about 2600 degrees Fahr-
enheit with oxygen supplied to the combustion
zone in a ratio of from about 0.5 to about 0.6
mol of oxygen per mol of unreacted methane
to produce additional quantities of hydrogen and
carbon monoxide, maintaining the pressure in
the reforming and combustion zones between
about 50 and about 500 pounds per square inch
gage, countfercurrently passing the combustion

10

15

20
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products in indirect heat exchange with the re=
action mixture in the reforming zone whereby
the exothermic partial combustion reaction sup-
plies heat to the endothermic reformation, and
withdrawing a product comprising hydrogen and
carbon monoxide in a molar ratio between about
1:1 and about 3:1. .

7. A process according to claim 6 in which car-
bon dioxide is introduced into the reforming
reaction.

CHARLES K. MADER.
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