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Method and Apparatus for Making Gas Rich in Hydrogen and
Oxides of Carbon, Mainly Carbon Monoxide

We, Uwmirep Ewcivgers & Cow-
srruerors [we., of 1401, Arch Street,
Philadelphia, Philadelphia  County,
Pennsylvanip, United States of America,
a corporation organised under the Laws
of the State of Delaware, United States of
America, do hereby declure the inven-
tion, for which we pray that a pafent
may be granted to us, and the method by
which it is to be performed, fo be particu-
larly deseribed in and by the following
gtatement : —-

The presemt invention relates to the
produciion from hydrocarboms in the
gageous state, of a gas rich in hydrogen
and oxides of earbon, mainly carbon mon-
oxide. More particularly, it relstes to a
¢yelie process comprising a reaction be-
tween a hydrocarbon in the gaseous state
and steam, known as reforming, for the
manufacture of a gasy which is zich in
free hydrogen and oxides of carbon,
mainly carbon monoxide, which is espeei-
ally suitable, with appropriate enrich-
ment with a hydrocarbon gas, for distri-
bulion in eity gas mains, and which can
be made interchangeable with any of the
presently available manufactured gases
disiributed in city gas matns.

Heretofore, the reforming of a gaseous
ydrocarbon has been accomplished for
the most part by passing it through a
coke fire, preferably with process steam
admixed. In this way, thermal cracking
occurs with the formation of hydrogen
and carbon. Little or none of the carbon
content of the gaseous hydrocarbon, hovw-
ever. is converted directly {o carbon mon-
oxide in the vapour phase, although some
of the deposited carbon may be converted
to carhon momoxide and luydrogen by re-
action of the steam with the hot coke fire
hed. @enerally, however, the carbon
which is deposited in the fuel bed is con-
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sumed when blasting the fire,
other hand, the carbon which passes out
with the gas, clogs the gas mains and con-
densing apparatus and must be scrabbed
from the gas by water sprays or preecipi-
tated electrically, ot considerable added
expense, Furthermore, such carbon is
obviously lost to the gas-making process.

1t is known, that gaseous hydrecarbons
can be reacted with steam o liberate
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hydrogen and at - the same time form 5B

carbon, monoxide by union of the carbon
of {he hydrocarbon gas with the oxyzen
of the steam, and liberation of additional
hydrogen from the steam, but the pro-
cesses available liave jpossessed cerbain
ilisadvantages. For example, catalysts
have been employed #o permit the reac-
tion to take place at a temperature below
that at whiel thermal cracking occurs,
in order to avoid production of carhon as
an end product. The eguipment hitherto
used for catalyltic conversion of the
hydrocarbons with steam is very costly.
Tt has mainly consisted of high alloy
metal tubes or retorts filled with catalylic
material heated externally in a furnace.
The hydrocarbon pases and steam are
passed through the -catalytic material
continupusly  with  production  of
Irydrogen, ecarbon monoxide, and small
amounts of carbon dioxide, As stated,
the process conducted in such equipment
has certain disadvantages. Thus the tem-
perature of the catalyst iz maintained by
conduction of the heat from the furnace,
through the tubes, to supply the heat of
formation of the product gas and ifs
sensible heat. The conduetivity of. the

catalytic material in diserete particle.

form is not high.so that the metallie
tubes or retorts, if the catalyst is held at
a high temperature of, for examyple, from
1600° F.—1800° F.,.must operate at a
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{emperature not very far below the maxi-
mum safe temperature of the most resist-
ant mefal alloy tubes and necessarily
higher than the reaction temperature of
5 the catalyst. Furthermore, since the con-
duction from particle to pariicle of the
catalyst is poor, the temperature of the
catalyst mext to the tube or retort wall
is higher than at the cenire, making a
(0 non-uniform temperature across the tube
or retort. In addition, not only are the
high. alloy metal tubes expensive and sub-
ject to considerable maintenunce cosis
Tut the multiplicity of tubes requires a
15 multiplicity of valve connections and
fiow meters which in twrn add to the ex-
pense of ingtellation.
Because of these difficulties, inherent
in a continuous, externally heated re-
9p forming system, various cyclic processes
have been suggested from time to time.
One such process involved the use of a
catalyst bed which was alternately blasted
with birning gases to store heat in the
25 catalyst followed by passing the gaseous
hydrocarbon and steam through the bed
to effesi conversion. However, by this
inethed, in order to avoid destructom of
“the catalyst bed by excessive combustion
80 temperature, the quantity of heat stored
" in the eatalyst bed was Umnited, with the
result that the incoming cooler steam ond
hydrocarbon gas, eoupled with the high
heat requirements of the reforming reac-
g5 ton itself rapidly cooled the catalyst to
below reaction temperabures and caused
wide and rapid fluctnations in tempera-
ture. Also sinee the heat required for

raising the reactants to reaction tempera-

40 ture and -for the resulting endothermic

reaction, was supplied by the heat stored.
in the catalyst bed, excessively large

amounts of catalyst, - a very expensive

item, were required. In addition, in many -
45 of these prior cyclic processes, relatively.
large amonnts of carhon and other -com=

bustible materials were deposited on the
catalyst which decreased its activity-and

clogzed - the gos passages through the

50 catalyst bed. . . .
A recent substantial improvement in

cyelic catalytic processes for producing-

gas -rvich in hydrogen and oxides of
carbon, ‘mainly esvbon monoxide, is-de-

55 scribed in-the specificetion of Anplica-

t1om No, TB88/50 (Serial No. 668,978}, In
accordance with the process there dis-
‘closed in one part of the eycle, fluid fuel

is burned in-a combustion chamber and

g0 ihe hot products of combustion are passed
* through o zowe filled with heat storage
materizl and then through a zone of cata-
Ivst to store heat therein and to supply
the heat required for the process. Tn the

g5 other part of the cycle, the reacting

hydrocarbon, in the geseous state -and
mixed with steam, and, in the preferred
embodiment with air, is conducted fivst
through the zone containing heat storage

_material, which serves as a preheating 70

zone, to raise the temperature of the mix-
ture to the reacting temperature, and
then through the zone condaining the
catalyst in which the reaction takes place,
producing a clean gas In which the 75 .
hydrogen of the reacting hydrocarbon has
been liberated and the carbon thereof has
been combined with the oxygen in the

_steam (and of the air if air is used) to

form oarbon monoxide and carbon di- B0
oxide. By this procedure, before the re-
actants are brought in eomtact with the
catalyst they ave blended and uniformly
preheated in a preheating zone contain-
ing the heat storage maferial which in 85
furn is heated by direct contack with the
combustion gases m the heaf storage por-
tion of the cycle. This process overcomes
many disadvantages of the prior ast pro-

_vedures. Before distribuiion as eity gas, 90

if such ose be desired, the gas produced
during the reforming portion of the eycle
wwill have mixed therewith o predefer-
mnined pertion of normally gaseous hydro-
carbon in order to provide the desired 95

.calorific value. :

.. There are, however, several limitations
on the asbove-deseribed process. As indi-
cated ahove, the entrance portion of the
heat storage zone is adjacent the combus-100
tion zone so that the burning fuel and air,
through radiation and direct comtact, im-
part extremely high temperatures fo the
fivst -portion - of the preheating -zone.
Therefore, since the incoming hydro- 106
carbon and steam,”and air, if used,” em-
ployed during the reforming portion of
the cyele contact tlbs portion of the heat
storage  material, there is ‘danger ' of
thermally cracking initial portions of the 110
hydrocarbon with the deleferious forma-
tion of carbon. This danger places a
limitation on the vigour of combustion
tolerated in the combustion zone, and yet
due to the cooling effect of these incoming 115
materials-on this same portion of the heat
storage gone, together with the “cverall
heat requirements of the process, it wou'ld
be preferred not-to have such a limita
lion. As a mecessary corollary -to this 120
limitation is the difiiculty due to fanlty
ignition of fuel during the-heating steps
when the cooling effect of the incoming
reactants has; by the end of the reform-
Ing period-of the cycle, reduced the tom-
perature of the combustion zone aud-
initial -portion of the heat storage zong to

125

" below igmition temperatures. There is

thus presented the problem of balancing
temperatures of reactants and quantities 130
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thereof with temperattures provided dur-
ing the heating steps in order to provide
operating temperatures which mnertner
swing so high as to cause thermal erack-
b ing and so low as to prevent normal igni-

tion of the fuel or to extinguish the
burning fuel if alveady ignited, More-
over, there is no way to control catalyst
bed temperature independent of combus-

10 tion chamber temperature. Thus to in-
creass catalyst temperaiore, the combus-
tion chamber temperature wmust be in-
crensed and wvice versa.

I+, therefore, is an object of the present

15 invention to provide a cyclic process for
the catalytic production of a gas rich in
hydrogen and oxides of carbom, ma.ml:{
carbon monoxide, wherein the danger of
{hermally eracking the hydrocarbon re-

20 actang before it contacts the reforming
catalyst is eliminated. ) ]

A turther object is to provide a cyulic
catalvtic process of the type described
wherein no procedural limitation on the

25 vigour of combustion employed during
heat storage steps is presented.

Another object is to provide a process
of the type described in which the danger
of faulty ignition of the fuel during the

80 heating steps due to undue cooling coupled
with limitations placed on leating is
eliminated.

Another objeet is to provide a process
of the type described whereby combustion

35 chamber temperatures and catalyst bed
temperatures may Dbe separaiely cou-
trolled. ]

QOther ohjects, including the provision
of a novel apparatus in which to camry

40 out the mnovel process will become
apparent from the following specification
and the elaims.

The cyclie process of the present inven-
tion involves, in series, and in flow-com-

45 munication along a confined path, a com-
hustion chamber, a first heat storage bed
of refractory material, a second heat
storage bed of refractory material, and o
bed of reforming catalyst, and comprises

50 the steps of burning a fluid fuel in the
combustion chamber and passing the
resulting hot products of combustion
serjally through said first heat sforage
bed. said second heat storage bed, and

g5 said catalyst bed, storing heat therein;
admittine a hydroecarbon to said path be-
tween said first heat storage bed and said
second heat storage bed, and pagsing said
hydrocarhon, in the gaseous state and in

80 admixture with steam, and in the pre-

ferred embodiment with air, throueh said
- gsecond heat storage hed to heat sald mix-
ture to reacting temperature, and thence
through said catalyst bed, converting said

86 mixture to a gas rich in hydrogen and

“with

oxides of ecarbon, mainly carbon mon-
oxide, which is led off to storage.

The operation of the process and appar-
afus will be more clearly understood from
a consideration of the accompanying 70
drawings, in which: ]

Figure 1 shows diagranmatically an
apparatus in which the process of the
present invention may be carried vut; and

Figure 2 shows diagrammatically 15
another ewhbodiment of the apparatns in
which the process of the invenbion may
be carried out. .

In Figure 1, I represents a refractory-
lined chamber which may be the super- 80
heater of a conventional water gas sef
appropriate modification as is
obvious from the drasving. 2 represents
the combination .chamber which may be
nothing more than 4 space preceding the 85
first heat storage zone 3. Heat storage bed
3 consists of heat aceumulating refractory
bodies such as firebrick arranged in-
familiar checkerwork pattern, as shown,
or randomly arranged pieces of refractory 90
material, or a combination of Loth, The
heat storage material may be supported
as by firebriek areh 16. A second leat
storage zoue 15, supported as by arch 17,
is provided and this s ag described in b
conznection with heaf storage zonme 3. It
will be realised that the heat storage beds
need not be single units. In other words,
heat storage beds. & or 15, or both,
may be made .up of two or more 100
components. The catalyst bed is repre-
sented by 4, and may be supported
on  heat storage..bed 15 as  shown
or on_ a separate firebrick arch.
Numerals 5 and 6 represent respectively 106
the air and fluid fuel supply means for
combustion to heat the apparatus, and 7
the stack valve through which the waste
heating gases may be discharged io the
atmosphere, or to a waste heat hoiler (not 110
shown), before being vented to the atmo-
sphere. The entrance for the hydrocarbon
reactant for introduction into second pre-
heating zome 15 is represented by 8, the
enirance for process steam by 9, and for 115
process air by 10. 11 represents the con-
duit through whick gas leaves the reac-
ilon chamber, passing through wash box
12 to storage by valved eonduit 13, In
aceordance with known gas practios, the 120
guses leaving the reaction chamber for
storage may pass through a waste heat
hoiler (not shown) before reaching the
wash box, The flow of the respective
materials inte and from the set through 123
the described conduit means is controlled
by suitable valves as shown, As will be
discussed more in "~ detail hereinafter, a
portion or all of the process steam may be
introduced into combustion zone 2, as af 130
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sonduit 18. As indicated previcusly, in
accordance with thé preferred embodi-
ment of the invention, air is also em-
ployed with the gasecus hydrocarbon and
& steam, and this may be admitied in whole
or in part, during the gas-making run,
through connection 5, or through connee-
tion 10, Usually 1t will be found advan-
~tageous to introduce part of the process
10 steam or air, or hoth, to the combustion
chamber to prevent excessive accumula-
tion of heat at that point.
The operation is, as stated, cyclic and
the process comprises first a heating or
16 blasiing period during which air and a
Huid are admitted through connections 5
and 6, respectively, combustion taldng
place 1n the combustion chamhber 2. The
hot -eombustion gases are pased through
20 Afirst preheating or heat storage zone 3,
storing heat therein and raising it to a
temperatare abave the temperaturs
required for the reformation reac-
tion, are them passed through second
2b prehesting of heat storage zome 15,
storing heat therein, are then passed
through the catalyst bed 4 at a somewhat
redueed temperature, and may then be
discharged through stack valve 7. Sinee
30 combustion takes place uadjacent the
entrance portion of heat storage bed 3,
the highest temperaires are concentrated
there, After the set is heated to operat-
ing temperature, the stack valve 7 is
85 closed and air and fuel connection 5 and
6 are also closed. At the same time, con-
nections & and 9 and for 18 are opened to
admit respectively the hydsocarbon re-
actant and the process steam to react with
40 the hydroecarbon. If desited, and in
necordance with the preferred embodi-
ment, process air may be admibted as by
opening ‘conuections 5 and/or 10. The
use of the air has the advantage of help-
45 ing to maintain operating femperatures,
traintaining’ the degree of femperature
swing at’a minimum and of augmenting
the gasecus oubput of the apparatus. The
hydrocarbon is prehedted substantially to
50 reaction temperature, whick, as will be
discussed more fully hereinafter, will be
at a temperature below that at whieh
therma] cracling takes place, by passing
through sefond preheating or heat stor-
56 age zoné 16, absorbing heat therefrom.
The process steam, and process air if

used, entering the eombustion chamber

become prebested partly by their flow
through first heat storage bed 3 and
80 partly by their flow throush wecond
heat storage bed 15, As  stated,
a portion” or all of the steam and/
or air may bé introduced to the system
between heat storage beds 8 and 15, in
66 which case heat storage bed 15 may be

relied upon to supply the necessary heat
to those materials not passed through heat
storage bed 3. Tn any event, ail the re-
aclants are mixed before they pass
through heat storoge bed 15 wherein they 70
attain the desired temperature for reac-
ton catalyst bed 4. - .
After leaving prebeating or heat
gtorage zone 15, the reaction gases entfer

the catalyst bed 4 where the following 75

typical reactions take place (when natural
gas is being reformed): -

(1) with steam, OH, +H,0=3H, +CO
(2} with aiz, OH, + 30, =21, + 00

It will be noted fiom the above fhat B0
since the hydrocarbon is mot passed
through first heat storage zone 8,- where
the highest temperatures are conesn-
trated, there is no danger that it will be
prematurely cracked thermally ‘hefore 85 -
reaching the catalyst bed, For the same
reason, the temperature of the enfrance
portion of first heat storage hed 8 is not
unduly lowered cousing ignition diffieunl-
ties. Thus, as a practical result, there 18 90
no Hmitation, so far as danger of therm-
ally craeking the hydrocarbon reactant is
concerned, us to the vigour of combustion
in the combustion zone, and the combas-
tion zone and the entrance portivn of the 95
first heai storage zone may he kept as hot
ag desired fo ensure ignition of the fuel
and maintenance of eombustion therecf
during the heating steps of the cycle
without loss of temperature conirol in the 100 -
catalyst bed, The temperatures of the
combustion zone and of the entrance por-
tion of the first heat storage bed may be
sufficiently regulated by controlling the
amounts of process steam, and of process
air if used, admnitted thersto. Thug ail or
& part of the process steam may be passed
through first heat storage bed 3 before
passing through heat storage bed 15, or
all or part may be admitted to the sef 110
hetween the first and second heat storage
heds and passed only through the second
heat storage bed. Likewise, all or o part
of the process ‘air, if used, may be
admitted either  before the first heat 115
starage_bed, or between . the first and.
second heat storage beds., . = | ..

While Figurs 1 illustrates.one shell, it -
will be understood that a two _or three -
shell set may be employed following the 120
same general principles described whove..

105

For instance, the carburetter and super-

heater shells of a conventional . car-
buretted water gas set may be employed.
Thesé_shells are connected at their bases 125
by an open conduit. In practising the pre-
sent procesy in this arrangement, the fusl
and air can be admixed to the top of the
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carburetter where combustion takes place,
the hot products of combustion passing
down through the earburetter, throngh
the first heat storage bed, through the
connecting conduit to the superheafer and
up through the second heat storege bed
and catalyst bed as described. In such an
arrangement, the gaseous hydrocarbon
repotant, and some or all of the process
steam, and process air if used, can be
admitted betweesn the heat storage beds
as described. Similarly, in a three shell
srTangement, employing also the gener-
ator of a conventional carburetied water
gas set, the generator may serve as_com-
bustion chamber, and the fuel and air,
and also some or all of the poocess steam,
and process air if used, can be admitted
to the gemerator, flowing to the car-
buretter top by way of the open conduit
comnecting the tops of the generator and
carhuretter, thence to the superheater as
described.

Tikewise, it will he understood that
where a two or three-cell set be employed,
a heat storage bed may he incorporated
in, for exaniple, the carburetter function-
ing as the first heat storage bed in the
sbove desvription. Tn this case, the secona
heat storage zone may be provided in the
superheater before the catalyst bed, and
the gaseous hydrocarben, and some or all
of the process steam, and process air if
used, may be admited to the system at a
point between the first and second heat
storage beds, such as at the base of the
superheater, Thus, as shown in Figure 2,
21 and 41 represent two refractory lined
chambers ﬂucﬁ as the superheater and car-
buretter, respectively, of a conventional
water gus set. 22 represents the combus-
tion chamber which is a space above first
heat storage bed 23. Heat storage bed 23
may he supported as by arch 36, and may
be as described in connection with heat
storage hed 8 or Figure 1. A second heat
storage bed 35, supported as by arch 37,
ia provided in chamber 21, Catalyst bed
94 is supported as by a firebrick arch 38,
as ghown, or on heat siorage bed 35.
Numerals 25 and 26 represent respec-
tively the air and filuid fuel supply
mesns for combustion to heat the appar-
atus, and 27 the stack walve through
which the waste heating gases may be dis-
charged to the atmosphere, or to a waste
heat boiler (not shown) before being
vented fo the atmosphere. The entrance
for the gaseous hydroecarbon reactant for

g0 introduction into second heat storage zone

8b

36 is represented by numeral 28. In this
Pigure, process steam may be intraduced
either entirely at 29, or entirely at 30,
or partly at 29 and partly at 30. Simi-
larly, process air, if used, may be intro-

duced entively at 25 or entirely at 31, or
partly at 26 and partly at 3i. 32 repre-
sents the conduit through which gas
leaves the reaciion® chamber, passing
through wash box 33, to storage by way
of valved conduit 34. As in the case of
the apparatus shown in Figure 1, gases
leaving the reaction chamber for storage
may pass through a waste heat boiler (not
shown) before reaching the wash box. The
flow of the respective materials into and
from the set through the described com-
duit means 1s controlled by suitable valves
as shown.

The operation of the process in Figure
9 iy gimilar fo that in Figure 1. During
the heat storage portion of the cycle, fuel
and air are introduced through lines 26
and 25 respectively, ignited and burned
in combustion chamber 22. The resultin
hot products of combustion are 1}asse§
serinlly through first heat storage zome
93 second heat storage zone 35, and cata-
lyst zone 24, and thence through stack
valve 27. When the set has been heated
to the desired extent, the combustion of
fuel and air is terminated, and gaseous
hydrocarbon reactant introduced to the
system at a point between the first and
second heat storage zone, such as through
conduit 28. At the same time, process
gteam is admitted through conduits 23
and jor 80. Preferably process air is also
admitted at the same time through con-
duits 25 andfor 31. In any event, the
gaseous hydrocarbon and steam, and air
it used, are thoroughly mixed and umi-
formly leated to reaction temperature by
the time they have passed through seeond

70

76

80

86

9o

95

100

heat storage zone 35. Tpon the passage 0f 106

the hot reactants through eatelyst bed 24,
a gas rich in hydrogen and oxides of
carhon, mainly earhon monexide, iz pro-
duced which is withdrawn, as it issues
from the catalyst bed, o storage by way
gi conduit 32, wash box 38, and conduifl

It will be realised that in accordance
with common gas-making practice steam
purges may: be, and preferably are, made
between the heating,and the gas-generat-
ing portions of the .cycle, or between the
gas-generating and. heating portions of
the cyele, or both. These purges, as
Tnown to those familiar with the gas-
making art, serve to clear the system of
undesirable gases which may contaminate
the generated gas or serve to force resi-
dual desirable gases to storage.

110

1156

120

Catalysts for the endothermic reaction1?d

of gaseous hydrocarbons with steam o
produce gas mixfures comprising free
hydrogen and earbon monoxide, together
with variable proportions of carbon di-
oxide, are well-known. The catalysts most

130
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frequently proposed for this purpose are
metals of the iron group, with nickel and

cobalt catalysts  usually  preferred,

although other high meling metals such
® as vanadium, chromium, platinum, and
the like have been wused.” As between
nickel and cobalt, the mnicke] catalysts
have ugually been used because the reac-
tion is easier to control and the nickel
catalysts are less expensive.

A suifable refractory carrier iz fre-
quently employed, on the surface. of
which the catalyst material is disposed or
throughout which if is distributed. Difi-
cultly reducible oxides such as alumina,

10

1B

silica, magnesia, ealcium oxide, titanivm .
cxide; chromium oxide, oxides of rare

earth fetals such as, for example, thoria,
ceria, andfor others may be present. Com-
pounds such as chromates may be em-
ployed. -
One method of catalyst preparation in-
volves the precipitation of the catalyst in
- the form of a salt upon finely divided
carrier material, caleination to produce
the oxide of the catalyst metal, pelleting -
or the maling of extruded shapes from z
paste of the calcined material, and re-
- dugtion of the oxide at elevated tempera-
80 ture o the metallic catalyst, either as a
step in the preparation of the catalysy or
after it has been placed in the gas-treat-
ing equipment. In the preparstion of
another type of catalyst, preformed re-
fractory bodies, suech as alundum balls
and the like, are impregnated with a salt
of the catalytic metal and thereafter the
imnpregnated shapés are caleined to form
the oxide of the metal which is subse-
40 quenily reduced. The catalyst employed
may be produced by any desired pro-
cedure’ which forms no part of this in-
vention.
" The hydrocarbon material reformed in
the gas-generating portion of the eyele
may comprise norwally gaseous hydro-
carbon material such, for example, as
methane; ‘ethane and propane or hutane,
and heavier hydrocarbon distillates. Cor-
responding unsaturated hydrocarbons
may be present in any desired concentra-
tion, such, for example, as ethylene,”
propylene and butylene, When normally
liquid hydrocarbons are employed, appro-
priate vaporising means will be relied
upon to conver; the hydrecarbon to the
gascous state, The present procéss is, How-
ever, particularly advantageous for the
reforming of norwally gaseous hydro-
carbons. Natural gas, which is primarily
methane and refinery oil gas, which is
primarily” methane and ethylene are
among the hydrocarbon materials which
may be employed. Natural gas, because
65 of ity uvailability is partieularly pre-

20

2B

86

50

55

80

ferred as the hydrocarbon reactant.
With' respect to the fuel employed duz-

.ing the heat-storage period of the cycle,

it may be any fuid—that is, gaseous or
liquid combustible, Hydrocarhons, such 70
as those mentioned above, and esperially
natural gas, are particulazly satisfactory,
although gaseous fuel not rich in hydro-
carbon, such as water gas, producer gas,
and the like, may also be used. Tdquid
hydrocarbons, such as fuel oil, gad ofl,
gasoline, kerosene, tar, and the-like, may
be employed if desired. 'When a lignid
fuel is employed, conveutional spraying
or other vaporising means may be utilised 80
to facilitate combustion.

The proportions of steam to liydro-
carbion reactant employed during the Te-

75

forming portion of the eycle generally
-Tun bhetween about 0.8 mol and about b

85
mols, and preferably between about 1.5

and about 2.5 mols, of steam, for each mol

-of carbon in the hydrocarbon resctant.

When air is employed during the reform-
ing portion of the cycle, the proportion
of steam to hydrocarbon required may he
decreased in which case as low as about
0.8 mol of steam per mol of garbon in
the hydrocarbon reactant may be em-
ployed. - : ‘

As stated, in accordance with the pre-
ferred emlbﬂdl‘ 'dmgnt'of iif]lle pfrocesia, somie
air is employed during the reforming por-
tion of the cycle. The amount ofpgir g0
employed will be generally less than
about 2 mols thereof per mol of carbon in
the hydrocarbon reactant and in. most
cases will be less than about 1 mol thereof
per mol of carbon in the reactant. Pre-
ferably, the amount of air employed dur:
ing' the reforming portion of the cycle is
between about 0.1 and about 0.6 mol
thereof per mol of carhen in the hydro-
earbou reactant. .

. Referring to the temperatura ‘condi-
tions  employed during the cycle, the re-
actants, as stated, should be heated sub-
stantially o reacting temperatures by the
time they have passed through the second
heat storage zone and before they “passi1s
through. the-catalyst zone. The main eone
widerations, thereforé, are that the hydro-
carbon reactant, -while being heated suffi-
viently to -effect- substantially ~complete
reaction thereof in the catalyst zoms, is
not beated, during its passage’ throngh
the second heat storage hed, to o yoiut
where significant thermsl eracking there-
of takes place with ~formation - of any
significant quantity of carbom, The exact 125
temperature conditions governing thése
considerations. will depend in part. apon
the particular hydrogaibon reactant em-
ployed. It has been Tound, for example,
that, when reforming natural- gas, - the 180

0
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uverage temperature of the heat sforage
material in second prekeating zone should
not exeeed abont 2000° F., nor should it
fall below about 1400° . In othér words,
5 the heat storage material in the secomd
Lieat storage bed will have an average
temperatude at the beginning of the re-
forming portion of the cycle of not over
about 200" F., and, at the end of the
190 reforming portion of the evcle, of not less
than about 1400° F. To ensure a reform-
ing run of reasonable length, when re-
forming natural gas, the average tem-
perature of the heal storage material, in
15 the secomd heat storage bed, at the begin-
ning of the reforming portion of the
eyele, will not be less than about 1500°
F. Beecause of the direction of flow of the
hot eombustion gases during the heab
20 storage portion of the cycle, frst through
the two heat storage beds, then through
the catalyst zone, the temperature of the
catalyvat, will normally be somewhat less
than the temperature of the heat storage
26 zomes, and generally the temperatures in
the catalvst bed, at the beginning of the
reforming run, when reforming natural
gas and referring to the above tempera-
ture ranges, will not exceed about 1800°
30 F. and at the end of the run, may be as
low as about 1800° F. Since the hydro-
earhon reactant is not passed through the
first heat storage bed, the temperatures to
which that bed hecomes heated during the
35 heat storage step are not eritical, it being
only necessary to provide enough ccoling
effect during the lLieating period so that
excessive temperatures will not be gener-
ated at the point of admission of the
40 hydrocarbon reactan} while temperatures
in the combnstion chamber and at the
entrance portion of the first heat storage
bed remain sufficiently high tfo ensure
satisfactory ipnition of the fuel at the

45 beginning of the heat storage steps.
When reforming hydrocarbons heavier
than methane, it may be desirable to em-
ploy somewhat lower temperatures in the
 second heat storage bed in order to avoeid
50 thermal cracking and also sinee the re-
formation of hydrocarbons heavier than
methane, may not require temperafures
as high as when methane is reformed.
Thus, when reforming hydrocarbons
55 heavier than methane, femperatures ag
low as about 1000° F. may be employed

in the preheating zone.

The heat storage portion of the cycle
may be conducted by burning the fuel
60 with excess air, with insufficient air 4o
support complete combustion, or with
just the amount theoretically required for
complete combustion, so long as the heat
storage beds and catalyst are raised 1o
65 the required temperatures. Tn o preferred

embodiment of the process, however, ot
least the later part of the heaiing poriion

of the cyele is condueted by burning the
fuel with insufficient air to support com-
plete combustion, as described in the 70
specification of the said Application No.
7588/50 (Sertal No. 668,078), thersby
producing combustion products substan-
tally devoid of free oxygen and having a
substantial content of hydrogen and 7
carbon monoxide in addition to their con-
tent of carbon dioxide, water vapour, and
uitrogen. This ensures the maintenance

of the catalyst in a highly active state. In
this type of operation, it is also advan- 80
tageous to conduct the first part of the
heat storage portion of the eyele by burn-
ing fuel in the presence of air in excess

of that reguired for complete combustion.
The excess air alse ensures that any 85
carhon traces accidentally deposited dur-
ing the reforming portion of the cycle
will be removed.

Referring to the gas produced during
the reforming portion of the cycle, it will 80
chiefly comprise hydrogen and carbon
monoside with small but varying
amounts of gaseous hydrocarbons and
earbon dioxide and with varying amounts
of nitrogen depending upon the amount 85
of afr employed during the reforming
portion of the cycle. While this gas is
combustible, and is wseful for many pur-
poses, it does not possess the character-
isties which would male it usable per se 100
as city gas. Tor instance, its celorifie
value will he lower than that required for
utilisation in city gas distribution sys-
tems, Thus, if the gas produced during
the reforming porfion of the cycle is t0106
be distributed as city gas, it must be en-
riched with gas having na calorific value
higher than that: desired in the mized
gus. Buch enriching gus may be any of the
gaseous hydrocarhons mentioned ahove]l1p
and particularly natural gas.

In many gases, however, the mere en-
richment of the gas produced during the
forming portion of the present process
with & gas of higher ealorific valte does 115
pot provide a mixed gas possessing all the
characteristics reguired in a particular
area. For instance, while o mixed gas
possessing the desired calorifie value may
be obtained by mixing, for example,
natural gas with the gas preduced during
the reforming portion of the present pro-
cegs, the specific gravity of the mixed gas
moy still be below, andfor the ratis of
hydrogen to inerts above, the specifica- 125
tions in @ particular area. Or, becanse of
its availability in o particular area, it
may be desirable to utilise coke oven gas
-as part of the disiribated gas. Sinee coke
oven gas is relatively rick in hydrogen, 136
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its admixture with the gas produced dur-

ing the reforming portion of the present

process, which is alsp rich in hydrogen,

would result In a ratio of hydregen to
& inerts well above that required.

For these ressons, it is often desirable
to also mix with the gas produced during
the reforming portion of the procsss a
controlled quantity of a gas possessing a

10 may still be below, andfor the ratio of
hydrogen to inerts. Such a gas may be
produced by the combustion of a hydro-
carbon, preferably in the presence of in-

- sufficient air to eupport complete combus-

1p tion. An especially advantageous gas in
this regard is the product of incomplete
combustion produced during the above-
deseribed heat storage stage in which a
fiwid hydrocarbon fuel is burned in the

20 presence of iusufficient air to support
complete combustion.

The exact proportions of enriching gas,
and products of comhustion if uaedc;_ and
colke oven gas if used, mixed with the

25 gas produced- during the reforming por-
tion! of the eycle to provide =, finished gas
suitable for distribution as city gas are
subjeet to variation, depending mot only
upon the specifications to be met, bt also

30 upon the exact characteristics of the en-

~ riching gas, and of the gas produced=dur-
ing the reforming portion of the cyels,
and also of the products of combustion
and coke oven gas if used. Generally

35 manufactured city gases have a celorific
value of between about 520 and about 570
B.Th.U,, & spevific pravity of between
about 0:45 and about 0.75 and a ratio of
hydrogen o imerts of from about 1 4o 1

40 up to about 6 to 1. On the other hand, the

. gas produced during the reforming por-
tion of the ¢ycle will have a calorific value
lower than that recited above, for ex-

-~ ample, avound 300 B.Th.U., a specific

46 grovity within or somewhat below (for

example 0.85) the range recited above,
and a ratio of hydrogen to inerts within

or somewhat above (for example, 10 t0. 1)

the range sef forth above, The enriching

s will have a calorific value well ahove

that required, natural gas having a heat-
ing value around 1050 B.Th.U., a specific

gravity around (.61—0.63, and a

bydrogen to inerts ratio of zero, since it

55 is usually free of hydrogen. The produch
of ingomiplete combustion will have a
calorific value well helow the above
recited range and may even be less than
100°B.Th.U.; its specifio gravity will be

60 above the recited range often being
around 1, and 1is hydrogen to inerts ratie
will ba well below the recited Tange.

It will be seen that although the pro-
portions of the various gases that are to

65 be mixed may vary widely, “the deter-

B0

mination of the exaet proportions veeded
in any particular case will offer no diffi-
calty to those familier with the gas-
making art, and ean  be arrived at by -
gimple calculation. By varying the pro- 70
portions of reactants, namely gaseous
hydrocarbon and steam, or gaseous bydroe-
carbon, steam, and aiv, used during the
reforming portion of the cycle, the
varipus characteristics of ‘the {resuliing 75
gas can be controlled as desired, In addi-
tion to these variables, by varying the
amount of products of combustion, such
as the products of incomplete combustion
formed during the heat storage portion of gj
the cycle, whick may be mixed with the
gan  preduced during the reforming
period, further eontrol of the character-
istics of resulting mixed gas is afforded.
Tu any event., it will be seen that ‘the 85
present process offers wide flexibility o
produce gas interchangeabls - with any
manufactured city gas, or suitable for ad-
mixture with other gases, to meet chang-
ing situations encountered im the city gas gp -
industry. .
Considerable modification is possible in
the sélection of the hydrocarbon reaetant
and fuel, as well as in the propordions of .
reactants without departing from the g3
seope of the Invention. o '
.. What we elaim 15 : — : -
.1, The eyelic process for the marufac-
ture from hydrocarbons in “the. gaseous
gtate and steam of a gas rich in hydrogen 100
and oxides of carbon, mainly carbon mon~
oxide, whick comprises in one part of the
gyele, burning a fluid fuel, and passing
the hot products of combusiion serially
through 2 first bed of heat storage mate-105 .
rial, a second bed of heatf storage male-
rial, and a bed of catalyst for the endo-
thermic reaction between hydrocarbons
and steam, to store heat therein; and, in
another part of the cycle, passing a 110 -
hydrecarbon in the gaseous state through .-
aaid second ” heat storage bed . without
passage’ through said firat heat storage
bed, admized with steam, to heat said
hydrocarbon; passing the hot. gases
through said catalyst bed to effect con~
version. thereof into a gas rieh .in
hydrogen and oxides of carbon, mainly
earbon monoxide, and eollecting said gas.
~ 2. The process of claim 1 wherein air 120 -
also passes through said sécond heat '
storage bed and through sezid catalyst bed
in admizture with gaid hydrocarbon and.
steam. S
" 3. The process of elaim 1 or 2 wherein 125
said hydrocarbon is a normally ‘gaseous
hydrocarbon, ]
4. The process of any of claime 17 %o 8
wherein at least » portion of the admized
steam has passed thisugh said first heat 130
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storage bed prior to its admixture with
said hydrocarbon and passage through
said second heat storage bed.

5. The process of any of claims 1 to 4
wherein af least a portion of the admized
gheam is admitted to the system af a point
between said first heat storage bed and
said second heat storage bed without
passege through said first heat storage
bed.

6. The process of any of claims 1 to &
wherein the hydrocarbon passed in the
gaseons state throngh said second heat
storage bed without passage throngh said
first heat storage bed is admixed with
steam and air, at least a portion of said
steam and said air having passed through
said first heat storage bed prior to their
admisture with said hydroearbon and
pessage through said second heat storage
bed.
7. The process of any of claims 1 fo 6
wherein the hydrocarbon passed in the
gaseous state through said second heab
storage bed without passage through said
first heat storage bed admixed with steam
and air, at least a portion of said steam
baving passed through said first heal
storage bed prior to its admixture with
said hydrocarbon and passage through
said second heet storage bed, and at least
a portion of said air being admitted to
the system at a_point between said first
heat storage bed and said second heat
storage bed without passage through. said
first heat storage bed.

8. The process of any of claims 1 $ot 7
wherein the hydrocarbon passed in the
gnseous state through said second heat
storage bed without passage through said

" frst heat storage bed iz admixed with

50

steam and air, at least a portion of said
steam being introduced into the system of
a point between said first heat storage hed
and said second heat storage bed withoub
passage through said first heat storage
bed, and at least a portion of said air hav-
ing passed through said firet heat storage
bed prior to its admixture with said
hydrocarbon and passege through said
gecond heat storage bed.

9, An apparatus for the cyclic eatalytic
manufacture from hydrvocarbums in the
gaseons state and steam of a gas rich in

hydrogen and oxides of earbon tompris- 66

ing, in series, and in flow communication,
a combustion chamber, o first heat
storege zone containing heat storage re-
fractory material, a second heat storage
zone confaining heat storage refraciory
material and a eatalyst zone containing a
bed of reforming catalyst; valved conduit
means for selectively introducing fuid
fuel and afr o said combustion chamber;

80

valved conduit means for selectively 65

withdrawing combustion produchs issning
from said catalysi zone; valved conduit
means for selectively introducing hydro-
carbon in the gaseous state into said sys-
tem at a point between said first heat
storage zone and said second heat storage
zone, and valved, conduit means for selee-
tively withdrawing product gas issaing
from said catalyst zone to storage.

10. An apparatus as claimed in claim
9 also comprising valved conduit means
for selectively inmtroducing steam inbo
said combustion zone.

11. An apparatus as claimed in claim

T8

75

9 or 10 also comprising valved conduit 80

meang for selectively introducing steam
into the system at a point befween =maid
first heat storage zome and said second
heat storage zone,

12. An apparaius as claimed in any of
claims 9 to 11 also comprising valved eon-
duit means for selectively introducing air
into the system at a pornt between szaid
first heat storage zone and said second
heat storage zone.

18. Apparatus for the cyelic eatalytic
manufacture from hydrocarbons in the
gaseous state and steam of a gas rich in
hydrogen and oxides of carbon substanti-
ally as herein deseribed with reference to
Pigure 1 or Figure 2 of the accompany-
ing drawings.
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