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The present invention relates to the catalytic
reduction of carbon oxides with hydrogen re-
sulting in the synthesis of the familiar products
of such reduction having a higher molecular
weight than carbon monoxide.

The invention more specifically relates to the
foregoing synthesis under optimum reaction con-
ditions in the presence of the usual catalysts for
this reaction as, for example, the metals of the
iron group, particularly 'iron itself, together
with any of the typical activators and promoters.
In its preferred embodiment, it particularly con-
cerns the use of the catalyst in the well-known
condition of fluidization wherein the individual
particles are suspended in an upflow of reactant
gases such that the catalyst powder has an ap-
parent density much lower than its normal
settled density and the particles vibrate rapidly
in all directions while presenting their entire
surfaces to the flowing gases. Usually the linear
velocity of the stream of gaseous reactants is
so adjusted as to maintain such a state of fluid-
ization. However, other gases or purely me-
chanical means may be depended upon in whole
or in part to support this function.

Some difficulty may be experienced in main-
taining a  uniform condition of fluidization par-
ticularly where the catalyst particles have a
relatively high density or are relatively large
or possess an individual form or shape such that
they are difficultly buoyed up or floated in the
flow of gases. In a relatively large or deep bed
of catalyst the difficulty of maintaining a uni-
form flow of fluidizing gas throughout the entire
mass of the catalyst introduces difficulties in
practical operation. This may be evidenced by
a tendency for the gas to-moye upwardly in large
bubbles or slugs at certain times and in portions
of the reaction zone with an obvious variation
from the preselected conditions of contact.

The foregoing disadvantages are enhanced by
the fact that the present synthesis reaction in-
volves an overall volume contraction with a cor-
responding variation in fluid velocities from any
preselected optimum.

It has been proposed in connection with fluid-
ized, as well as fixed bed operations, to supply
only a portion of the reactant feed gases to
the bottom of the reactor, the remainder being
introduced at spaced points throughout the re-
action zone. This compensates somewhat for
the decrease in volume and tends to maintain
a more uniform fluid velocity internally thereof.
Moreover, it has certain advantages in permit-
ting approach to a more uniform relative pro-
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portioning of the reactants throughout the re-
actor and at the same .time distributes the
course of the reaction throughout the contact
mass as contrasted with many processes where-
in the major portion of the reaction may occur,
for example, in the lower part of the reactor
with corresponding tendency to localize over-
heating. .

The difficulty of introducing successive incre-
ments of reactants in uniform' admixture with
the gaseous flow in the reactor has, however,
prevented complete control of the reaction. This
disadvantage is made even more unfavorable by
the undesired departures from optimum fluidiza-

5 tion discussed above.

It is accordingly an object of the present in-
vention to provide for the synthesis of hydro-
carbons and/or oxygenated compounds in a cat-
alytic chamber subdivided into a plurality of
independent catalyst zones through which a
portion of the feed gas is successively passed,
preferably in admixture with normally gaseous
products recycled from the process, an increment
of additional fresh feed gas being introduced
and intermingled with the products of each pre-
ceding catalyst zone, and the mixed gases being
distributed to a succeeding catalyst zone. )

Another and somewhat related object con-
templates the controlled distribution of the re-
action throughout the contact mass with im-
proved control and dissipation of the exothermic
heat of reaction and corresponding maintenance
of temperatures within the narrow desired op-
timum range. Overall, the invention overcomes

5 the irregularities of fluidization in deep bed oper-

ation and by attainment of the foregoing ob-
jectives permits operation under reaction con-
ditions so controlled as to permit synthesis of
selected hydrocarbons or other products with
substantial suppression of those of undesired
compeosition or boiling point. .

In accordance with the present invention, a
synthesis gas containing hydrogen and carbon
monoxide is introduced into the lower portion of
a reactor and passes upwardly through a series
of successive, independently supported catalyst
masses. The effluent from each preceding cat-
alyst mass is intermingled with an additional
increment of reactant gas in an orifice or con-
stricted passage piror to uniform redistribution
through the next succeeding bed of catalyst.
When so operating and with each mass of cat-
alyst independently supported and in the pre-
ferred state of dense phase fluidization, uniform
fluidization in egch successive zone may be main-
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talned with a predetermined increment of the
reaction going forward in each zone and with
& corresponding incremental and uniformly
distributed liberation of exothermic energy in
the entire quantity of catalyst. Each catalyst

gone is advantageously separated from the pre-

ceding zone not only by a relatively restricted
passage, but by suitable means, such as a con~
ical bottom wall concave on its upper surface,
adapted to distribute the upward fow of gas
uniformly throughout the aorizontal cross sec-
tion of the catalyst mass which it supports.
This arrangement assures that the combined
gtreams of gas supplied to each mass of catalyst
will initially meet the catalyst in a state of uni-
form admixture, as contrasted with systems
where incrementally added gases are only poorly
or partially admixed, or else permitted to “chan-
nel” in streams that are not materially admixed
at all.

Each catalyst zone is also provided with indi-
vidual cooling surfaces immersed in the fluidized
powder and provided with an internal coolant to
maintain the zone at a predetermined uniform
operating temperature. The cooling surfaces
may take any conventional form, such, for exam-
ple, as coils or tube pundles preferably of rela-
tively “streamlined” form incapable of impairing
good fluidization. With a predetermined incre-
ment of the total conversion going forward in
each successive zone, it is obvious that the tem-
perature at every point in the reactor may be
better controlled by the flow of coolant.

In order to describe the invention in accord-
ance with one preferred embodiment thereof, ref-
erence is had to the Figure 1 of the accompany-
ing drawing wherein one preferred arrangement
is  disclosed more or less diagrammadtically.
Therein the numeral 10 indicates a vertical tu-
bular reactor divided into a plurality of internal
sections by a series of funnel-shaped bafiles or
partitions composed of frusto-conical walls 11
terminating in a tubular section or orifice (2.
The baffiles are disposed with their concave sur-
faces upwardly and the tubular section projecting
downwardly. In normal operation, each of the
four reaction zones disclosed is provided with a
masg of catalyst fluidized by the upflowing re-
actant gases and has an upper pseudo-liquid level
as indicated by the reference numeral i3.

A portion of the synthesis gas, essentially hy-
drogen and carbon monoxide, is introduced from
any suitable source, not shown, through inlet pipe
14 into the catalyst transport conduit 15 which
discharges into the lowermost conical portion 16
of the reactor 10. A branch pipe or manifold i1
is connected to inlet pipe {4 and is provided with
valve controlled branches i8 which pass into the
reactor adjacent each bafle and. discharge into
each tube or orifice 12 at an intermediate point.
By this means, the remainder of the reactant
gases is split into several increments which are
introduced at spaced points throughout the re-
actor. Each increment is turbulently intermin-
gled with the gaseous products from the preced-
ing reaction zone to form a uniform admixture
which proceeds through the remainder of the
reactor successively picking up such additional
increments of reactants as may be supplied.

The numeral [0A designates heat exchangers
in the form of helical coils immersed within the
fluidized powder and supplied with a flow of any
suitable coolant such as water, mercury or Dow-
therm, at a temperature appropriate to maintain
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the selected reaction temperature in the turbulent
catalyst mass.

The ultimate gasiform reaction products are
conducted overhiead from the reactor through
outlet pipe 18 to a cyclone separator 20 where
entrained solid particles are removed frem the
gases and permitted to gravitate into hopper 21
which is connected with standpipe 22. Catalyst
is withdrawn from hopper 2§ by way of stand-
pipe 22 and rotary bucket-type valve 23 discharg-
ing into transport conduit |5 where the powder
is immediately picked up by the inflowing gases
from inlet pipe 14 and reconveyed into the re-
actor. Pipe 24 above valve 23 serves to introduce
a gas, say carbon dioxide, to keep the catalyst
in standpipe 22 in a free flowing condition.

The gasiform products of reaction leave the
separator 20 through pipe 25 and pass through
a condenser 26 to a separator 21 from which the

_water layer is removed as at 28. The liquid hy-

drocarbon layer is withdrawn by outlet pipe 29
and conveyed to any of the familiar systems for
recovery, treatment or use. The normally gas-
eous stream comprising usually carbon dioxide,

gaseous hydrocarbons, possibly some inerts such
as nitrogen, and a proportion of hydrogen and
carbon monoxide, depending upon the extent to

" which the reaction has been carried to comple-

tion in the reactor 10, passes through pipe 30
for recycle to the lower portion of the reactor
18. Valved branch pipe 3| permits venting of
the gasiform stream to maintain the reaction sys-
tem in balance. Any desired portion of the re-
cycle stream may be introduced into the manifold
{1 by way of a branch pipe 32 and valve 33.
Recycle gas is made to flow to reactor 10 by means
of a pump 30A in line 30. As shown, the recycle
gas is injected into catalyst transport line IS
and thus serves to convey catalyst discharged
from standpipe 22 back to reactor 10.

In operation, the catalyst particles flow from
the lowermost section of reactor (0 through each
succeeding section until they leave the reactor
by way of pipe 19. While the ‘catalyst particles
may be entrained by the gaseous effluent from
each fluidized section to the succeeding section
thereabove, often the pseudo-liquid level {3 of the
fluidized mass in each section will rise until it
reaches the orifice {2 of the next upper section.
In such case, the catalyst particles may in effect
be aspirated into and through the orifice 12 by
the gaseous effiuent flowing from the lower to the
next upper section and by the gaseous reactants
injected into orifice (2. Since the same effect
takes place in each of the sections, it is apparent
that by continual introduction of catalyst through
the pipe 15, circulation may be effected upwardly
throughout the several sections and downwardly
through the standpipe 22. Meanwhile, the gasi-
form stream passes through each section and
through the orifice 12 thereabove under high-
velocity, turbulent conditions, and within this
orifice fresh reactants are completely mixed with
the gasiform stream and the mixture distributed
to the succeeding section. )

It is well to observe that the process of the
invention is advantageously carried out with a
relatively high rate of catalyst circulation from
the bottom to the top of the reactor and back
again to the bottom. As the catalyst is being
returned from the top to the bottom of the re-
actor, it is frequently desirable to subject the
catalyst to a stripping or regenerating treat-
ment. Thus, for instance, the catalyst collect-
ing in hopper 21 or any suitable vessel may be
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fluidized with a stripping gas or vapor, say
methane or recycle gas, to remove adsorbed re-
action products from the catalyst particles be-
fore they are returned to the reactor 10. The
maintenance of a high rate of catalyst flow up
through reactor f is also beneflcial in attaining
a high rate of heat transfer between the fluid-
ized catalyst and the cooling surfaces disposed
in contact therewith.

The present invention may be adapted with ad-
vantage in overcoming the familiar tendency of
the reactant gases to vary in respect to the rel-
ative proportions of hydrogen and carbon mon-
oxide as they pass through the catalyst. Thus
it has been observed that ordinarily the gase-
ous reaction products at any condition of con-
version of the reactants possess a materially
higher ratio of hydrogen to carbon monoxide
than that of the fresh feed. However, when por-
tions of the feed are diverted from the reactor
inlet and supplied at succeeding points through-
out the reaction zone, they obviously have the ef-
fect of lowering this ratio and tending to main-
tain it in the vicinity of the optimum predeter-
mined level.

The relatively high proportion of hydrogen to
carbon monoxide in the recycle stream has:the
further advantage of permitting operation with
a fresh feed synthesis gas of lower hydrogen:car-
bon monoxide ratio than would be normally eco-
nomical. For example, where it is desired to
supply a total initial inlet feed of, for example,
a 2:1 ratlo with an available synthesis gas
stream in which the H2:CO ratio is only 1.5:1,

the effect can be achieved by proportioning a :

recycle stream with, for example, an H2:CO ra-
tio of 3.1 until the total feed possesses the re-
quired relative proportion of reactants. Further-
more, in this manner, it is possible to operate at
hydrogen:carbon monoxide ratios much higher
than 2:1, as, for example, 2%:1, 3:1, or 4:1.

In accordance with one specific example, a sys-
tem constructed as disclosed in the figure of the
drawing is supplied with a powdered iron cat-
alyst finer than 200 mesh, 65% of which passes
a 325 mesh screen. - The catalyst includes about
29 sodium oxide (Na20) and about 1%% alu-
‘mina (Al203). The catalyst is disposed in a se-
ries of 4 zones, as disclosed, each about 5 feet
in depth and maintained under a good uniform
condition of dense phase fluidization at a tem-
perature of 650° F'. and a pressure of 240 pounds
per square inch gauge, by the upflowing react-
ants. The lowermost reaction zone is supplied
with 25% of the fresh feed gas comprising on
the volume basis 65.4% hydrogen and 32.6% car-
bon monoxide and with a recycle stream roughly
equal in volume to the total stream of fresh feed
gas entering the reactor. The combined recycle
and fresh feed stream entering the lowermost
reaction zone has a hydrogen to carbon mon-
oxide ratio of 6.8. At the orifice to each suc-
cessive reaction zone, another 25% of the gasi-
form reactant stream is introduced and uniformly
mixed with the gaseous effluent rising from the
adjoining lower zone. Contact time is about 5
seconds in each zone, The temperature within
the successive reaction zones is “maintained
within 5° P. plus or minus of the selected tem-

perature of 650° F. while good fluidization is at- |

tained throughout all parts of each. reaction
zone. The recycle stream mentioned above is
derived from the effluent of the last reaction
zone by condensing and separating the normally
liquid components. Under the above conditions,
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the condensed liquid hydrocarbons (Cs and
higher) recovered amount to about 85% on the
basis of the carbon monoxide converted in the
system. The remainder of the converted carbon
monoxide is in the form of carbon dioxide (5%)
and gaseous hydrocarbons (10%). Without any
treatment, the hydrocarbons boiling in the gas-
oline range by themselves correspond to 50% -of
the consumed carbon monoxide. By treating the
reaction products, for instance, deoxygenatinz
the oxygenated hydrocarbons and polymerizing
the unsaturated C: and C« hydrocarbens, the
gasoline fraction will then correspond %o.about
75% of the converted carbon monoxide, ‘

In ‘the foregoing example, the gases flowing
through the reactor entrain a guantity of cat-
alyst equivalent to five complete changes of cat-
alyst hourly.

Figure 2 of the drawing is a vertical section
taken centrally through a portion of & somewhat
modified type of reactor embodying the prin-
ciples of the present invention as applied to.con-
tact masses of substantial horizontal cross-sec-
tion. As shown in Figure 2, the embodiment
comprises a tower 34 which may be cylindrical
in form and composed of a series of sections du-
plicating that shown. Each section or catalyst
zone contains a separately supported mass of cat-
alyst disposed about nests of vertically extend-
ing heat exchange tubes 35. Each of the tubes
merges at its extremities with an upper steam
header 36 and a lower water header 37, respec-
tively. The tubes 35 present adequate heat ex-
change surfaces to the catalyst so that the. re-
action temperature can be maintained umformly
within narrow operating limits.

The headers 36 and 37 are arranged on par-
allel axes transversely across the tower and nor-
mal to the plane of the drawing, and provided
with vertically extending cooling tubes substan-
tially throughout their longitudinal dimension so
that cooling surfaces are more or less uniformly
disposed throughout each catalyst zone,

The headers 36 and 37 are mounted in hori-
zontal partitions 38 and 39, as shown, the sheet
39 receiving the lower or water headers 37 and
the sheet 38 receiving the upper or steam headers
36. The space between partition 38 of one séc-
tion and partition 39 of the next upper section
is provided with a multiplicity of closely disposed
venturi constructions. These venturi-like ele-
ments establish communication between contigu-

ous sections of the reaction tower 34. Each of

these connecting elements which are more or less
uniformly distributed in the horizorntal spaces
between the parallel headers consists .of an up-
wardly concave conical section 40, an intermedi-
ate throat or. tubular section 41 forming a con-
stricted orifice, and the lower downwardly con-
cave conical section 42. The opening at the top
of each conical section 40 may be covered, if de-
sired, by a screen 43 adapted to prevent rapid
flow-back of catalyst powder in the event that
the gas flow is aceidentally interrupted.

It will be apparent from the foregoing that in
operation the gaseous reaction effluent from esch
preceding catalyst mass accumulates in the space
46 above the pseudo-liquid level or surface 47 of
that catalyst mass and passes through the coni-
cal portions 42 into the orifices or tubes 41 at a
relatively high velocity and in a condition of sub-
stantial turbulence. Therein, streams of fresh
feed synthesis gas are introduced through inlet

98 tubes 44 supplied by headers 45 suitably con-
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nected to atly convenient source of synthesis gas
by further connecting pipes and headers, not
shown. The turbulently intermingled streams
continue upwardly and are distributed uniformly
by way of the conical sections 40 to the lower por-
tion of the succeeding catalyst mass.

The foregoing arrangement is obviously well
adapted to use with catalyst masses in a state of
dense phase fluidization where the total gaseous
feed to each mass of catalyst is uniformly distrib-
uted, in well mixed condition, across the entire
bottom of the mass.

The headers 37 are supplied with a stream of
water or other suitable coolant which passes up-
wardly in tubes 35 to maintain the catalyst at the
predetermined temperature level while the gener-
_ated steam is collected in the headers 36. The
piping required for handling the flow of coolant,
as well as the fresh feed reactants to each stage
or section may pass through the otherwise unoc-
cupied space between the partitions 38 and 39 of
contiguous sections and the venturi or orifice
members connecting these partitions.

While reference has been made above to spe-
cific iron catalysts, the invention is not so lim-
ited but contemplates any of the familiar cata-
lysts for this reaction, including, for example,
cobalt, nickel or ruthenium, either as particles of
the respective metals or carried upon a suitable
support, such as diatomaceous earth, silica gel
and the like. The catalyst may include any of
the typical promoters or activators, such as
thoria, zirconia, the alkali metal or alkaline earth
metal oxides and numerous others. It will, of
course, be understood that the apparatus referred
to for purposes of illustration may be varied wide-
ly in form and arrangement. Thus, for example,
the cyclone separator may be substituted by any
suitable means for removing entrained solid par-
ticles from the effluent gases. Magnetic and
electrostatic separators are obviously equivalent
~ for the purpose, as well as filters and liquid-
scrubbing devices. . .

Reference herein to hydrocarbons is intended
to include not only hydrocarbons hut other fa-
miliar oxygen-containing products of the present

5

10

15

20

25

30

40

45

reaction such as alcohols, aldehydes, etec., some- |

times referred to herein as oxygenated hydro-
..carbons or compounds. The conditions of tem-
perature, pressure and the like optimum for the

50

preferential production of any selected member -

of this group of products are well known in the art
and, per se, form no part of the present invention.

That is to say, the present process and apparatus -

are equally applicable to any typical operating
conditions known to favor the formation of se-
lected products. B

Obviously, many modifications and variations
of the invention as hereinbefore set forth may be
made without departing from the spirit and scope
thereof and only such limitations should be im-
posed as are indicated in the following claims.

I claim:

1. In the process of effecting the conversion of
reactant gases comprising hydrogen and carbon
monoxide into hydrocarbons, oxygenated hydro-
carbons and mixtures thereof by contact with a
powdered, solid particle, hydrocarbon synthesis
catalyst wherein reactants flow upwardly through
a vertically extending tower containing a dense
fluid phase of said catalyst particles, and addi-
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tional reactant is continuously infected into the
fluid phase at a plurality of vertically spaced
points along the path of upward flow, disposing
said catalyst within a plurality of vertically
spaced reaction zones, arranged vertically one
above the other in said tower, and each being sep-
arated from vertically contiguous reaction zones
by an intermediate, restricted flow space having
a cross-sectional area relatively small compared
with that of the tower, introducing a stream of
reactant feed gas to the bottom portion of said
tower, introducing additional reactant feed gas
into each of said restricted flow spaces, passing
substantially the entire stream of effluent re-
actant gases from each preceding reaction zone
through the succeeding restricted flow space into
the following reaction zone, maintaining move-
ment of reactant gases through each restricted
flow space in the velocity range at which highly
turbulent flow prevails with relatively decreased
flow velocity in each reaction zone effective to
maintain the included catalyst in a dense fluid
phase, withdrawing the effluent product stream
from the final reaction zone and recovering de-
sired products of reaction therefrom.

2. The process according to claim 1 wherein
normally gaseous constituents of the effluent
product stream are continuously recycled through
said reaction zones. )

3. The process according to claim®1 wherein
the rate of reactant gas flow through each re-
stricted flow space is substantially above the set-
tling rate of the catalyst particles such that the
mass of catalyst in the above reaction zone is in-

5 dependently supported without substantial gravi-

tation through the flow space.

4. The process according to claim 1 wherein
the mixture of reactant gases flowing from each
restricted flow space is substantially uniformly
distributed to the lower portion of the succeed-
ing reaction zone.

5. The process according to claim 1 wherein
the restricted flow spaces comprise orifices sit-
uated between adjacent, superimposed reaction
zones, angd the reactant flow therethrough is such-
as to prevent substantial gravitation of catalyst
particles.

6. The process according to claim 1 wherein
the mass of catalyst in each re~ction zone is
maintained in dense fluid phase condition with
an upper pseudo-liquid surface, from which the
efluent reactants disengage, at a point spaced
substantially below the succeeding restricted
flow space.
PERCIVAL CLEVELAND KEITH. f
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