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@ Improved catalytic gas synthesis process and apparatus.

@ The present invention is generally directed (Figure 2) to
an improved process and apparatus for the production of
gaseous products such as ammonia by catalytic, exothermic

- gaseous reactions and is specifically directed to an improved

process which utilizes a gas-phase catalytic reaction of nit-
rogen and hydrogen for the synthesis of ammonia. This
improved process for the production of ammonia utilizes an
ammonia converter apparatus 110 designed to comprise at
least two catalyst stages 102 and 106 and a reheat exchanger
104 so arranged as to provide indirect heat exchange of the
gaseous effluent 107 from the last reactor catalyst stage 106
with the effiuent from at least one other reactor catalyst stage
(e.g., 103} having a higher temperature level in order to reheat
the effluent from the last reactor catalyst stage 107 prior to
exiting the reactor vessel 110, thereby facilitating higher level
heat recovery from the reactor effluent.
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IMPROVED CATALYTIC GAS SYNTHESIS PROCESS AND APPARATUS

FIELD OF THE INVENTION

This invention relates to process and apparatus use-
ful in catalytic gas synthesls reac;lons, and more specifi-
cally to process and apparatus useful in the svnthesis of

ammonia.

DESCRIPTION OF THE PRIOR ART

Generally, the manufacture‘of ammonia consists of

preparing an. ammonia svnthe51s gas f*om a nltrooen source,
usually air, and from a hvdrogen source, which is conven-
tionally either coal, Detroleum fractlons, or natural
gases. In the preoaratlon of anmonla svnthe51s gas irom
natura1 gases, for exanple, a raw (that is, hydrogen—r’ch)
synﬁhe51s gas is formed by first removing gaseous contami-
nants such as_sulfur'from the natural\gss by hydrogenation
and adsorption, and then by reforming the contaminant-free
gas. The carbon menoxideiinvthe‘raw synthesis gas is con-
verted to carbon dioxide and additional-hydrqgen in one or
more shift conversion vessels , and the carbon dioxide is
removed by scrubbing. Further treatment~o§ the raw svnthe-~
sis gas by methanation may be used to remove additional
carbon d10x16e and carbon monoxide from the hydrogen rich
gas, resultlng subsecuently in an ammonla synthesis gas
containing approx1mate1y-three parts of nydrogen and one
part of nitroéen, that is, the‘3:1.stoichiometric ratio-of
hydrogen to nitrogen in ammonia, plus small amounts of
inerts such as methane, argon and helium. The ammonia
synthe51s gas is then conVerted to ammonia by pa551ng the
ammonia synthe51s gas over a catalytic surface based on
metallic iron (conventionally magnetite) which has been
promoted with other metallic oxides, and allowing the
ammonis to be svnthesized according to the follQWing exo-
thermic reaction:

Ny * 3H —  2NH3
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Ammonia synthesis, as is characteristic of exothermic
chemical reactions, suffers from a competition between
equilibrium and kinetics. The equilibrium conversion of
hydrogen and nitrogen to ammonia is favored by low tempera-
tures. However, the forward reaction rate to ammonia
strongly increases with temperature. This leads to an
optimal reactor temperature profile which starts relatively
high, in order to get reaction rates as fast as possible
while still far away from equilibrium, and which is then
allowed to gradually fall along the reaction path in the
reactor to‘improve equilibrium as the reaction progresses.
Unfortunately, by definition, exothermic reactions give off
heat, and hence the temperature tends to rise as the
ammonia synthesis progresses, prematurely stopping the
reaction when an unfavorable equilibriﬁm is approached.

2 number of solutions to this problem have evolved in
the form of particular ammonia synthesis reactor designs.
In modern, large scale ammonia plants (600 to 2,000 tons of
ammonia per day) two general types predominate. 3Both use
two or more adiabatic stages with cooling between stages in
order to move away from equilibrium after each stage. The
basic difference between the types of reactors is in the
cooling method. 1In the first, a direct contact quench is
used with a portion of unreacted cold feed being brought
into contact with the heated effluent which is desired to
be cooled. In the second type of reactor, indirect heat
exchange is used to cool the desired gas streams. The
former type of reactor is simpler in construction but is
not as efficient because part of the feed by-passes all but
the last stage in order to effect the desired cooling
within the reactor. The optimum operation of either tvpe,

which can-be readily calculated by one skilled in the art,
employs a declining seguence of reaction stage outlet tem— .-

peratures. This is illustrated by Figure 7 of U.S. Patent
4,181,701, .

Since the reacticn is exotnermic, the heat of reac-
tion can theoretically be recovered as useful waste heat.
Conventionally, the waste heat is recovered from the reac-
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tor effluent, which, as previously mentioned, is relatively
cold, since the last reaction stage has the lowest outlet
temperature of the several beds within the reactor. Waste
heat recovery between stages is known in the art and is
disclosed in such references as U.S. Patent 3,721,532;
4,101,281, 4,180,543, and 4,181,701 and in co-pending
application Serial No. 414,523 filed September 2, 1982 (the
disclosure of which application is hereby incorporated by
reference). However, the reported schemes either reguire
the expense of a second reactor vessal, or bear the riskx of
poisoning of the catalyst or of explosive and thereby
safety-related-problems in generating steam for removal of
the reaction heat by use of steam generation coils located
inside the reactor vessel, which generélly contains a re-
duced catalyst that is potentially violently reactive with
water or steam at the elevated temperétures which are used.

SUMMARY OF THE INVENTION
The present invention is generally directed to an
improved process and apparatus for the production of gase-

ous products such as ammonia by catalytic, exothermic gase-
ous reactions and is specifically directed to an improved
process which utilizes a gas—phase'catalytic reaction of
nitrogen and hydrogen for the synthesis of ammonia. This
improved process for the production of ammonia utilizes an
ammonia converter apparatus designed to comprise at least
two catalyst beds so arranged as to provide indirect heat
exchange'of the gaseous effluent from the last reactor
catalyst bed with the effluent from at least one other
reactor catalyst bed ha&ing a higher témperaturé level in
order to reheat the effluent from the last reactor catalyst
bed prior to exiting the reactor vessel, thereby facilitat-
ing higher level heat recovery from thevammonia converter
effluent. ‘ o
The present invention is particularly advantageous in
providing a method and apparatus suitable for retrofit of

more active catalyst into existing exothermic reaction
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equipment.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a perspective process schematic flowsheet

of a prior art exothermic catalytic synthesis process.

Figure 2 is a perspective process schematic flowsheet
of one embodiment of an improved exothermic catalytic syn-
thesis process and reactor of the present invention,
employing two heat exchangers and two catalyst beds.

Figure 3 is a perspective process schematic flowsheet
of another embodiment of the improved exothermic catalytic
synthesis process and reactor, of the present invention,
employing two catalyst beds, a single heat exchanger and
direct contact quenching.

Figure 4 is a perspective process schematic flowsheet
of vet another embodiment of the improved exothermic cata-
lytic synthesis process and reactor of the present inven-
tion, employing three catalyst beds, and a reheat exchanger
in combination with one or more interbed exchangers and/or
direct contact guenching.

Figure 5 is a sectional elevation flow diagram of a
first embodiment of the reactor vessel of the present
invention.

Figure 6 is a sectional elevation flow diagram of a
second embodiment of the reactor vessel of this invention.

Figure 7 is a sectional elevation flow diagram of a
third embodiment of the reactor vessel of the present
invention.

Figure 8 is a sectional elevation flow diagram of a
fourth embodiment of the reactor vessel of the present
invention.

Figure 9 is a sectional elevation flow diagram of a
fifth embodiment of the reactor vessel of the present
invention. )

Figure 10 is a sectional elevation flow diagram of a
sixth embodiment of the reactor vessel of the present
invention. '

Figure 11 is a sectional elevation flow diagram of a
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seventh embodiment of the reactor vessel of the present

invention employing guench gas for cooling of reheat ex-

changer effluent prior to the second catalyst bed.

DETAILED DESCRIPTION OF THE INVENTION
The apparatus of this invention will be described
below particularly in relation to its use in the synthesis
of ammonia. However, it will be understood that the appa-

ratus is useful in any catalytic, exothermic gas synthesis
reaction.

Referring to Figure 1, a typical prior art operating
sequence is illustrated for an intercooled, two-stage cata-
lytic reactor 10. The reactor vessel 10 contains a
"catalyst basket"™ including two catalyst beds 2 and 6, and
interbed heat_excnanger 4 and lower heat exchanger 8. A
portion of the feed gas 15 to the reactor is passed via
conduit 1 to lower heat exchanger 8, and a separate portion
via conduit 3 to interbed heat eichanger 4 for indirect
cooling in these heat exchangers of gas streams 6b and 2b,
respectively. 1If desired, a portion or all of either
streams 1, 3 or 5 can be employed for annulat cooling of
the pressure shell of the reactor prior to introduction of
these streams into the respective reactor components, that
is, heat exchanger,S, heat exchanger 4, and first_catalyst

bed 2, resoectively. " When the desired gas:product is

'ammonla, the gas feedstream will tyolcally comprlse a mix-

ture of Ny and Hz (generally in a mole ratlo ‘of about 3:1,
that is t;om about 2.5:1 to about 3. 1) plus small amounts
of inerts such as At and He. Catalyst beds 2 and 6 are
controlled at their xlnetlcally ootlmal temoeratures via
the two heat exchangers._ haSte neat recovery from reac-
tor effluent 9 is v1a a hlgh pressure steam ‘génerator 16,
located 1nm=olate1y downstream of’ reactor 10 ‘By use of
this steam generator, generally all of the avallable waste
heat can be recovered from the effluent as hlgh pressure
steam (e.g., 500-2000 psxg) Downstream of this boiler 16

: is a feed/etfluent heat exchanger 14 that preheats the

converter feed 12. This exchanger 14 is provmded with a
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bypass conduit 23, controlled by means of a bypass control
valve 25, which can be useéd to control reactor feed tem-
perature, if necessary. Valve 25 is generally fully clecsed,
since this results in the maximum waste heat recovery. If
the feed/effluent exchanger 14 is bypassed, more heat is
thrown away to a water-cooled exchanger 18, which is
located immediately downstream of feed-effluent exchanger
14.

In the embodiment shown in Figure 1, devices 4 and 8
comprise heat exchangers. The prior art, however, has also
proposed the replacement of exchanger 4 with direct contact
quenching using a portion of the cooler, unreacted gas
feed. '

In the event a more active catalyst is retrofitted
into reactor 10, it becomes possible__to,slow down the
ammonia svnthesis gas compressor and thereby decrease feed
gas pressure and the total flow rate through the reactor.
Due to the enhanced activity of the catalyst, the conver-
sion per pass rises so that it is still possible to main-
+zin a constant ammonia production rate even though the
total flow rate through the reactor decreases. Also, again
due to the enhanced catalyst activity, the kinetically
optimum bed temperatures drop significantly and with the
higher conversion pér pass, the overall temperature rise
across the reactor increases. '

As a result of a retrofit of such a more active cata-
lyst into reactor 10, the :educed flow rate means that
recovery of all of the waste heat in high pressure boiler
16 (which has a roughly constant gas outlet temperature due
+5 a cold-end heat transfer pinch, i.e., a small tempera-

ture driving force between the stream to be heated and the
exiting heating £fluid) would require an increase in the
inlet temperature to the boiler, which would require a.
corresponding increase in the temperature of outlet-gas S
from reactor 10. However, the outlet temperature from
second catalyst bed 6 has dropped substantially at the same
time. This, in turn, means that it would be desired to do

less heat transfer in the lower heat exchanger 8, and per-
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haps to completely bypass lower heat exchanger 8, effec-
tively making the reactor outlet temperature egqual to the
outlet temperature of catalyst bed 6. However, if the new
retrofit catalyst is sufficiently more active, this would
still not achieve the objective of recovering all the waste
heat in high pressure boiler 16, since the temperature of
stream 6b would be less than the required temperature of
stream 9.

Thus, with a retrofit of a substantially more active
catalyst (for example, a retrofit catalyst having at least
20 percent, and preferably at least 50 to 200 percent or
more, activity enhancement relative to the catalyst for
which the reactor system was designed), the prior art
processes require one to either open bypass valve 25 on the
feed/effluent heat exchanger 14 and throw valuable waste
heat away to cooling water exchanger 18, or to install a
lower pressure boiler 24, downstream of high pressure
boiler 16, to recover the heat at lower temperatures, e.g.,
as medium pressure steam (500-900 psig). The former
approach, opening valve 25, throws away a large amount of
the heat altogether, whereas the latter approach, requiring
use of a lower pressure boiler 24, degrades part of the
high pressure steam previously produced in boiler 16 to a

lower pressure (and hence less valuable) steam, and re-

quires investment for the new piece of equipment represent-

ing new boiler 24. ,
Thae extent to which such a retrofit of more active

catalyst presents a loss of heat recovery efficiency can be
seen by reference to Comparative Example 1, presented
below.

In accordance with the improved process of this in-
vention, the temperature of the effluent from the last
reaction stage in an exothermic reactor, having two or more
catalyst stages arranged for sequential gas flow there-
through, i; increased by reheating at least a portion, and
preferably substantially all,  of this effluent gas in a
reheat exchanger by indirect heat exchange with the

effluent from the first or other reactor stage. Figures 2
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and 3 illustrate this broad concept using an intercooled,
two-stage catalytic reactor, and a quench-type reactor,
respectively, and Figure 4 illustrates this concept using a
three-stage catalytic reactor. BHowever, it will be under-
stood that our concept is broadly applicable to designs
using at least two catalyst stages, and to reactor Eesigns
using indirect heat exchange and/or quench for interstage
cooling of the effluent of or more catalyst stages, al-
though less reheating can be done in quench-type designs,
since £flows through the catélyst stages are unegual.

As used herein, the term "catalyst stage" is intended
to refer to a catalyst bed within the reactor whose gaseous
effluent is either cooled and passed to another catalyst
bed within the reactor or, in the case of the last catalyst
bed, is withdrawn as product gas from the reactor as des-
cribed herein.

Reference is now made to Figures 2-4 which illustrate
the reactor system of the process of this invention and
wherein similar numbers refer to the same or similar ele-
ments.

Referring now to Figure 2, one embodiment of the
reactor system of the process of this invention is sche-
matically illustrated. 1In reactor 110, there is provided
first catalyst ped 102, interbed heat exchangers 704 and
108, and second catalyst bed 105. Reactor feed 112 is
passed to feed¢/effluent exchangsr 114 wherein the feed gas
is preheated. The thus-heated feed gas 115 is then split -
into two portions. A first portion is passed as stream 119
to reactor 110 for feed to first catalyst bed 102. A
second portion is passed as stream 118a to interbed heat
exchanger 108 within rezactor 110 for heating by heat ex-
change with gas stream 105 which is passed thereto from
second exchanger 104, which comprises the reheat exchanger.
The thus-heated feedstream 120 is withdrawn and combined
with the remaining feed gas 119 for combined feed 121 to
first catalyst bed 102. An effluent gas 103 is withdrawn
from bed 102 and passed to reheat exchanger 104 wherein
this gas effluent heats at least a portion of gas effluent
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107 withdrawn from second catalyst bed 106 prior to with-
drawing the second catalyst bed effluent from reactor 110.
The partially cooled first catalyst bed effluent 105 is
withdrawn from reheat exchanger 104, and passed to interbed
heat exchanger 108 as explained above for heating of feed
gas stream 118a, and the further cooled first bed effluent
gas 109 is then passed to second catalyst bed 106. The
effluent gas 107 from the second catalyst bed is heated in
reheat exchanger 104 by first catalyst bed effluent gas 103
and is then withdrawn from reactor 110 via conduit 124 for
waste heat recovery in steam generator 122. Thus, boiler
122 can comprise a high pressure boiler adapted to produce
high pressure steam (e.g., 900-2000 psig). 1If desired, a
lower pressure boilér 128 can be installed downstream of
high pressure boiler 122 in order to recover waste heat at
lower temperatures, for example, to produce medium pressure
steam (500-900 psig). Following waste heat recovery, the
reactor effluent is passed to feed/effluent exchanger 114
and is then withdrawn from the process via conduit 117 and .
can be passed to a cooling water exchanger (not shown) for
further cooling. As illustrated, feed/effluent exchanger
114 is provided with bypass loop 123 which is controlled by
means of wvalve 125 in order to control the temperature of
the feed 115 to reactor 110.

If desired, a portion or all of streams 118a and/or
119 can be emploved for annular cooling of the pressure
shell of the reactor prior to the introduction of these
streams into the respective reactor components, that is,
heat exchanger 108 and first catalyst bed 102,
respectively.

If desired for temperature control, a portion of
stream 103 can be by-passed around reheat exchanger 104 and
recombined with stream 105 downstream of exchanger 104.
Alternatively, a portion of the second catalyst bed
effluent gas 107 can be by-passed around exchanger 104 and
recombined with product gas stream 124. '

Referring to Figure 3; another embodiment of the

reactor system of the process of this invention is sche-
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matically illustrated which corresponds to the embodiment
of Figure 2, except that the second interbed heat exchanger
is replaced by use of a direct contact quench. 1In this em-
bodiment, the partially cooled first catalyst bed effluent
gas is contacted with a portion of the cooler, unreacted
feed gas prior to introduction of this gas into the second
catalyst bed. In Figure 3, resactor 110 is provided with
first catalyvst bed 102, interbed heat exchanger 104 (which
comprises the reheat exchanger) and second catalyst bed
106. Reactor feed 115, after being preheated in
feed/effluent exchanger 114 (not shown) is split into two
portions. A first portion is passed as stream 119 to reac-
tor 110 for feed to first catalyst bed 102. A second por-
tion is passed as stream 118b to be employed for direct
ontact guenching of the partially cooled first catalyst
ped eifluent gas stream 105 which is then passed as feed to
second catalyst bed 106. An effluent gas 103 is withdrawn
from first bed 102 and passed to reheat exchanger 104
wherein this gas effluent heats at least a portion of the
gas effluent 107 withdrawn from second catalyst bed 106,
prior to withdrawing the second catalyst bed effluent gas
from reactor 110. The partially cooled first catalyst bed
effiluent 105 is withdrawn from exchanger 104 and further
cooled to the desired temperature by contact with guench-
gas stream 118b to form a combined mixture 109 which is
then passed as feed to second catalyst bed 106. The second
catalyst bed effluent gas heated in reheat exchanger 104 is
withdrawn therefrom via conduit 124 for waste heat recovery
in steam generator 122 as described above. If desired, a
portion or all of feed gas streams 119 and/or 118b can be
employed for annular cooling of the pressure shell of the
reactor prior to the introduction of this stream into first
catalyst bed 102. ] S
As indicazted above, the concept of this invention is
equally applicable.to the use of more than two catalytic
beds/stages. Figuré 4 illustrates a reactor 110 employing
three catalyst beds 102, 106 and 133. In this embodiment,
preheated, fresh gas feed 115 is divided into three por-
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tions. A first portion 119 is passed as a part of the gas
feed to first catalyst bed 102. A second portion is intro-
duced to first interbed heat exchanger 108 via conduit
118a, and a third portion is introduced via conduit 131a to
second interbed heat exchanger 130. The thus-heated por-
tion of heating fluid passed to exchanger 130 is withdrawn
therefrom via conduit 132 and combined with the remaining
portion of the heated synthesis gas in conduit 120 for feed
to first catalyst bed 102, as described above.

The gaseous effluent from first bed 102 is passed as
stream 103 to reheat exchanger 104 wherein at least a por-
tion of the gaseous effluent from the last catalyst bed,
third catalyst bed 133 in the embodiment of Figure 4, is
heated prior to withdrawing gas product 124 from reactor
110. The partially cooled first catalyst bed effluent is
then further cooled by means of first exchanger 108 via
indirect heat exchange with gas feed 118a (or, optionally,
by direct contact quenching in lieu of exchanger 108, using
a portion of the cooler, gas feed introduced, for example,
as stream 118b). The resvlting cooled first bed effluent
gas 109 is then passed as feed to second catalyst bed 106.
After the further reaction which takes place in bed 106,
the second bed effluent 107 is cooled in second interbed
exchanger 130 with the third gas feed portion 131a (or,
optionally by direct contact guenching in lieu of exchanger
130, using a portion of the cooler, gas feed introduced,
for example, as stream 131b). The resﬁlting cooled second
catalyst bed effluent gas is then withdrawn as stream
135 for feed to third catalyst bed 133. As described
above, at least a portion of the gaseous effluent from
third bed 133 is passed as stream 134 to reheat exchanger
104. Product gas is withdrawn via conduit 124 from reactor
110 and can then be passed to heat recovery, as described .
above with respect to Figure 2., BAs with the preceding
fiqures, if desired( a portion or all of streams 119, 118a,
118b, 131a and/or 131b can be‘employed for annular cool-
ing of the pressure shell of the reactor 110 prior to the

introduction of these streams into the respective reactor
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components.

While not illustrated, it will be apparent that the
partially cooled first catalyst bed effluent 105 withdrawn
from reheat exchanger 104 can be directly introduced as
feed into second catalyst bed 106 and that, in this embodi-
ment, no interbed heat exchanger 108 or interbed guenching
via conduit 118b is employed for further cooling of the gas
in stream 105 prior to its introduction into second bed
106. 1In this embodiment, therefore, the feed to first
catalyst bed 102 will comprise feed gas portion 119 and
feed gas portion 132, (where heat exchanger 130 is employed
for cooling of the second catalyst bed effluent gas 107).

The embodiments illustrated in Figures 2-4 are, of
course, not limiting of this invention, and reactors con-
taining more than three catalyst stages can also be
employed.

As will be illustrated in Figures 5-~11, the heat ex-
changers used in the process of this invention can comprise
baffled tubular heat exchangers. However, these heat ex-—
changers can be of any suitable type, such as for instance
plate—fin-exchangers, close tube exchangers and the like.
Also, while the catalyst beds are preferably each arranged
for radial flow of gases therethrough, it will be under-
stood that our invention is not limited thereby and that
one or more (or all) of the catalyst beds can comprise (1)
longitudinal flow. beds in which the gas flows through the
beds in a direction which is substantially parallel to the
vertical longitudinal axis of the reactér, or (2) trans-
verse flow beds in which the gas flows through the beds in
a direction which is transverse to the major direction of
gas flow through a horizontal reactor}rsuch as are illus-
trated in G. P. Eschenbrenner and G. A. Wagner, "A New High
Capacity Ammonia Converter", vol.-ié, Ammonia Plant Safety,-
51-56, (Chem. Eng. Progr. Techn. Manual, AICHE, 1972).

As is the case in Figure 2, in the embodiments of

Figures 3 and 4, it will be understood that one or more of
exchangers 104, 108 and 130, where applicable, can be.
by-passed by selected amounts of the heating fluid passed
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thereto, in order to provide the desired temperature con-
trol. PFurthermore, a portion of the last catalyst bed
effluent gas 107 and 134 in Pigures 3 and 4, respectively,
can be by-passed around reheat exchangér 104 for tempera-
ture control.

Referring now to Figure 5, one embodiment of the
reactor vessel of the present invention is illustrated
which is generally indicated at 200. As illustrated, reac-
tor 200 comprises a cylindrical pressure-resistant shell
238 having an upper circular closure member 201 provided
with a centrally-located aperture 202 through which gas
feed enters the vessel into a gas-header space 203 defined

by inner surface 233 of closure member 201 and upper

. closure plate 231 of reactor cartridge 236. At the

lower-most end of reactor shell 238 is located a concentric
tubular assembly comprising an outer tube 204 for removal
of gas product from the reactor and an inner tube 206 for
passage of additional gquantities of gas feed to the reac-
tor, both tubes 204 and 206 being preferably positioned
coaxially with the longitudinal axis of reactor shell 238.
Reactor cartridge 236 is sized so as to provide an annular
cooling channel 234 between the inner vertical surfaces 232
oxf reactor-;hell 238 and the outer vertical surfaces of
cartridge 236. In addition, reactor cartridge 236 is sized
so that the lower-most portion of reactor cartridge 236,
comprising surfaces 289, defines (1) a lower gas space 278
bgneath surfaces 280 and above the inner surface of lower
portion 282 of shell 238, (2) a second gas space 276 above
surfaces 280 and below lower catalyst plate 274 of lower
catalyst bed 260, and (3) a gas opening 284, annularly
.arranged about the assembly of tubes 204 and 206, to allowA
feed gas to pass into second gas space 276. Positioned
within reactor cartridge 236, are upper catalyst‘bed 210, 7
baffled reheat exchanger 240, baffled interbed heat ex-
changer 250 and lower catalyst bed 260, all arranged in an
annular manner about the cylindrical axis of pressure shell
238. The upper surface of annular catalyst bed 210 is de-

fined by a circular closure plate 212, and forms a second
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header space 223 (beneath upper cartridge closure plate
231) which communicates with interior passageway 207 of
inner tube 206 to permit a first portion of the synthesis
gas feed, which is introduced into feed tube 206, to pass
upwardly from the lower portion of shell 238 to second
header space 223 and thence radially, outwardly above upper
closure plate 212 to annular gas passageway 228, which is
formed by the outer cylindrical sheet 224 of catalyst bed
210 and the adjacent inner vertical surfaces of reactor
cartridge 236 to permit gases to pass downwardly to and
through opening 229 which is provided about the circum-
ference of cylindrical sheet 224 and thereby to enter cata-
lyst bed 210.

The second portion of the synthesis gas feed, intro-
duced into aperture 202, passes downwardly to, and then
outwardly through, gasbheader space 203 and then downwardly
into annular cooling channel 234 to provide annular cooling
of pressare shell 238. The feed gas passes out of the
lower portion of annular channel 234 into lower gas space
278 znd then upwardly through opening 284 impto second gas
space 276 and then into annular gas space 272, which is
defined by the outer cylindrical sheet 262 and the inner
wall of reactor cartridge 236. In annular space 272, the
gases flow past lower catalyst bed 260 and into the shell
side of interbed heat exchanger 250 by way of opening 256.
In exchanger 250, the gas feed is caused to flow a tortuous
path by means of baffles 258 and is heated further by in-
direct heat exchange with gaseous effluent from first cata-
lyst bed 210 (which has been first partially cooled in
reheat exchanger 240, as described in more detail below).
The thus-heated feed gas is withdrawn from exchanger 250
and passes upwardly through annular space 228, along the
outer vertical walls 224 of exchanger 240, to enter Ffirst
catalyst bed 210 by way of opening 229, together with the
remaining feed gas thch is passed downwardly to annular
space 228 from second header space 223, as described above.

Catalyst bed 210 comprises lower catalyst plate 226,

which supports the catalyst, and circular closure plate
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212, and is provided with an outer gas permeable wall 220
(which defines an annular gas distribution channel 222 in
order to permit gases entering opening 229 to distribute
within catalyst bed 210) and inner gaé permeable wall 214.
(Gas permeable walls in this invention can be illustrated’
by metal sheets and/or screens having suitable perforations
to permit gas passage while avoiding spillage of catalyst
particles from the catalyst beds.) Wwalls 214 and 220 are
at their lower ends secured to catalyst plate 226.

Gases exiting catalyst bed 210 pass through permeable
wall 214 and enter annularly-shaped gas withdrawal channel
216 defined by gas permeable wall 214 and the adjacent
portions of outer cylindrical surface 246 of gas inlet tube
206. Gases exiting upper catalyst bed 210 pass from pas-~
sageway 216 into first baffled heat exchanger 240 via gas
space 230 defined by lower catalyst plate 226 and the upper
tubesheet 247 of exchanger 240. This gas effluent enters
tubes 249 of exchanger 240 for heating of the gaseous ef-
fluent from second catalyst bed 260, which is caused to
flow a tortuous path through exchanger 240 by means of
baffles 248. Gases are passed from exchanger 240 into
exchanger 250, and in the embodiment shown, thes two ex-
changers employ common gas passage tubes 249, 1In the lower
portion of tubes 249, in interbed exchanger 250, the gas
effluent from catalyst béd 210 is additionally cooled by |
means of a portion of gas feed which is passed thereto in
order to effect a final stage of cooling of this upper
catalyst bed effluent to the desired feed temperature to
lower catalyst bed 260. The gases exit tubes 249 of inter-
bed exchanger 250 into gas space 257 defined by lower
tubesheet 253 of interbed heat exchanger 250 and circular
closure plate 264 of second catalyst bed 260 and are then
passed downwardly into annular gas distribution channel 268"
(defined by outer cylindrical sheet 262 and outer gas
permeable wall 270), through the outer gas permeable wall
270, and radially, inwardly through catalyst bed 260,
through inner gas permeable wall 266 and thence as gas ef-

fluent from second catalyst bed 260, into annular gas with-
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drawal channel 241 defined by inner cylindrical sheet 242
and inner gas permeable wall 266, along bed 260, and second
inner cylindrical sheet 254, along interbed heat exchanger
250. The resulting second catalyst bed gas effluent passes
upwardly through annular gas passage 241, after bypassing
interbed heat exchanger 250, into reheat exchanger 240,
for heating by indirect heat exchange--with the gas effluent
from first catalyst bed 210. The thus-heated effluent gas
is withdrawn from the shell side of reheat exchanger 240
via annular product éassage 244, defined by inner cylindri-
cal sheet 242 and outer cylindrical surface 246 of gas feed
+¢be 206, and is then discharged from reactor 200 as prod-
uct via product tube 204.

In operation, a first portion of the synthesis gas
feed is introduced via feed tube 206 into the lower portion
of reactor 200. This feed gas passes upwardly through feed
passage 207 to second upper header space 223 from which the
gas is passed outwardly,.radially to and then downwardly
along, inner annular channel 228 for introduction via open-
ing 229 as a portion of the gas feed to first catalyst bed
210. A second portion of the gas feed to reactor 200 is
then introduced via aperture 202 into upper header space
203 and thence to annular cooling channel 234 for cooling

of pressure shell 238. These cooling gases are withdrawn

 from cooling channel 234 at the lower portion thereof into

successive gas spaces 278 and 276 and are then introduced
into inner gas channel 272 for passage to the shell.side of
interbed exchanger 250. In exchanger 250, this portion of
the feed gas is heated by indirect heat exchange with par-
tially cooled first catalyst bed effluent gas and the
thus~heated feed gases are withdrawn from the shell side of
exchanger 250 into the lower portion of inner annular gas
channel 228 for passage to opening 228 as the remaining .-
portion of the gas feed to first tatalyst bed 210.

Gas product is collected from catalyst bed 210 into
gas withdrawal channel 216 and then passed downwardly into
gas space 230 for introduction into tubes 249 of reheat

exchanger 240, wherein the first catalyst bed effluent gas
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heats the effluent gas from the second catalyst bed and
from which the first bed effluent gases, after being par-
tially cooled, are passed to the tube éide 249 of exchanger
250 for liberation of additional heat therefrom by the
above~described heating of the annular cooling gases intro-
duced to the shell side of exchanger 250. Further cooled
first catalyst bed effluent gas is passed from exchanger
250 into gas space 257 and thence into gas distribution
channel 268 for feed to second catalyst bed 260. The fur-
ther reacted gas is withdrawn from‘catalyst bed 260 into
inner gas withdrawal channel 241, and the second catalyst
bed effluent gas is then passed to the shell side of ex-
changer 240 for heating with first catalyst bed effluent
gas as described above. The thus-heaied second catalyst
bed effluent gas is withdrawn from the shell side of ex-
changer 240 into gas product channel 244 and ultimately
withdrawn from reactor 200 via product tube 204.

Referring now to Figure 6, another embodiment of the
reactor vessel of the present invention is illustrated
which is generally indicated at 300. As illustrated, reac-
tor 300 comprises a cylindrical pressure-resistant shell
338 Having an upper circular closure member 301 provided
with a centrally-located aperture 302 through which gas
feed enters the vessel into gas header space 303 defined by
inner surface 333 of closure ﬁember 301 and upper cartridge
closure plate 331 of reactor cartridge 336. At the
lower-most end of reactor shell 338 is located a concentric
tubular assembly'comprising an outer tube 304 fof removal
of gas product from the reactor and an inner tube 306 for
passage of additional quantities of gas feed to the reac-
tor, both tubes 304 and 306 being arranged in an assembly,
preferably coaxially with the cylindrical reactor. Reactor
cartfidge 336 is sized so as to provide an annular cooling -~
channel 334 between the inner vertical surfaces 332 of
reactor shell 338 and the outer vertical surfaces of car-
tridge 336. 1In addition, reactor cartridge 336 is sized so
that the lower-most portion of reactor cartridge 336, com-
prising surfaces 380, defines (1) a lower gas space 378
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beneath surfaces 380 and above the inner surface of lower
portion 382 of shell 338, (2) a second gas space 376 above
surfaces 380 and below lower catalyst élate 326 of lower
catalyst bed 310, and (3) a gas opening 384 annﬁlarly'
arranged about the assembly of tubes 304 and 306, to allow
feed gas to pass into second gas space 376 and then up-
wardly into inner annular gas space 372 for passage to
first catalyst bed 310 via gas opening 329.

Within reactor cartridge 336 is positioned inner baf-
fled cartridge 362 provided with upper closure member 313
and cylindrical vertical sheet 362. Upper closure member
313 of inner cartridge 362 is positioned below closure mem-
ber 331 of outer reactor cartridge 336 in order to provide
a second upper gas header space 335, which communicates
centrally disposed gas passage 307 with inner annular gas
channel 372, which is defined by, znd located between, the
cylindrical sheets defining the vertical surfaces of reac-
tor cartridge 336 and inner baffled cartridge 362.

Substantially annular shaped upper catalyst bed 360,
which comprises the second catalyst bed for treatment of

the proc=zss stream, is provided with a circular upper

0

ztalyst plate 364 and a circular lower catalyst plate 374,

¥

W,

e

1ich acts to support the catalyst within bed 360. The

o]

uter circumference of annular shaped catalyst bed 360 is
defined by the adjacent vertical surfaces of baffled car-
tridge 362 and inner cylindrical sheet 342. 1In addifion,
catalyst bed 360 is provided with cylindrical outer gas
permeable wall 370 and cylindrical inner gas permeable wall
366, which walls are secured to support plate 374. Outer
gas permeable wall 370 defines an annular gas distribution
channel 368 along the adjacent portion of the outer cylin-
drical sheet defining the vertical surface of baffled inner
cartridge 362, and inner gas permeable wall'366 and inner -~
cylindrical sheet 342 define gas withdrawal channel 352
which communicates with a lower gas space 373 positioned
beneath lower catalyst plate 374 and upper baffle surface
375 of outer annular shaped, baffled reheat exchanger 340.

Gas distribution channel 368 communicates with a third gas
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header space 357 which is itself defined by the upper sur-
faces of upper cataiyst plate 364 and circular closure
member 313 of baffled cartridge 362 to permit gases to pass
outwardly, radially, through gas header space 357 to and
then downwardly along gas distribution channel 368 for
passage radially, inwardly, through catalyst bed 360 and
ultimate withdrawal therefrom through.permeable wall 366
into gas withdrawal channel 352, from which the withdrawn
gases are passed outwardly through lower header space 373
and into the shell side of heat exchanger 340 wherein the
second catalyst bed effluent gas is caused to flow a tor-
tuous path therethrough by means of baffles 358 and wherein"
this effluent gas is heated by indirect heat exchange with
the hotter effluent gas from first catalyst bed 310, to be
described in more detail below. The thus-heated second
catalyst bed effluent gas is withdrawn from the shell side
of the exchanger 340 via annular product passage 308 (which
is defined by outer wall 318 of feed tube 306 and outer
surface 317 of product withdrawal tube 304) and ultimately
removed from reactor shell 338 at the lower portion thereof
via product tube 304.

Substantially annular shaped lower catalyst bed 310,
which is substantially annularly shaped and comprises the
first catalyst bed for treatment of the process stream in
the apparatus of Figure 6, is provided with upper circular
catalyst plate 312 and lower catalyst plate 326, which acts
to support the catalyst housed in bed 310. - Lower catalyst
bed 310 is provided with outer gas permeable wall 320 and
inner gas permeable wall 314, each of which are substan-
tially cylindrical in shape and which are secured to sup-
port plate 326. An annular gas distribution channel 328
is defined by outer gas permeable wall 320 and the adjacent
poftions of the outer cylindrical sheet which in turn de-
and in which opening 329 is provided, preferably at the
lower portion thereof, to extend about the circumference
of catalyst bed 310 in order to permit feed gases to pass
into gas distribution channel 328 for passage radially,
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inwardly, through bed 310. Inner gas permeable wall 314
defines gas withdrawal channel 351 along the adjacent por-
tions of the outer cylindrical surface 317 of product with-
drawal tube 304. Gas withdrawal channel 251 receives the -
gas effluent from first catalyst bed 310 and passes these
gases upwardly into gas space 386 defined by catalyst plate
312 and lower tubesheet 385 of reheat exchanger 340. From
gas space 386 the first catalyst bed effluent gases enter
tubes 349 for heating, by indirect heat exchange, of the .
gas effluent from second catalyst bed 360, as described
above. The partially cooled first bed effluent gases are
withdrawn from tubes 349 and are then passed into the shell
side of baffled interbed heat exchanger 350 in which they
are caused to flow a tortuous path by means of baffles 387
and in which these gases are further cooled by indirect
heat exchange with fresh synthesis gas which is passed to
the tube side of exchanger 350 from gas feed passage 315 to
which this gas feed is introduced via feed tube 306. The
further cooled effluent from catalyst bed 310 is withdrawn
from the shell side of exchanger 350 via annular space 344
which is defined by the inner cylindrical sheet 342 of
catalyst bed 360 and the outer cylindrical surfaces of
center tube 346, which In turn communicates the tube side
of heat exchanger 350 with second upper header space 335,
The thus partially cooled first catalyst bed effluent is
passed upwardly through upper annular space 344 to third
header space 357 and then radially, outwardly, to gas dis-
tribution channel 368 and then downwardly as feed into
second catalyst bed 360. -

The partially heated feed gases withdrawn from tubes

345 of heat exchanger 350 are passed upwardly through tube -

346 into gas space 307 and then into, and radially, out-
wardly through, second gas header space 335 from which the
gases are passed Jownwardly into inner annular channel 372
in which the gases flow past upper catalyst bed 350 and
reheat exchanger 340 and into opening 329 as feed to first
catalyst bed 310.

»

A second portion of the synthesis gas feed to the

-~
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reactor is introduced via aperture 302 into upper header
space 303 .from which it flows outwardly to annular cooling
channel 334 and then into lower header space 376 and 1inner
annular channel 372 as a portion of the feed to first
catalyst bed 310 via opening 329.

Referring now to Figure 7, yet another embodiment of
the reactor vessel of this invention, indicated generally
at 400, is illustrated, which comprises a cylindrical
pressure-resistant shell 438 which is provided with upper
circular closure member 405 having a centrally positioned
aperture 402 to permit gas feed to reactor 400. Within
pressure shell 438 is positioned reactor cartridge 465
which is provided with upper circular closure member 403
defining upper header space 406 positioned beneath inner
surface 404 of upper closure member 405. The outer, sub-
stantiallv-cylindrical vertical surfaces of reactor car-
tridge 465 define an annular gas cooling channel 461 within
pressure shell 438 adjacent to the inner cylindrical sur-
faces 463 thereof. "Reactor cartridge 465 is so sized as to
provide a lower gas header space 484 above the lowermost
portion 48% of pressure shell 438 and the lower surfaces
482 of reactor<cartridge 463, Surfaces 432 also define gas<
passageway 494 which communicates with lower header space
434 and a second lower header space 480 positioned above
surfaces 432 and beneath catalyst plate 478. In the lower
portion 486 of pressure shell 438 is positioned the tubular
assembly comprising an outer product tube 488 and an inner
gas supply tube 490, which are preferably arranged coaxi-
ally about the vertical cylindrical axis of pressure shell
438 and which provide an annular gas space 492 between
tubes 488 and 490 to permit product géSes to be withdrawn
from the shell side of reheat exchanger 440, as will be
described in more detail below. Gas supply tube 490 is
adapted to péss feed gas upwardly through the reactor and

P

“to supply this gas to the tube side 410 of upper exchanger

450, as .will also be described in more detail below.
Within reactor cartridge 465 there is provided sub-

stantially cylindrical inner baffled cartridge 418 having



ﬁtﬁkﬁﬁ‘é’mm\lc\m.&wml—'

BB L& G

W W W W WwWww W W NN NN NN
O s W N O W N W N O

0121355

- 22 -

upper closure plate 414 and catalyst support plate 478, and
housing, in ascending order from the lower portions thereof
above catalyst plate 478: first catalyst bed 431; a baf-~-
fled, tubular reheat exchanger (indicated generally at
440); third cataiyst bed 421; and second catalyst bed 411
in which is positioned, along the center axis thereof, a
baffled tubular interbed heat exchangsr -(indicated gener-
ally at 450). Catalyst beds 431, 421 and 411 are annularly
shzoed and are positioned about the central axis of gas
fezed tube 490, wnich passes gas feed from the lower portion
nf reactor 400, upwardly through the innermost portions of
the reactor to provide gas feed to the tube side 410 of
upper, centrally positioned, interbed heat exchanger 450.
Inner baffled cartridge 418 is sized so as to define a
second upper header space 401 above plate 414 and below
plate 403 and to define an inner annular gas channel 424
between the vertical outer surfaces of cartridge 418 and
the adjacent portions of the vertical surfaces of resactor

cartridge 465. 3as channel 424 communicates with second

ot

orer heazder space 480 and second upper header space 401 to

!U

ermit gas feed to be passed to first catalyst bed 431, via
ovening 476, downwardly Zrom second header space 401 and
upwardly from lower gas space 480.
Pirst, second andrthird catalvst beds 431, 411, and

421, respectively, and reheat exchanger 440 are substan-
+ially annular in shape and are positioned about the longi-
tudinal axis of pressure shell 438. First-catalyst bed 431
is defined by inner cylindrical sheet 468 and the adjacent
cylindrical vertical surfaces of inner baifled cartridge
418, and is situated above catalyst plate 478 which acts to
supoort the catalyst in bed 431. Bed 431 is also provided -
with outer gas permeable wall 474 and inner gas permeable
wall 470, which arejsecured to support plate 478 and which -
are so positioned aé to form annular gas distribution chan-
nel 472 and annular gas withdrawal channel 466 adjacent to
the respective vertical sheets 418 and 468.

- Similarly, third catalyst bed 421 is supported upon
catalyst support plate 455 and is provided with an upper
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catalyst plate 430, outer gas permeable wall 448 and inner
gas permeable wall 444, and annular gas distribution chan-~
nel 420 and annular gas withdrawal channel 446 along the
respective adjacent portions of the vertical cylindrical
walls of inner baffled cartridge 418 and inner cylindrical
sheet 442. Walls 444 and 448 are secured to support plate
455. ‘

Second catalyst bed 411, comprising the upper cata-
lyst bed in reactor 400, is prévided with outer gas perme-
able wall 422 and inner gas permeable wall 426 and is sup-
ported by plate 430 to which walls 422 and 426 are secured.

The upper portions of catalyst bed 411 are defined by
circular closure plate 414. Annular gas distribution
channel 416 is provided between inner gas permeable wall
426 and outer cylindrical sheet 427 defining the outer
surfaces of upper exchanger 450, in order to permit gas
feed to second catalyst bed 411 f£rom exchanger 450. The
gases fed to bed 411 pass.therethrough radially, outwardly
and exit through outer gas permeable wall 422 into annular

gas channel 420 for feed downwardly into third catalyst bed

421, through which the gas is passed radially, inwardly.

Reheat exchanger 440 is provided with tubes 496 which
communicate with lower gas space 462, positioned below
tubesheet 467 and above closure plate 464, and with a

secondbgas space 456, positioned above tubesheet 460 and

beneath a circular channel gquide 454 to permit gases exit-

ing from first catalyst bed 431 via gas withdrawal channel
466 to pass into gas space 462 and then upwardly through
the tube side 496 of reheat exchanger 440 for indirect heat
exchange with and heating of the product gases withdrawn
via gas withdrawal channel 446 from third catalyst bed 421.
Reheat exchanger 440 is also provided with baffles 458,
which cause the product gases entering the shell side of _
exchanger 440 via gas space 452 to flow a tortuous path
through exchanger 440 for indirect heat exchange with, and
heating by, the effluent gases from first catalyst bed 431.
The product gases which are thus heated are withdrawn from

exchanger 440 via annular product passage 492, which is
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positioned between gas product tube 488 and the outer sur-
faces of gas feed tube 490. These product gases are with-
drawn from reactor 400 via product tube 488. An annular
gas passage 445 is provided between the inner cylindrical
sheet 442 of bed 421 and the adjacent portions of gas feed
tube walls 497 and communicates cgas space 456 with the
shell side of exchanger 450 to permit gases to pass from
tubes 496 of reheat exchanger 440 to interbed exchanger
£50, as will be described in more detail below.

Upper, interbed exchanger 450 is centrally positioned
about the longitudinal axis of reactor shell 438, and is
provided with tubes 410 for communication of gas feed from
gas feed passagé 498 within gas feed tube 490 and second
header space 401 and for heating of this gas feed therein
by i-=dirsct heat exchange with the partially cooled gas ef-
flvent from first catalyst bed 431 which is passed thereto
via annular gas passage 445. Baffles 499 within upper ex-
changer 450 provide a tortuous passage for the partially
cooled first catélyst bed effluent gas to flow therzthrough
for indirect heat exchange with, and heating of, this por-
tion of the gas feed to the reactor.

in operation, a first portion of the gas feed is in-
troduced via heat tube 490 and passed upwardly through cen-
ter feed passage 498 to upper exchanger 450 in which this
gas is heated with partially cooled first catalyst bed ei-
fluent which is introduced to the shell side of exchanger
450 via inner annular gas passage 445. The thus-heated gas
feed is withdrawn-from tube side 410 of exéhanger 450 into
second header space 401 and passed outwardly through header
spaée 401 to, and downwardly along, inner annular gas chan-
nel 424 to the lower portion of inner baffled cartridge 418
to opening 476 (which is positioned about the circumference
of the cylindrical cartridge 418 for feed of this gas to
gas passage 472) and thence radially, inwardly, through
first catalyst bed 431, The thus-reacted gases are then
withdrawn to the tube side 496 of reheat exchanger 440 for
heating of the effluent gases from third catalyst bed 421
and for subsequent passage to the shell side of upper heat
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exchanger 450 for preheating of gas feed as described
above. From the shell side of upper exchanger 450 the
first bed effluent gases are passed to annular gas distri-
bution channel 416 and thence radially, outwardly through
catalyst bed 411 wherein they are further reacted. Product
gases exit second catalyst bed 411 into annular gas channel
420 and are then introduced to third catalyst bed 421
through which these gases flow radially, inwardly. The
product gases from third catalyst bed 421 are withdrawn via
gas channel 446 and gas space 452 to the shell side of
reheat exchanger 440 for heating of these gases before
being withdrawn as product via tube 488.

A second portion of the gas feed is introduced via
upper aperture 402 toAupper header space 406 in which the
gases flow radially outwardly to, and then downwardly
along, annular cooling channel 461, after which the gases
enter, sequentially, lower header space 484 and second
lower header spéEEWQBO for ultimate passage to the lower
portion of inner gas channel 424 as part of the feed to
first catalyst bed 431. )

It will be recognized that the three catalyst beds in
the embodiment of Figure 7 are actually representative of
two catalvst stages since essentially no heat removal for
temperature control is intentionally accomplished between
second catalyst bed 411 and third catalyst bed 421, so that

beds 411 and 421 can be viewed as comprising one catalyst
stage. Figure 7, therefore, illustrates that interbed heat
removal is not required between each and every catalyst bed
in accordance with this invention where, for example, dic-
tates of construction require that a siﬁgle~catalyst stage
be separated into two or more catalyst beds.

' Referring now to Figure 8, another embodiment of the
apparatus of this invention (indicated generally at 500) is.
illustrated which comprises cylindrical pressure-resistant
shell 512 having upper closure member 506 provided with a
centrally positioned gas feed/product assembly having an
outer gas feed tube 504 and an inner gas product tube 502.
Tubes 502 and 504 are preferably positioned concentrically
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about the vertical cylindrical axis of pressure shell 312
znd provide annular gas passage 509 which communicates with
upper header space 505. Within pressure shell 512 there is
positioned cylindrical reactor cartfidge 526 having an
upper closure plate 501 and a lower support plate 560.
Cartridge 526 is sized so as to provide (1) annular gas
cooling channel 514 along the adjacent vertical cylindrical
inner walls 510 of pressure shell 512, (2) upper header
space 505 above upper closure plate 501 and -below inner
surface 503 of circular closure member 506, and (3) lower
header space 564 below lower support plate 5860 and above
lower inner surface 562 of pressure shell 512.

At the lower portion of pressure shell 512 there is
positioned a second gas feed tube 566, preferably located
along the vertical cylindrical axis of préssure shell 512

- for introducing feed gases into upper catalyst bed 508, as

will be descrived in more detail below. Within reactor car-
tridge 526 there is positioned, in ascending order from
the lower portions thereof: second catalyst bed 5532;
interbed heat exchanger 3550; and first catalyst bed 508,
which is positioned about the vertical cylindrical axis of
pressure shell 512 and within an annular-shaped reheat
exchanger 540. o _

Second catalyst bed 552 is annularly shaped and is
sitnated upon catalyst support plate 558 which acts to sup-
port the catalyst within bed 552, and which is positioned
to form second lower gas space 568 below piate 558 and
above support plate 560 of reactor cartridge 526. Bed 552
is also provided wiéh inner gas permeable wall 548, inner
cylindrical sheet 546, outer gas permeable wall 556 and
upper closure plate 574. Walls 548 and 556 are secured to
support plate 558. Annular gas withdrawal channel 553 is
provided between inner gas permeable walls 548 and inner g
cylindrical sheet 546. Annular gas distribution channel
554 is provided between outer gas permeable walls 556 and
the adjacent portion of outer cylindriéal sheet 538. Outer

cylindrical sheet 538 extends upwardly to also define the’
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outer walls of exchanger 550 and to provide second annular
gas passage 536 between sheet 538 and the adjacent portions
of the inner vertical cylindrical surfaces of reactor car-
tfidge 526. Gases exiting catalyst bed 552 are collected
in inner gas channel 553 and flow downwardly, through gas
space 568, and then upwardly into annular gas space 536 to
the shell side of reheat exchanger 540, as will be des-
cribed in more detail below. Inner cylindrical sheet 546 is
itself positioned to provide inner annular gas passage 570
between sheet 546 and the outer wall 572 of second gas feed
tube 566. Inner annular gas channel 570 communicates with
lower header space 564 and the shell side of centrally
pbsitioned interbed heat exchanger 550 for further heating,
as will also be described in more detail below.
Heat'exchaﬁger 550 comprises gas tubes 543 which are
adepted to receive heating f£luid from gas space 532,»flow
haffles 576, upper tubesheet 541 and lower tubesheet 542.
EZxchanger 550 is adapted to receive feed gas from inner
annular gas passage 570 into the shell side of exchanger
550 wherein this gas is caused to flow a tortuous path
about tubes 543 for heating by indirect heat exchange with
partially cooled gas effluent from catalyst bed 508 which
is passed to tubes 543. A gas space 544 is provided be-
tween tubesheet 542 and closure plate 574 to receive gases
exiting tubes 543 and to pass these gases to gas distri-
bution channel 554 for feed to second catalyst bed 552. A
second gas space 532 is provided above tubesheet 541 of
exchanger 550 to receive the partiallyv cooled first cata-
lyst bed effluent from the tube side 584 of reheat exchan-
ger 540 and for passage of this gas to the tube side 543 of
excﬁanger 550. The heated feed gas is withdrawn from the
shell side of exchanger 550 into center gas space 580
wherein this heated feed gas is combined with the second .
portion of the feed gas which is passed upwardly through
gas feed tube 566 from the lower portion of pressure shell
512. This combined feed gas stream then enters intermediate
tube 534 which connects gas space 580 with a center gas
distribution passage 516 for feed of these gases to first
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catalyst bed 508.

0121355

First catalyst bed 508 is annularly shaped and

is provided with upper closure plate 592, outer gas

permeable wall 520 and inner gas permeable wall 518, which

are secured to a support plate 528.

2 centrally positioned

gas distribution channel 516 is provided inside bed 508

for distribution of feed gas from intermediate tube 534

al

edially, outwardly, through catalyst bed 508, and annular

gas withdrawal channel 522 is provided between outer gas

permeable walls 520 and the

inner vertical sheet 524 of

reheat exchanger 540 to collect gas effluent from first bed

508 for introduction to reheat exchanger 540.

Baffled reheat exchanger 540 is annularly shaped and

positioned about the longitudinal axis of pressure shell

512 and surrounds first catalyst bed 508. First exchanger

540 is provide: with gas tubes 584, flow baffles 586 and

lower tubesheet 530 and is adapted to receive first cata-

iyst bed effluent cas from gas withdrawal channel 522 into

an upper gas space 590, positioned above tubesheet 531 and

beneath upper closure plate

closure channel surface 591.

552 wnich extends to enjoin a

Exchanger 540 is also adapted

to receive into its shell side, from the lower portion of

exchanger 540, second catalyst bed effluent gas which is

passed thereto from inner annular gas passage 536 and which

is caused to flow a tortuous path through exchanger 540 by

means .of baffles 586 for heating by indirect heat exchange

with the first catalyst bed

effluent gas which flows

through tubes 584. The thus-heated second catalyst bed

effluent gas is withdrawn from the shell side of exchanger

540 into upper header space

507 and is then withdrawn from

reactor 500 via product tube 502. Partially cooled first

catalyst bed effluent gas is withdrawn from tubes 584 and.

passed to gas space 532 for
of second exchanger 550, as

In operation, a first
passed via feed tube 504 to

channel 514 to cool reactor

introduction into the tube si&g
described above.

portion of the gas feed is
provide annular cooling gas in

shell 512. This annular cooling
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gas passes from cooling channel 514 to gas spaces 564 and
inner gas channel 570 and enters the shell side of heat
exchanger 550 in which the gas feed is further heated by
indirect heat exchange with a partially cooled first cata-
lyst bed effluent, after which the further heated feed gas
is combined in zone 580 with a second portion of the gas
feed, which is passed upwardly to zone 580 via gas feed
tube 566, and then introduced via tube 534 to feed passage
516 for feed to first catalyst bed 508. The gas passes
through bed 508 radially, outwardly, and the reacted gas is
withdrawn as gas effluent into channel 522 and then passed
via gas space 590 into heat exchange tubes 584 for final
heating of the gas effluent from second catalyst bed 552.
The partially cooled first catalyst bed effluent gas
withdrawn into gas space 532 from reheat exchanger 540 is
then passed to tubes 543 of interbed exchanger 550 for the
preheating of the annular gas feed, and the further cooled
first catalyst béd effluent is collected in gas space 544
and passed to gas distribution channel 554 for feed, radi-
ally, inwardly, to second catalyst bed 5352. Product gases
are withdrawn from bed 552 into gas withdrawal channel 553
and then passed via gas space 568 and gas channel 536 to
the shell side of reheat exchanger 540 for final heating
and for ultimate withdrawal from reactor 500 via gas header
space 507 and gas product tube 502 as described above.
Referring now to Figure 9, yet another embodiment of
the reactor apparatus of this invention (indicated gener-
ally at 600) is illustrated which compfises a cylindrical
pressure-resistant shell 616 which is provided with an
upper circular closure member 601 having a centrally posi-
tioned aperture 602 communicating with gas header space 605
located below inner surfaces 607 of closure member 601.
Withiq pressure shell 616 is positioned: (1) in the upper .-
portion thereof, first reactor cartridge 622 (which houses
first catalyst bed 614 and baffled reheat exchanger 640);
and (2) in the lower portion thereof, second reactor car-
tridge 654 (which houses second catalyst bed 672). A baf-
fled, interbed heat exchanger 650 is positioned in pres-
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gas passes from cooling channel 514 to gas spaces 564 and
inner gas channel 570 and enters the shell side of heat
exchanger 550 in which the gas feed is further heated by
indirect heat exchange with a partially cooled first cata-
lyst bed effluent, after which the further heated feed gas
is combined in zone 580 with a second portion of the gas
feed, which is passed upwardly to zone 580 via gas feed
tube 566, and then introduced via tube 534 to feed passage
516 for feed to first catalyst bed 508. The gas passes
through bed 508 radially, outwardly, and the reacted gas is
withdrawn as gas effluent into channel 522 and then passed
via gas space 590 into heat exchange tubes 584 for final
heating of the gas effluent from second catalyst bed 552.
The partially cooled first catalyst bed effluent gas
withdrawn into gas space 532 from reheat exchanger 540 is
then passed to tubes 543 of interbed exchanger 550 for the
preheating of the annular gas feed, and the further cooled
first catalyst béd effluent is collected in gas space 544
and passed to gas distribution channel 554 for feed, radi-
ally, inwardly, to second catalyst bed 5352. Product gases
are withdrawn from bed 552 into gas withdrawal channel 553
and then passed via gas space 568 and gas channel 536 to
the shell side of reheat exchanger 540 for final heating
and for ultimate withdrawal from reactor 500 via gas header
space 507 and gas product tube 502 as described above.
Referring now to Figure 9, yet another embodiment of
the reactor apparatus of this invention (indicated gener-
ally at 600) is illustrated which compfises a cylindrical
pressure-resistant shell 616 which is provided with an
upper circular closure member 601 having a centrally posi-
tioned aperture 602 communicating with gas header space 605
located below inner surfaces 607 of closure member 601.
Withiq pressure shell 616 is positioned: (1) in the upper .-
portion thereof, first reactor cartridge 622 (which houses
first catalyst bed 614 and baffled reheat exchanger 640);
and (2) in the lower portion thereof, second reactor car-
tridge 654 (which houses second catalyst bed 672). A baf-
fled, interbed heat exchanger 650 is positioned in pres-
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will be described in more detail below.

Exchanger 640 comprises tubes 608, flow baffles 686,
upper closure sheet 604 and lower concave baffle 634.
Upper closure sheet 604 provides a gas space 606 to collect
gases exiting from the tube side 608 for passage to the
upper portion of product tube 668 for withdrawal of the
product gases from the reactor via 1ongitudinai gas passage
674 as shown. Lower concave baffle 634 defines conical gas
space 682 which is adapted to receive the gaseous effluent
from second catalyst bed 672 via annular gas passage 643
for introduction of these gases to tubes 608. Baffles 686
cause the first catalyst bed effluent gas to flow a tor-
tuous path through exchanger 640. Exchanger 640 is adapted
to permit the partially cooled first catalyst bed effluent
gases to be withdrawn from the shell side of exchanger 640
into lower gés space 680 (which is located below catalyst
support plate 684 and concave baffle 634 and above upper
tubesheet 636 of second exchanger 650) for passage into
tubes 678 of second exchanger 650.

Interbed exchanger 650 comprises tubes 678, flow
baffles 653, upper tubesheet 636 and lower tubesheet 644.
Exchanger 650 is sized so as to provide an inner annular
gas passage 643 along the adjacent portions of outer wall
676 of gas product tube 668, to provide gaseous communi-
cation between inner withdrawal channel 641 of second bed
672 and conical gas space 682 of reheat exchanger 640.
Tubesheet 644 and upper closure plate 646 of catalyst bed

672 define gas space 642 for collection of gases from tubes

$78 and for passage of these gases to gas distribution
channel 652 for feed to second catalyst bed 672. Tubes 673
communicate gas space 680 with gas space 642 for passage of
partially cooled first catalyst bed effluent gas through
exchanger 650. Exchanger 6530 is adapted to receive annular.
cooling gases into the shell side thereof, and baffles 653
are arranged so as to cause the annular cooling gas to flow
a fortuous path about the external surfaces of tubes 678

for heating by indirect heat exchange with the hotter gases
in tubes 678.
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In second catalyst cartridge 654 there is provided
second catalyst bed 672 which is substantially annular in
shape and is positioned about the vertical cylindrical axis
of pressure shell 616. Bed 672 is supported by catalyst
support plate 658 and is provided with outer gas permeable
wall 648 and inner gas permeable wall 651, each of which is
securad to support plate 658, A clésure member 646 de-—
fines the upper bounds of catalyst bed 672. A substan-
tially annular shaped gas distribution channel 652 is pro-
vided between outer gas permeable wall 648 and the adjacent
vertical cylindrical sheet which defines the vertical sur-
faces of second catalyst cartridge 654 to permit gases to
be distributed as feed to catalyst bed 672 along the length
thereof. - A gas collection channel 641 is also provided as
a2 substantially annular shaped channel between inner gas
permeable wall 651 and the adjacent portions of the cylin-
drical outer surfaces 676 of gas product tube 668. Gas
collection channel 641 communicates with annular gas pas-
sage 643 for passage of the second bed effluent gas to the
tube side of reheat exchanger 640 for heating by indirsct
heat exchange with the effluent gases from first catalyst
bed 614. )

Lower portion 662 of pressure shell 616 is provided
with-concentrically positioned inner gas product tube 668
and outer gas feed tube 666, each of which are positioned
about the vertical cylindrical axis of pressure shell §16.
Outer gas feed tube 666 defines an annular shaped gas feed
channel 670 which cémmunicates with lower header space 660
which in turn communicates with second annular cooling gas
channel 656 for cooling of the adjacent lower portions of
pressure shell 616 and for feeding of these annular gases .’
to the shell side of interbed exchanger 650, wherein the
gases are further heated by indirect heat exchange with _-
partially cooled first catalyst bed effluent gas, as des—~
cribed above. ' .

In operation, a first portion of the gas feed is
passed via aperture 602 into upper header space 605 and

thence outwardly to, and downwardly along, annular cooling



t:'é"\ooo\lmm.bwwl—'

EEGEER

NN RNNN H o
\%gﬁgmawmposwqm

W W W w W
YR HBROR Y

0121355
- 33 -

channel 626 to the lower portion of gas distribution chan-
nel 620 at which point these annular cooling gases are
combined with gases exiting the shell side of exchanger 650
for feed to first catalyst bed 614. A second portion of
the gas feed is passed via feed tube 666 and anhular gas
passage 670 to lower header space 660 and thence to second
annular cooling channel 656, followed by introduction into
the shell side of exchanger 650 for further heating by
contact with partially cooled first catalyst bed effluent
gases. The thus-heated annular cooling gases are withdrawn
from the shell side of exchanger 650 and combined with the
remaining gas feed in gas distribution channel 620, as
described above, for feed to first catalyst bed 614.

The gas effluent exiting first catalyst bed 614 is
collected in gas channel 628 and passed to the shell side
of reheat exchanger 640 for heating of the product gases
withdrawn from second catalyst bed 672. The partially
cooled first catalyst bed effluent gases are passed to the
lower gas space 680 and then to the tube side of exchanger
650 for preheating of the annular cooling gases passed
thereto from second annular cooling channel 656, as des-
cribed above. The first catalvst bed effluent gases are
withdrawn from tubes 678 of exchanger 650 and then passed
via gas space 642 to gas distribution channel 652 for feegd
to second catalyst bed 672. )

Product gases withdrawn from second catalyst bed 672
are collected in channel 641 and passed upwardly via inner
annular gas passage 643 and‘gas space 682 to tubes 608 of
reheat exchanger 640 for heating by indirect heat exchange
with first catalyst bed effluent gas. The thus heategd
second catalyst bed effluent gases are withdrawn from the
reactor via product tube 668.

Referring now to Figure 10, yet another embodiment of:
the apparatus of this invention is illustrated which is
indicated generally at 700. Reactor 700 comprises substan-
tially cylindrical pressure-resistant shell 708 which is
provided with a circular upper closure member 705 haviné a

centrally positioned tubular assembly comprising an inner
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TABLE I

Stream/ Comp. Comp.

Figure Apparatus Ex. Ex. Example
Stream/Device No. No. A B 1
Preheated Syn Gas Feed (°F) 1 15 470 470
2 115 - - 533
Converter Inlet Pressure 1 15 2585 2585 -
(psia) 2 115 - - 2585
Converter Feed Rate 1 15 89.7 89.7 -
(mol/hr) as percen- 2 115 - - §9.7
tage of "1x activity”
catalyst Feed Rate
First Bed Feed (°F) 1 2a 719 719 -
2 121 - - 7189
First Bed Effluent (°F) 1 2b 949 949 -
2 103 - - 949
Second Bed Feed (°F) 1 6a 708 708 -
2 109 - - 708
Second Bed Effluent (°F) 1 6b 858 858 -
2 107 - - 858
Converter Outlet NHj3 1 5 18.54 18.54 -
Mole Percent 2 124 - - 18.54
Ammonia Product (°F) 1 9 855 855 -
2 124 - - 818
High Pressure Boiler 1 13- 593 593 -
Effluent (°F) 2 122 © - - 594
Low Pressure Boiler 1 24 - 521 -
Effluent (°F) 2 . 128 - - -
Feed Effluent Exchanger 1 17 241 . 166 -
Outlet (°F) 2 117 - - 173
Bypass Valve Setting 1l 25 OPEN CLOSED -
2 125 - "~ CLOSED
Percentage of Waste 22.0 - -
Hdeat Lost to Cooling .
Water .
Percentage of wWaste Heat - .22.0 -

Degraded from 1425
psig steam to 600
psig steam
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gas permeable wall 710, each of which is secured to support
plate 726. An annular gas distribution channel 718 is
defined between outer gas permeable wall 716 and the adja-
cent portions of the cylindrical sheet forming the inner
vertical surfaces of first reactor cartridge 720. An inner
annular gas withdrawal channel 714, is defined between
inner gas permeable wall 710 and inner cylindrical sheet
712, which comprises the outer vertical walls of first
exchanger 740. Gas withdrawal channel 714 is adapted to
pass the effluent gas from first catalyst bed 774 to the
shell side of ex-hanger 740 for indirect heat exchange
with, and heating of, the effluent cases from the second
catalvst bed 766, as will be described in more detail
below.

' Reheat exchanger 740 ccmprises tubes 706, flow bai-
fles 772, upper closure sheet 771 and lower concave baffle
773. Upper closure sheet 771 provides a gas space 778 to
collect gases exiting from the tube side 706 for passage to
the lower portion of product tube 702 for withdrawal of the
product gases from the reactor as shown. Lower concave
haffle 773 defines lower conical gas space 781 which is
adapted to receive the gaseous effluent from second cata-
lyst bed 766 via longitudinal gas passage 754 for intro-
duction of these gases to tubes 706. Baffles 772 cause the
first catalyst bed effluent gas to flow a tortuous path
through exchanger 740. Exchanger 740 is adapted to permit
the partially cooled first catalyst bed effluent gases to
be withdrawn from the shell side of exchanger 740 into
lower gas space 728 (which is located below catalyst sup-
port plate 726 and concave baffle 773 and above upper tube-
sheet 735 of interbed exchanger 750) for passage into
tubes 734 of exchanger 750.

Interbed exchanger 750 comprises tubes 734, flow ,
baffles 768, upper tubesheet-735 and lower tubesheet 743.
Exchanger 750 is annular shaped and positioned about inner
longitudinal gas passage 754. Tubesheet 743 and upper
closure plate 742 of catalyst bed 766 define gas space 738
for collection of gases from tubes 734 and for passage of

-~
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these gases to gas distribution channel 753 for feed to
sa2cond catalyst bed 766. Tubes 734 communicate gas space
728 with gas space 738 for passage of partially cooled
first catalyst bed effluent gas through exchanger 750.
Exchanger 750 is adapted to receive annular cooling gases
into the shell side thereof, and baffles 768 are arranged
so as to cause the annular cooling gas to flow a tortuous
path about the external surfaces of tubes 734 for heating
by indirect heat exchange with the hotter gases in tubes
734.

In second catalyst cartridge 746 there is provided
second catalyst bed 766 which is substantizlly annular in
shape and is positioned about the vertical cylindrical zaxis
of pressure shell 708. Bed 766 is provided with outer gas
permeable wall 748 and inner gas permeable wall 752, each
of wnich is secured to catalyst support plate 764. A
closure member 742 defines the upper bounds of catalyst bed
766. A substantially annular shaped gas distribution chan-
nel 753 is provided between outer gas permeable wall 748
and the adjacent vertical cylindrical sheet which defines
the vertical surfaces of second catalyst cartridge 746 to
permit gases to be distributed as feed to catalyst bed 766
along the length thereof. A substantially cylindrically
shaped, longitudinal gas passage 754 is also provided
within bed 766 and is defined by inner gas permeable wall
752, _ ‘

2 centrally positioned aperture 762 is provided in
lower portion 760 of pressure shell 708 to permit gas feed
to be introduced into lower header space 756.

In operation, a first portion of a gas feed is passed
via aperture 762 into lower header space 756 and thence '
outwardly to, and upwardly along, annular cooling channel
744 to the shell side of exchanger 750 wherein these annu-
lar gases are further heated by indirect heat exchange with
partially cooled first catalyst bed effluent gas which is
passed through tubes 734. The thus heated annular gases
are withdrawn from the shell side of exchahger 750 and

combined with the remaining portion of the feed gas for
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passage to annular distribution channel 718 as feed along
the outer portion of first catalyst bed 774. A second
portion of the gas feed is passed via feed tube 704 and
annular gas passage 784 to upper header space 782 and
thence to upper annular cooling channel 722, from which
this portion of the annular feed gases are combined with
the gases exiting the shell side of exchanger 750 and fed,
as described above, to first first catalyst bed 774.

. The first catalyst bed effluent gas is withdrawn via
cas collection channel 714 and passed to the shell side of
exchénger 740 wherein the first catalyst bed gas effluent
imparts at least a portion of its heat to second catalvst
bed effluent gas which is passed throuch tubes 706 of ex-
changer 740. Thereafter, the partially cooled first cata-
lyst bed effluent gas is introduced to tubes 734 of ex-
changer 750, as described above, from which these gases are
withdrawn into gas spacé 738 and distributed along gas
channel 753 as radial, inward feed to second catalyst bed
766 for additional resaction. The product gases withdrawn
from second bed 766 into centrally positioned, longitudinal
gas passage 754 and upwardly past exchanger 750 into tubes
706 of exchanger 740 for final heating of the second bed
effluent gas as described above. ' The thus heated product
gases are withdrawn from reactor 700 via product tube 702.

Referring now to Figure 11, yet another embodiment of
the apparatus of this invention (indicated generally at
800), based on a quench configuration, is illustrated which
comprises a cylindrical pressure-resistant shell 834 which
is provided with an upper circular closure member 810 hav-
ing a centrally positioned tubular assembly comprising
concentrically arranged tubes 802 and 804 communicating
with gas header spaces 814 and B22, respectively, as will
be described in more detail below. Within reactor shell
834 is.positioned substantially cylindrical reactor car-
tridge 826 which is provided with upper closure member 816
and lower surface 882, Reactor cartridge 826 is sized so
2s. to provide upper gas header space 814 above upper

closure member 816 and below inner surfaces 812 of reactor
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closure member 810 and to provide lower gas header space
876 in the lower portion of reactor 800 above inner sur-
faces B81 of reactor shell 834 and below lower surfaces 882
of reactor cartridge 826. 1In addition, reactor cartridge
826 is sized so as to provide annular cooling channel 828
between the vartical surfaces of cartridge 826 and the
adjacent portions of the inner vertical cylindrical sur-
faces 832 of reactor shell 834. Annular cooling channel
828 provides gaseous communication between upper gas header

space 814 and lower gas header space 876 to permit cooling

-gases to pass therethrougn for cooling of surfaces 832.

Wwithin reactor cartridge 826 is positioned: (1) in the
upper portion thereof, first catalyst bed 830; (2) in the
lower portion thereof, second catalyst bed 890; and (3) in
an intermediate position between beds 830 and 890, reheat
exchanger B840, which is adapted to provide gaseous communi-
cation between said catalyst beds, as will be described in
more detail below.

~ Upper catalyst bed 830 comprises substantially circu~-
lar, upper closure member 824, outer gas permeable wall 820
and inner gas permeable wall 836. Walls B20 and 836 are
each secured to support plate 838. ﬁpper closure member
824 is positioned so as to define an inner gas header space
822 adapted to provide gaseous communication with gas feed
tube 804 and an annular shaped gas distribution channel 821
which is defined by, and positioned between, outer gas
permeable wall 820 and the adjacent vertical surfaces of
reactor cartridge 826. Inner gas permeable wall 836 is
substantially cylindrical and defines a substantially
cylindrical gas withdrawal channel 818 which is in gaseous
communication with gas space 844, which is provided below
catalyst support plate 838 and above upper tubesheet 855 of
exchanger 840. Catalyst support plate 838 extends to form.
a circumferential seal baffle 842 to prevent direct gas
flow between gas space 844 and gas distribution channel
g21. .

Reheat exchénger 840 is a baffled, tubular heat ex-

changer comprising upper tubesheet 855, lower tubesheet
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856, tubes 852 and baffles 853. Tubes 853 are adapted to
receive gaseous effluent from first catalyst bed 830 via
gas space 844 and to pass said first catalyst bed effluent
gas in indirect heat exchange with the product gases from
second catalyst bed 830, as will be described in more de-
tail below. The thus cooled first catalyst bed effluent
gas is withdrawn from tubes 852 into a lower gas space B57,
which is positioned between tubesheet 8356 znd azbove cata-
lyst bed closure plate 891. Baffles 3853 cause the seccond
catalyst bed effluent cas to flow a tortuous path through
exchanger 340 for heating by said indirect heat exchange.
The thus heated product gases are collected into a central
gas space 846 for withdrawal via longitudinal gas product
tube passage 848 which comprises the inner gas passage of
product tube 801, positioned in the lower portion of reac-
tor shell 834 for withdrawal of the product gases from the
lower portion of reactor 800. .

Second catalyst bed 890 comprises upper closure plate
891, catalyst support plate 892, outer cylindricazl sheet
893, outer gas permeable wall 866 and inner gas permeable
wall B62. Walls 866 and 862 are secured to support plate
892. Cylindrical sheet 893 is positioned so as to define
an annularkgas spéce 860 between sheet 893 and the adjacent
vertical surfaces of reactor cartridge 826 and is provided_
with opening 868 for passage of gases therethrough into a
gas distribution channel 864 which is defined by, and posi-
tioned between, the inner surface of sheet 893 and outer
gas permeable wall 866. An inner, annular-shaped gas with-
drawal channel 858 is provided between inner gas permeable
wall 862 and the outer surfaces éS4 of product tube 801 for
withdrawal of product gaées from the .second catalyst bed
890 upwardly to the shell side of reheat exchanger 840.

In operation a first portion of the feed gases are -
introduced via feed tube 804 into upper gas space 822 and
thence downwardly into annular gas distribution channel 821
for inward, radial flow through first catalyst bed 830.

The product gases from first catalyst bed 830 are collected
by gas withdrawal channel 818 and thence passea downwérdly
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into gas space B44 and tubes 852 of reheat exchanger 840
wherein these gases heat the product gases from second
catalyst bed 890. The thus-cooled first catalyst bed ef-
fluent gas is collected into second gas spzce 857 and then
passed into annular gas space 860 for combination with -the
guench stream prior to entry into second cztalyst bed 830.

The second portion of the feed gas stream is intro-
duced via feed tube 802 and annular feed passage 836 into
gas space 814 for passage to annular cooling channel 828 to
provide the annular cocling of reactor shell 834. The
thus-heated annular cocling gases are withdrawn from.chan-
nel 828 into lower heacer space 876 and then passed up-
wardly through gas passage 888 and lower gas space 880 as
the quench stream to mix with and further cool the
partially-cooled first bed product gas. The combined gas
is passed through opening 863 in cylindrical sheet 853 zs
feed to second catalyst bed 8%0. Product gases are with-
drawn from second bed 890 via gas withdrawal channel 858
and introduced to reheat exchanger 840 for heating as
described above prior to withdrawal from the reactor via
product tube 801.

Of course, Figure 11 is not the only possible embodi-
ment emploving guench feed in combination with a reheat ex-
changer in accordance with the procesé'ana apparatus of
this invention. Alternatives will be épparent to one
skilled in the art from the above disclosure. For example,
while the reheat exchanger in Pigure 11 is indicated as
being positioned intermediate between the first and second
catalyst beds, it is also possible to employ the reheat
exchanger within one of the two catalyst beds (analogous to
the positioning of exchanger 740 in bed 774 in the embodi--
ment of Figure 10). Thus, referring again to Figure 9,
elimination of second exchanger 650 would mean that the

-
e

partially cooled, first catalyst bed effluent gas withdrawn
from reheat exchanger 640 could be passed directly to gas
distribution channel 652 for feed to second catalyst bed -
672 after being admixed with the second portion of the

feedstream introduced to the reactor via conduit 666. 1In
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this embodiment of Figure 9, stream 666 would constitute
the qguench feed. -

Furthermore, it will also be apparent to one skilled
in the art that the manner of introducing the various feed-
streams and withdrawing the product stream from the reactor

as illustrated in the foregoing figures is not critical to

the present invention. For example, it is not critical

that the feed conduit or product conduit be centrally

located about the longitudinal axis of the reactor, and

" each of tnese can instead, if desired, be located

off-center or located so as to introduce the gas feedstream
into, and withdraw the product stream from, the side of the
reactor. 1In addition, the direction of flow of the gases
through the reactor is not critical and the overall direc-
tion of flow of feed and product stream can either be
countercurrent or cocurrent and predominantly upflow, down-
flow, or horizontal,. Obviéusly, therefore, the reactor of
this invention can be positioned vertically as shown in the
illustrations or horizontally or in any other desired
manner.

The process and apparatus of this invention can be

further illustrated by reference to the following examples.

COMPARATIVE EXAMPLES A AND B; EXAMPLE 1

A prior art two-bed ammonia converter 10 as illus-
trated in Figuré 1 having interbed heat exchanger 4 and
lower heat exchanger B8 for cooling of the'gas effluent
from each bed by indirect heat exchange with a portion of
the fresh ammonia syn gas feedstream 15, and having cata-
lyst beds 2 and 6 containing a defined volume of a prior
art catalyst for ammonia synthesis having a known catalyst
activity (i.e., a "1x activity" catalyst) is configured for.
maximum waste heat recovery from reactor effluent 9 by use
of a stream generator 16 to produce a high-level steam
(1425 psig) and a feed/effluent exchanger 14 (employing a
closed by-pass valve 25) to preheat feed 12 to the desired

reactor feed téhperature, employing a syn gas feed of the
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selected composition, which is passed to reactor 10 at a
selected pressure, temperature and flow rate (i.e., space
velocity).

The catalyst in each of beds 2 and 6 is replaced by
an egual volume of a retrofit catalyst (i.e., the "3x

activity" catalyst) having about three times the ammonia

synthesis activity as the "1x activity" catalyst, and the
reactor 10 is agzin employed to produce ammonia. 1In view
of the higher

)]

ctivity of the retrofit catalyst, the
svnthesis gas compressor (not shown in Figure 1) which
supplies the svnthesis gas feed can now be run at a lower
speed, thereby reguiring lower horsepower, to save energy.
At the lower speeds, the reactor pressure is lowered and a
lower rate of the synthesis gas feed to the reactor
results. However, since the more active catalyst yields a
higher conversion per pass (i.e., a higher ammonia content
in the reactor effluent product gas) than the "1x activity"
caialyst, the amount of ammonia produced in moles per unit
time can be maintained at the same level as is obtained
when using the "1x activity"™ catalyst.

Set forth below in Table I are temperatures and other
values which would be obtained in use of the retrofitted
"3x activity"™ catalyst in a prior art configuration as’ in
Figure 1 (Comparative Examples A and B). Comparative
Example A only employs a high pressure steam generator.
Comparative Example B seeks to obtain additional waste heat
recovery by use of a lower pressure sSteam éenerator in

addition to the high pressure steam generator employed in

Comparative Example A.

In Example 1, an apparatus of this invention as
illustrated in Figure 2 having a reheat exchanger 104 and.a
high pressure steam generator 122 is employed under the .
conditions also summarized below in Table I, using the “3x’
activity"™ catalyst in the amounts and under the reaction
conditions employed in Comparative Examples A and B.

It should be noted that in all of the cases listed in

Table I, the bed inlet and ocutlet temperatures are equal.
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However, the reactor inlet and outlet temperatures are

substantially different. It should also be noted that all

three configurations achieve the same conversion of
hydrogen and nitrogen to ammonia, that is all achieve the
same outlet ammonia composition.

With the reduced circulation of synthesis gas which
is possible in each of these configurations using the "3x
activity" catalyst, recovery of all of the waste heat in
the downstream 1425 psig boiler would reguire an increase
in the outlet temperature from the reactor (stream 9 in
Figure 1) since a lower flow rate carries a lower heat
capacity and therefore needs a'largér temperaturs drop to
transfer the same amount of heat in steam generator 16.
fowever, with a more active catalyst, the kinetically opti-
mum reactor bed temperatures are lower. Thus, the outlet
temperature from the second catalyst bed drops substan-
tially with the retrofit of the "3x activity"™ catalyst. In
an attempt to achieve the higher desired reactor outlet
temperatures, one can reduce the amount of feed preheating
in the lower exchanger 8 of Figure 1 until nearly com-
pletely by-passing this exchanger to make the reactor out-
let temperature (stream 9) essentially equal. to the outlet
temperature of the second catalyst bed (stream 6b). How-
ever, this would still not achieve the objective of re-
covering all of the waste heat as 1425 psig steam in boiler
16 because the stream 9 temperature would still be too low.

Comparative Example A represents the situation in
which excess heat, which is unable to be recovered in steam
generator 16, is completely wasted. To avoid excessive
feed preheating, the by-pass valve 25 on the feed/effluent

exchanger 14, must be opened, causing valuable waste heat

"to be thrown away to cooling water in downstream cooler 18.

In this case, nearly 22 percent of the waste heat would be-”
completely thrown away.

In Cbmparative Example B, the effect is shown of the
installation of a 600 psig boiler 24, downstream of the
1425 psig steam generator 16, to assist in recovering waste
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heat. With the installation of the lower pressure boiler
24, feed by-pass valve 25 could be kept closed. However,
the 600 psic steam thus generated is less valuable than the
1425 psig stezm originally produced. Moreover, installa-
tion of this boiler reguires considerable investment for

the boiler itself and for the required piping modifications.

Use of the catalyst zpparatus of this inventicn as in
Example 1, which employs the same size catalyst beds as
above in combination with reheat exchanger 104 and interbed
exchangar 108 (replacing interbed exchang=asr 4 zand lower
heat 2xchanger 8 of the prior art as shown in Figure 1)
results in a dramatic increzse in the converter outlet
temperature from 855°F for Comparative Examples A and B, to
918"F for Example 1. This higher temperature permits
recovery of all of the waste heat as the more valuable 1425
psig steam, and not only avoids the 22-percent loss of
waste heat to cooling water, but also eliminates the

investment for a lower pressure boiler.
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TABLE I

Stream/ Comp. Comp.

Figure Apparatus Ex. Ex. Example
Stream/Device No. No. A B 1
Preheated Syn Gas Feed (°F) 1 15 470 470
2 115 - - 533
Converter Inlet Pressure 1 15 2585 2585 -
(psia) 2 115 - - 2585
Converter Feed Rate 1 15 89.7 89.7 -
(mol/hr) as percen- 2 115 - - §9.7
tage of "1x activity”
catalyst Feed Rate
First Bed Feed (°F) 1 2a 719 719 -
2 121 - - 7189
First Bed Effluent (°F) 1 2b 949 949 -
2 103 - - 949
Second Bed Feed (°F) 1 6a 708 708 -
2 109 - - 708
Second Bed Effluent (°F) 1 6b 858 858 -
2 107 - - 858
Converter Outlet NHj3 1 5 18.54 18.54 -
Mole Percent 2 124 - - 18.54
Ammonia Product (°F) 1 9 855 855 -
2 124 - - 818
High Pressure Boiler 1 13- 593 593 -
Effluent (°F) 2 122 © - - 594
Low Pressure Boiler 1 24 - 521 -
Effluent (°F) 2 . 128 - - -
Feed Effluent Exchanger 1 17 241 . 166 -
Outlet (°F) 2 117 - - 173
Bypass Valve Setting 1l 25 OPEN CLOSED -
2 125 - "~ CLOSED
Percentage of Waste 22.0 - -
Hdeat Lost to Cooling .
Water .
Percentage of wWaste Heat - .22.0 -

Degraded from 1425
psig steam to 600
psig steam
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and lower heat exchanger, drops from 855 to 825 °F, which
severely reduces the ability to recover converter effluent
waste heat. 1In fact, based on Comparative Example C,
nearly 38 percent of the available waste heat is lost to
cooling water (i.e., exchanger 14 by-pass valve 25 is in
the open position). For Comparative Example D, the in-
stallation of the 600 psig boiler 24 reduces this loss to
17 percent. However, the incremental 21 percent recovered
heat is downgraded from the higher value 1425 psig level to
the less valuable 600 psig level.

Example 2, using the reheat basket of this invention
in which a reheat exchanger 104 is employed, results in a
21-percent loss of converter effluent waste heat to cooling
water. However, all of the waste heat that is recovered in
boiler 122 is used for generating the more valuable 1425
psig steam, and the heat recovery is much greater thén in
the case of Comparative Example C.

Zxample 3, which employs a reheat exchanger 104 in
combination with the additional use of 600 psig steam
generator downstream of the 1425 psig steam generator 122,
permits the recovery of all the waste heat, although 21
percent has been downgraded to the less valuable 600 psig
level. 1In contrast, Comparative Example D is unable to

‘recover all of the converter waste heat even in a train in

which a 1425 boiler 16 and 600 psig boiler 24 is used, and

17 percent of the waste heat is lost to cooling water in

Comparative Example D.
Therefore, the apparatus of this invention permits
higher converter outlet temperatures which enhance the

recovery of converter effluent waste heat for high pressure
steam generation.
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TABLE II

trean/ Comp. Comp.
Pigure Rpparatus EX. Ex. Example Exaunple

Stream/Davice No Ne. C D 2 3
Preheated Syn Gas Feed 1 15 400 400 - -
(°F) 2 115 - - 463 463
Converter Inlet Pressure 1 15 2360 2360 - -
(psia) 2 115 - - 2360 2360
Converter Feed Rate (mol/ 1 15 81.5 81.5 - -
hr) as Percentage of 2 115 - - g8l1.5 81.5
"ix Activity" Cate—-
lyst Feed Rate
First Bed Feed (°F) 1 2a 660 660 - -
2 121 - - 660 660
First Bed Effluent (°F) 1 2b 918 918 - -
2 103 - - 3518 918
Second 323 Feed (°F) 1 6a 708 708 - -
2 109 - - 708 708
Secord Bed Effluent 1 6b 826 826 - -
(°F) 2 107 - - 826 826
Converter Outlet NH3 1 9 20,0 20.0 - -
¥ole Percent 2 124 - - 20.0 20.0
Ammonia Product (°F) 1 9 825 825 - -
2 . 124 - - 8Bs . 888
High Pressure Boiler - 1 13 s92  s92 = =
Effluent (°F) 2 122 - - 593 583
1ow Pressure Boiler 1 24 - 510 - -
) Efflvent (°F) 2 128 - - - 510
Feed Effluent Exchanger 1 17 308 226 - -
tlet (°F) 2 117 - - 242 166
Bypass Valve Setting 1 25 OpPEN OPEN - -
. ~ 2 - 125 - - OPEN CLOSED
Percentage of Waste 38.0 17.0 21.0 C -
Heat Lost to Cooling i
Water .
Percentage of Waste Heat -~ 21.0 - 21.0

Degraded from 1425 )
psig steam to 600 z
psig stean .
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From the foregoing description, one skilled in the art
can easily ascertain the essential characteristics of this
invention and without departing from the spirit and scope
thereof can make various changes and/or modifications to the
invention for adapting it to various usages and conditions.
Accordingly, such changes and modifications are properly
intended to be within the full range of equivalents of the
following claims.
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CLAIMS:

1. In a process for the production of a gaseous
product by exothermic catalytic reaction of a gas feed-
stream, the improvement which comprises reacting said gas
feedstream in a reactor comprising at least two sequen-
tially arranged catalyst stages; gas supply means for
jntroducing at least a portion of said gas feedstream to a
first of said catalyst stages; gas removal means for remov-
ing said gaseous product from the last of said catalyst
stages; and interbed reheat exchange means for heating at
least a portion of said gaseous product by indirect heat
exchange from said reactor, with a heating fluid, prior to
withdrawal of said gaseous product said heating fluid
comprising at least a portion of the gaseous effluent with-

drawn from at least one other of said catalyst stages.

2. The improved process of claim 1 wherein a
partially cooled heating fluid is withdrawn from said re-
heat exchange means and passed to a second interbed heat
exchanger in sazid reactor to preheat at least a portion of
said gas feedstream therein prior to passing said partially
cooled heating fluid as feed to the next of said catalyst
stages, said preheated gas feedstream being passednas at
least a portion of said gas feed to the first of said cata-

‘lyst stages.

3. The improved process of claim 1 wherein a
partially cooled heating fluid is withdrawn from said re-
heat exchange means and admixed with a guench gas stream
comprising at least a portion of the gas feedstream, and
the resulting gaseous mixture is passed as feed to the next<s

of  said catalyst stages..
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4. The improved process of claim 1 wherein said
gaseous product comprises zmmonia, and wherein said gas

feedstream comprises a mixture of hydrogen and nitrogen.

5 . In an exothermic catalytic reactor having
at least two catalytic beds arranged for sequential gas
flow therethrough; gas suvpply means for introducing a geas
feedstream to the first of said catalyst beds for partial
reaction of said gas feedstream therein; interbed gas cool-
ing means for cooling the gas effluent from each catalyst
bed to remove heat therefrom prior to passing szié gas
effluent to the next of said seguentially arranged catalyst
beds and means for removing a gaseous eifluent from the
lest of such catalyst reactor beds as said gas product, the
improvement wherein said reactor additionally comprises
reheat exchange meéns for heating at least a portion of
said last catalyst bed effluent gas by indirect heat ex-
change with a heating fluid comprising at least a portion
of the gaseous effluent from at leest one other of said
reactor beds prior to withdrawal of said product gas Zrom

said reactor.

6 . The improved exothermic reactor of claim g
wherein said gas cooling means comprises guench gas means |
for admixing a portion of said gas feedstream with said %
cooled first bed effluent gas withdrawn from saig reheat

exchanger to form said further cooled gas for feed to szid
second catalyvst bed.
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- The improvesd jeactor of clzim § for carrying out
catalyvtic cas synthesis of czseous procéucts from & cas
{eedsiream a2t elevated temperature znC precssure comprising:
(2) & precsscre cshell;

(b)

s ubulzr chember Gisposed within seid

i

pressure chell 2nd Gefinino a2t leest oOne

fubular chamber and 516 Pressure shell;
(c) first zné seccad znnuplzr-shepe6 ceizlvsc
Leds Gisposed seperately and verticzlly

Fs
“

ni

within said tubular chamber, each s&id C

alyst ced De

h

=1
o)

g5 aGzpted for hovsing soli
czta2lyst perticles and for radiel floé oZ
cas therethrough; to form z gzseous efi-
flvent from each szid beg;
(d) & heat excheanger housed
chzmber which is adzpted for ingir
- exchznce of cas streams;

(e) first cas susply means for introducing &

Fh
(=)

rst gzs feecdstream to at least one of

&

G 2nnular chznnels to cool szid pressure
- <chell 2nd for passing the resulting heazted

n

feedstream to said first catalyvst bed 2s

- the feed thereto; | -

{£) fi;st catalvst bed effluent meazns for Ia-
troducing the effluent gas from szid first
catalyst bed as heating fluid to said heat
exchanger; o

{(g) £first exchenger gas eiffluent means for
withdrewing partizlly cooled first ceztzlyst
bed effluen:t ces from szidé hezt sxchencer;

{h) second cas supply mezns for introducing a .
guench ges stream to said withdrawn, Dar-—
tizlly cooled first catelyst bed efflvent
gas and for pessing said gas mixture 2as
feed to said second catalyst bed, vwhereby
the temperature of the gas.feéﬁ to szid

second catalyst bed is controlled; and
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seconé catalyst bed effluent means for
passing effluent cas from said second cate-
lyst bed to sazid heat exchanger for heating
therein by indirect heat exchange with sa2ig
first catalyst bed effluent cas and for
withdrawal df said heated second catalyst
bed effluent gas from said reactor as a

gaseous product stream.

The improved reactor of claim 7

wherein said second gas supply means is additionally

adapted to first introduce said quench stream to at leest

one other of said-annular cooling channels for annular

cooling of said pressure shell prior to admixing the

thus-heated ges stream, as quench gas, with said partially

cooled first catalyst bed effluent gas..

g .

The improved reactor of claim5 for carrying out

catalytic gas synthesis of gaseous products from a gas

feedstream at elevated temperature and pressure comprising:

(a)
(b)

(c)

(d)

2@ pressure shell;
first, second and third annular-shaped
catalyst beds disposed separatelyv ang
vertically within said pressure shell, each
said catalyst bed being adapted for housing
solid catalyst particles and for radial
flow of gas_thérethrough to form a gaseous
effluent from each saig bed;

reheat exchangér means within said pres-
sure shell for indirect heat exchange of
gas streams;

first gas supply means for passing a first
gas feedstream to said first catalvst bed
as at»least a portion of the gas feed

thereto;
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(£)

(g)

(h)
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s =

fluent from said £firs

L

first catalys:t bed effluent means for
££1

pessing the czs =

Y

bed as heating £fluid to said reheat

]
»
|

change mezns;

reheat exchancer effluent means for with-
drawing an at least partially cooled,
first catalyst bed effluent gas from said
reheat exchange means and for introducing
said partially cooled gas as feed to said
second catalyvst bed;

second catalyst bed effluent means for
withdrawing a gaseous effluent from said
second catalyst bed;

means for cooling said sscond catalyst bed
effluent gas, and for passing said cooled
second catalyst bed effluent gas as feed to

said third catalvst bed; and

third catalyst bed effluent means for
passing at least a portion of the effluent
gas from said third catalyst bed to szid
first heat exchange means for heating
therein by indirect heat exchange with szid
first catalyst bed effluent gas and for
withdrawing said heated third catalyst bed

effluent gas from said reactor as a g&

0
y]
0
y]
tn

product strean.
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10 . The improved reactor of claim 9
wherein said second catalyst bed efflusnt cooling means
comprises guench ges supply means for admixing a quench gas
stream with said second catalyst bed effluent gas for cool-
ing of said effluent gas and for introducing the resulting

gas mixture to said third catalyst bed as the feed thereto.

11 . The improved reactor of claim 9
wherein szid reactor additionally comprises second heat

exchange means within said pressure shell adapted for fur-
ther cooling of said partially cooled first catalyst bed
"effluent gas prior to introducing said gas to said second
catalyst bed by indirect heat exchange with a separate gas
feedstream and for combining the thus-hezted separate gas

feedstream with the feed to said first catalyst bed.

12 .. The improved reactor of claim 9 .
wherein said reactor additionally comprises means for ad-
mixing a quench gas stream with said partially cooled first
catalyst bed effluent gas and for passing the resulting gas

mixture as said feed to said second catalyst bed.
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