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Reactor and Process for carrying out Endothermic

or Exothermic Catalytic Reactions

FIELD OF THE INVENTION

This invention relates to an improved heat exchange reactor

and process for carrying out endothermic or exothexmic

catalytic reactions. In particular the invention relates to

an improved heat exchange reactor and process for use in

the steam reforming of hydrocarbon feed stocks for the pro-

duction of synthesis gas comprising hydrogen and carbon

monoxlide.

BACKGROUND OF THE INVENTION

Catalytic reactors for carrying out endothermic or exother-

mic reactions are well known in the art particular examples

being reactors for the endothermic steam reforming of hy-

drocarbons and reactors for the exothermic methanol synthe-

sis reaction. The reactions are typically carried out in

tubes loaded with a suitable solid catalyst through which a

process gas stream comprising the reactants is pas sed at

elevated pressure. A plurality of tubes is arranged verti-
cally or horizontally in the reactor. The tubes run in par-
allel along the major axis of the catalytic reactor, while
a heat-exchanging medium outside heats or cools the tubes.

The solid catalyst inside the tubes provides a catalyst bed

in which the required chemical reactions take place. The

catalyst can be provided as solid particles or as a coated

structure, for example as a thin layer fixed on the inner

wall of the tubes in steam reforming reactors.
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In another reactor configuration comprising a plurality of

tubes the solid catalyst particles may be disposed outside

said tubes hereinafter referred to also as heat transfer

tubes, whilst the heat exchanging medium passes inside. The

solid catalyst outside the heat transfer tubes provides the
catalyst bed in which the required chemical reactions take

place.

A particular type of heat transfer tube used 1n heat ex-

change reactors is the so-called double-tube. A double-tube

is basically an arrangement of two substantially concentric

tubes. The space in between the tube walls defines an annu—

lar cavity through which a heat-exchanging medium can flow
so that temperature control is achieved by indirect heat
exchanging between a process stream passing through the
catalyst bed and said heat-exchanging medium. In an ar-
rangement comprising a plurality of double-tubes, the solid
catalyst in the bed is advantageously disposed both outside

and inside the double-tubes.

Yet another type of heat transfer tubes in heat exchange

~actors is an arrangement of two substantially concentric

r

tubes, but where the inmer tube is closed at one or both

ends or simply is a solid elongated member such as a metal -

lic bar or rod. The space in between the tube walls define s
an annular cavity for the passage of the heat-exchanging
medium. In an arrangement comprising a plurality of this

type of heat transfer tubes, the solid catalyst bed is dis —

posed only outside sald tubes.

In this patent specification the terms “catalytic reactor”,

“heat exchange reactor” and “reactor” are used 1inter-
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changeably. By “catalyst bed” is meant the volume of solid

catalyst forming said bed and which is outside the heat

transfer tubes and optionally, in the case of double-tubes,

21so inside said tubes. The terms “heat t xransfer tubes” and
“ryubes” are used interchangeably in this specification and

cover any tube which is in contact with catalyst as well as

a heat exchanging medium for the purpose of carrying out

catalytic reactions.

A process and reactor in which a catalyst is in indirect

contact with a heat exchanging medium is known from EP-A-0

271 299, This citation discloses a reactor and process that

combines steam reforming and autothermal reforming. The

steam reforming zone arranged in the lower regilon of the

reactor comprise a number of tubes with catalyst disposed

inside while on the upper region of the reactor an auto-

thermal reforming catalyst is disposed outside the steam

reforming tubes. EP-A-1 106 570 discloses a process for

steam reforming in parallel connected tubbular reformers

(reactors) comprising a number of steam reforming tubes and

being heated by indirect heat exchange. T'he catalyst 1i1s
disposed in one reactor outside the steam reforming tubes

and inside the steam reforming tubes in tthe other reactor.

In reactor configurations comprising solid catalyst parti-

cles disposed as a bed outside a pluralitty of heat transfer

tubes, e.g. steam reforming tubes, the layout of such heat

p—r

transfer tubes is of critical importance, since it would be

desirable to achieve a uniform temperature distribution

gr—

across the radial direction of the reactor. In other words,

it would be desirable that at any given cross section along

the heigﬁt of the reactor, the temperaturxre of the catalyst
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bed in the radial direction is kept as constant as possi-

ble.

At a given reactor length or height it is not difficult to

obtain nearly uniform ratios of catalyst area (area of re-

actor cross section occupied by catalyst) to heat transfer

area (outer surface of heat transfer tubes) and thereby

uniform temperature distribution in the interior of the

cataly st bed cross section, i.e. toward the centre of the

—
p—

reactor. This ratio can be kept constant if, f£or instance,

the tube pitch is kept constant for the same heat transrer

tube diameter. By tube pitch is meant the centre to centre

distance of neighboring tubes. Even a change £rom for in-

stance triangular pitch in the centre of the bbed to a rec-

tangul ar pitch near the periphery of the bed can be ob-
tained without experiencing too large variations 1in the ra-
tio of catalyst area to heat transfer area. However, at the

periphery of the heated or cooled catalyst bed, the sur-

g—
nad

roundi ng external reactor wall defining the periphery of

the reactor does not heat nor cool the catalyst bed. In the

outer periphery of said catalyst bed, that is, 1in the re-

gions near the external reactor wall, 1t can be impossible

to obtain a ratio of catalyst area to heat transfer area

similar to the ratio encountered toward the centre of the

reactor. This is especially the case when a certailn minimum

distance is required between the outermost heat transfer
tubes and the external reactor wall so that catalyst parti-

cles are able to surround the entire outer suxface of said

—

heat transfer tubes. If the external reactor wall 1s very

close to or in direct contact with the outer wall of the

outermost heat transfer tubes, solid catalyst particles may

not be able to fit in between the wall and said tubes. Con-
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sequently, dead corners or catalyst-free regions may be

~-reated. The empty space formed by these catalyst-free re-

jions results in undesired gas channeling with concomitant

indesired effects in terms of uneven flow, uneven tempera-

ture distribution in the catalyst bed as well as uncon-

verted or less reacted process Jgas.

SUMMARY OF THE INVENTION

He have now developed a reactor which by simple means sur-

prisingly overcomes the above problems. According to the

invention, we provide a heat exchange reactor for carrying

out endothermic or exothermic reacttions comprising: a hous-

ing defining an external reactor wall, a plurality of heat

transfer tubes arranged within said housing for the supply

or removal of heat in catalyst beds disposed at least out-

side said heat transfer tubes and built-in elements dis-

posed in the outer periphery of said catalyst bed.

Thus, the invention relates to the provision of built-in

elements in the outer periphery of catalyst beds in heat

exchange reactors where solid catalyst particles are dis-—

posed outside the heat transfer tulkes. By “outer periphery

of catalyst beds” is meant the region confined between the

r—

outer wall of the outermost heat txansfer tube and the ex-

ternal reactor wall. By the term “catalyst being disposed

at least outside said heat transfex tubes” is meant that

the catalyst in the reactor is disposed outside the tubes,

but it may also be disposed both as catalyst outside and

inside said tubes when these are double-tubes. Accordingly,

a reactor in which the catalyst only is disposed inside the

tupbes is outside the scope of the invention. By “built-in
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elements” is meant elements that are placed near or in di-

rect contact with the external reactor wall and which serve

to create a ratio of catalyst area to heat transfer area 1in
the outer periphery of the catalyst bed similar to what 1is
achieved in the remaining bed cross section. The provision

of the built-in elements, which are elongated members run-

8

ning in parallel with respect to the heat transfer tubes oO:

the reactor layout, reduce the amoumnmt of catalyst at the

regions near the external reactor wall. Therefore, the

built-in elements effectively lower the catalyst area and

at the same time may add heat transfer area for heat re-

moval or cooling. Suitable built-in elements can be elon-

gated members of suitable thickness and shape, such as

prren
p—

fect in

rods, e.g. metallic rods, which exexrt a minor e:

terms of heat exchange, but still serve to create a ratio

of catalyst area to heat transfer area in the outer periph-

ery of the catalyst bed similar to what is achieved 1n the

remaining bed cross section. Preferably, the built-in ele-

ments are heat transfer tubes, since they additionally al-
low a heat exchanging medium to pas s through. These tubes

are hereinafter also referred to as “peripheral heat trans-

fer tubes”.

Accordingly, by means of the invent ion a more uniform tem-

n

perature distribution across the whole bed of the reactor

and in particular near the external reactor wall 1is
achieved. Because the temperature t oward the external reac-

tor wall can be kept at about the same level as in the cen-

tre of the reactor, more even process conditions are

achieved and a higher process gas conversion may be ob-

tained, for instance in the highly endothermic steam re-

forming reaction.
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In a preferred embodiment the peripheral heat transfer

tubes have a cross section area that is smaller than the

normal heat transfer tubes in the remaining part of the

catalyst bed. The cross section of the peripheral heat

pr—-

transfer tubes is shaped in order to fitt properly in the

area between the outermost heat transfer tubes i1n the heat-

gr—

ing tube layout, i.e. the arrangement off heating transfer

tubes within reactor, and the external reactor wall. By the

term “to fit properly” is meant that cattalyst particles are

F

able to fill the space between the outermost heat transrer

tubes and the peripheral heat transfer tubes so that gas

channeling is minimized.

The peripheral heat transfer tubes are preferably pPOSi-—

tioned in direct contact with the extermal reactor wall.

The peripheral heat transfer tubes may koe simple tubes hav-
ing a single wall and may be shaped so tthat they have a

substantially semi-circular or triangular cross-section.

Other types of tube can be envisaged, for example double-

tubes.

Similarly, if the built-in elements are rods, e.g. metallic

rods, their cross section is shaped in order to fit prop-

erly in the area between the outermost heat transfer tubes

in the heating tube layout, i.e. the arxangement of heating

transfer tubes within reactor and the external reactor

wall. Said rods can also be shaped so that they have a sub-

stantially semi-circular or triangular c<ross-section. Other

shapes would become apparent for those skilled in the art.
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‘n one embodiment of the invention the s olid catalyst par-

i cles forming the catalyst bed are provided outside the

1eat transfer tubes arranged within the housing of the heat

P

sx changing reactor, but not inside said heat transfer

-ubes. That is, the catalyst is disposed only outside the

e at transfer tubes. In another embodiment, the heat trans-

Fl_

fer tubes arranged within the housing of the heat exchang-

ing reactor are double-tubes; the solid catalyst particles

forming the catalyst bed are then disposed both outside and

inside said double-tubes.

The region outside the peripheral heat ttransfer tubes 1s

filled with solid catalyst particles that form part of the

catalyst bed outside the heat transfer ttubes. The heat ex-

changing medium passing through said perripheral heat trans-

fer tubes is conveniently a fluid gas running co-currently

or counter-currently to the process gas stream passing

through said catalyst bed.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention is illustrated by the accompanying figures.

Fig. 1 shows a cross sectional view of & cylindrical heat

exxchange reactor of radius R contained within a housing or

pressure shell (not shown). Fig. 2 1s a cCXoss sectional
view of a 30° segment of the heat exchamge reactor, where

onnly the outer diameter of the outer tuloe of double-tubes

are shown.
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

In Fig. 1 the periphery of the reacttor is defined by exter-

nal wall 1, which is a metallic wall, for example stainless

-

steel. The interior of the reactor comprises a plurality of

heat transfer tubes 2, which in primciple can have any

shape, but are preferably cylindrical, i.e. with a circular

cross section. The space in between heat transfer tubes 2

comprises catalyst particles forming catalyst bed 3. In

this figure, where said heat transfer tubes 2 are double-

tubes, their inner tubes are filled with solid catalyst

particles 3’. The heat transfer tubes 2 are arranged so as

to provide for a uniform distribution of heat and thereby

uniform temperature throughout the whole cross-section of

the reactor. A plurality of built-im elements, here periph-

eral heat transfer tubes 4 providing additional heat ex-

changing area and reducing the amoumt of catalyst near the

external reactor wall 1 are placed mear or in direct con-

tact with said wall 1 and allow the passage of a heat ex-

changing medium 5 in counter-current with process gas 6 .

Process gas 6, for instance a gas mixture containing meth-

ane as the chief component, travels through the catalyst in

2 direction transverse to plane of the sheet of paper and

is cooled or heated indirectly by heat exchanging medium 5

passing counter—-currently with process gas 6 through the

annular space created in between the walls of heat transfer

tubes Z.

Peripheral heat transfer tubes 4 can have any shape but are

preferably simple tubes with substantially semi—-clrcular or

substantially triangular so that their flatter region is

P
—

able to fit with the curvature of the external reactor wall
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P

10

1. Said peripheral heat trans fer tubes 4 can be fitted ToO

external reactor wall 1 by suitable anchoring means allow-

=
p—

ing for differential thermal expansion. The cross-section

of peripheral heat transfer tubes 4 has a major axis dj; and

minor axis d., whereby said major axis d; defines the flat-

ter region that is able to fit with the curvature of the

external reactor wall 1. Preferably, the peripheral heat

transfer tubes 4 are in direct contact with the external

wall 1. A minimum radial distance d is provided between ex-

trernal reactor wall 1 and the outermost wall of the outer-

most heat transfer tubes 2, so that solid catalyst parta-

an

cles 3 are able to surround the entire outer surface o:

said heat transfer tubes 2.

Normally the length of peripheral heat transfer tubes 4 and

heat transfer tubes 2 corresponds roughly to the length of

gulin.

the reactor, the length of the peripheral tubes being 1imn

F

the range 6 to 14 m. The thickness of the peripheral tuk

es
is normally in the range 3-8 mm, while the heat transfeX

tubes, here represented by double-tubes, normally have an

inner wall thickness of 2-6 mm and outer wall thickness of

3-8 mm. The annular spacing £or the passage of heat ex-
changing medium 5 in the doulble tube is not more than alout

4 to 12 mm.

Referring now to Fig. 2, the layout of double-tubes shown
is a 30° segment which can be mirrored to a 60° segment .

This 60° section is repeated to form the full 360° tube

layout. The area outside the tubes containing catalyst can

be divided into sub-areas limited by lines drawn from dou-

ble tube centre to double tube centre; All such areas con-

taining catalyst receive heat from three outer tubes, e ach
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t )

ace that corre-

tube contributing with a heat transfer sur:

sponds to 60° of the tube perimeter, thus constituting a

total heat transfer surface equal to half the circumference

v

of an outer tube (180°). Eleven different sized locations

between the double tubes exist which define the areas num-

bered 1-11. The locations denoted 1, 2, 6 and 10 are shown

e

in half only and need to be mirrored (mirror line 1is the

free side) to give the full shape and size of that particu-

lar location.

The heat transfer tubes are preferably arranged in a trian-

gular pitch, where the minimum distance from double tube

center to double tube center is about 143 mm. This results

in a distance of about 29 mm between outer tubes of

neighboring double tubes, which gives ample space for cata-

lyst particles to f£ill the gap.

The catalyst areas of the wvarious locations were calcu-

lated. Location 1 with the smallest area of 3774 mm? (2 X

1887 mm?) is best supplied with heat, while location 10

having the largest area of 5304 mm? (2 X 2652 mmz) has the

poorest heat supply. For the two locations above the ratios

of catalyst area to heat surface, defined by the catalyst

A—

area divided by outer perimeter of outer tubes, become 21.0

mm?/mm and 29.5 mm?/mm, respectively. During reactor opera-

tion, however, there will be some mixing of gas and hori-

sontal heat transfer across the borders of the numbered ar-

eas, which will tend to lower the effect of the difference

I

in catalyst area to heat surface ratio for the different

locations.



WO 2006/045457

The catalyst area outside the tubes was divided 1n

“catalyst rings” a.

CA 02585028 2007-04-23

were limited by lines drawn between centers of

12

PCT/EP2005/011076

five
ong the reactor’s diameter and which

double tubes

lying on the same or near same diameter. The results for
the best tube layout are given in the table below:
Table

Catalyst Ring Number 1 | 2 3 4 5
Numbered locations in No. 1 2,3 4,5, {7,8,9,10 11
catalyst ring

Total catalyst area in mm® | 22644 84060 | 145764 | 208392 | 150192
catalyst ring
"Total catalyst area in P 3.7 13.8 | 23.9 34.1 | 24.6 |
catalyst ring

Total heat surface pe- Inm 1077 3232 5386 7541 0616*
rimeter in ring

Catalyst area / heat mm 21.0 26.0 27.1 27.6 22.7%
surface

In the fifth ring, the values marked with * include heat

transfer surface from peripheral heat trans:

‘er tubes having

a triangular cross—-section. Only the area in contact with

the catalyst has been counted.

The variation in catalyst area

satisfactory low. The inner ring

with heat but only constitutes 3.7% of the tote

area. In order to compensate

for

to heat surface 1s

(No. 1)

found
is over supplied
1 catalyst

+the heat loss from the ex-

rernal reactor wall the heat transfer surface in the outer

ring (No. 93)

face. Without the peripheral heat

catalyst area

is greater than the average heat trans:

transfer tubes, the total

in the catalyst ring becomes 1711738 mm

“eY sSur-

2
4

while the total heat surface perimeter in the ring 1is 4668
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mm. A high value of the ratio of catalyst area to heat sux-

face 1s obtained: 36.7 mm .

CFD calculations confirmed that the temperature variations

out of the catalyst bed om the outside the tubes are within

+ 30°C.

The invention is particularly useful for the steam reform—

ing of hydrocarbon feedstocks comprising methane by means

i g
—

of heat supplied from hot effluent gas from an autotherma 1l

reforming reactor placed downstream the heat exchanging re-

actor and steam reformed product gas from the process. The

hot effluent gas from the autothermal reforming reactor

having a temperature of albout 1050°C is combined with the

converted process gas in the heat exchanging reactor of t he

invention, which leaves the catalyst beds at the bottom o f
the reactor at about 880°C. The combined gas is used for

the indirect heating of the catalyst beds disposed outside

the heat transfer tubes of the reactor layout by letting

pass said combined gas upwardly through the heat transfer

tubes as well as through the peripheral heat transfer

tubes, which are positioned near or at the external react or

wall and in parallel with the heat transfer tubes. The com-

bined gas is cooled from about 1000°C to about 650°C at

which temperature it leaves the reactor and 1s removed as a

hydrogen-rich synthesis gas stream for further processing .

Accordingly, the invention also encompasses a process for

the steam reforming of hydrocarbon feedstocks comprising:

(a) forming a combined gas 5 in a heat exchange reactor by

pr—m

combining hot effluent gas from an autothermal reformer

with converted process gas 6 leaving catalyst beds 3, 37



CA 02585028 2007-04-23
WO 2006/045457 PCT/EP2005/011076

14

disposed at least outside the heat transfer tubes 2 of the

reactor layout, (b) passing said combined gas o5 through the

= -

annular space of said heat transfer tubes, which are prerl-

=

erably double-tubes, for indirect heating of said catalyst

beds 3, 3’7, (c) removing sald combined gas 5 from the heat

exchange reactor as a hydrogen-rich synthesis gas stream,

wherein the heat exchanging reactor comprises per ipheral

heat transfer tubes 4 positioned near or at the external

reactor wall 1 so that the combined gas 5 of step (a) 1is

passed through said peripheral heat transfer tubes 4 posi-

tioned in parallel with heat transfer tubes 2.
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CLAIMS:

1. A heat exchange reactor for carrying out
endothermic or exothermic reactions comprising:

a housing defining an external reactor wall,
a plurality of heat transfer tubes arranged within said

#

housing for the supply or removal of heat i1n catalyst beds

disposed at least outside said heat transfer tubes and

p—

built-in elements which serve to create a ratio of catalyst

p— —
— p—

area to heat transfer area 1n the outer periphery of the

catalyst bed similar to what 1s achieved 1n the remaining
bed cross section, and which are elongated members running
in parallel with respect to the heat transfer tubes and are
disposed 1in the outer periphery of said catalyst bed;
wherein said built-in elements are peripheral heat

transfer tubes 1n which a heat exchanging medium passes

through and said heat exchanging medium 1s a fluid gas
running co-currently or counter-currently to the process gas
stream passing through said catalyst bed; and

wherein the built-in elements are positioned 1n

direct contact with the external reactor wall.

2 . A reactor according to claim 1, wherein said heat

transfer tubes are double-tubes so that the solid particles

forming catalyst beds are disposed both outside said heat

transfer tubes and i1nside said heat transfer tubes.

3. A reactor according to claim 1, wherein the solid

particles forming the catalyst bed are provided as a

catalyst bed outside said heat transfer tubes but not

inside said heat transfer tubes.
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4 . A reactor according to any one of claims 1 to 3,

wherein the built-in elements have a substantially

triangular or semi-circular cross-section.

i

5. A process for the steam reforming of hydrocarbon

feedstocks comprising:

(a) forming a combined gas 1n a heat exchange

reactor according to claim 1 by combining hot effluent gas
from an autothermal reformer with converted process gas

leaving catalyst beds disposed at least outside the heat

transfer tubes of said reactor:

(b) passing said combined gas through the annular

1

space of said heat transfer tubes for indirect heating of
sald catalyst beds; ‘

(c) removing said combined gas from the heat
exchange reactor as a hydrogen-rich synthesis gas stream;
and

wherein the combined gas of step (a) 1s passed
through said peripheral heat transfer tubes positioned 1in

parallel with the heat transter tubes.

6 . A process according to claim 5, wherein heat

transfer tubes are double tubes and the combined gas 1is

passed through the annular space of said double-tubes.
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