wo 2025/049751 A1 |0 0000 KRN0 YO D OO 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
06 March 2025 (06.03.2025)

(10) International Publication Number

WO 2025/049751 Al

WIPO I PCT

(51) International Patent Classification:
B01J 806 (2006.01) F28F 9/013 (2006.01)

(21) International Application Number:
PCT/US2024/044442

(22) International Filing Date:
29 August 2024 (29.08.2024)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:

63/579,740 30 August 2023 (30.08.2023) Us

(71) Applicant: KELLOGG BROWN & ROOT LLC
[US/US]; 601 Jefferson Street, Houston, TX 77002 (US).

(72) Inventors: ZHANG, Xiang, Yang; c/o Kellogg Brown &
Root LLC, 601 Jefferson Street, Houston, TX 77002 (US).
CHRISTIONO, Paulus, Harijadi; c/o Kellogg Brown &
Root LLC, 601 Jefferson Street, Houston, TX 77002 (US).

(74) Agent: PERUMAL, Karthika, Womble Bond Dickinson
(US) LLP, 717 Texas Avenue, Suite 2100, Houston, Texas
77002 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CV, CZ, DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IQ, IR, IS, IT, IM, JO, JP, KE, KG,
KH, KN, KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY,
MA, MD, MG, MK, MN, MU, MW, MX, MY, MZ, NA,
NG, NI, NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO,
RS, RU,RW, SA, SC. SD, SE, SG, SK, SL, ST, SV, SY, TH,
TJ, TM. TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS,
ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, CV,
GH, GM,KE, LR,LS, MW, MZ, NA, RW, SC, SD, SL, ST,
SZ, TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ,
RU, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ,
DE, DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT,
LU,LV,MC, ME, MK, MT, NL, NO, PL, PT, RO, RS, SE,
SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN,
GQ, GW, KM, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

(54) Title: REFORMING EXCHANGER TUBESHEET AND SHELL FLANGE DESIGN

(57) Abstract: A syngas reforming exchanger reactor design is described. The reforming
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Reforming Exchanger Tubesheet and Shell Flange Design

[001] This application claims priority to U.S. Provisional Patent Application having
Serial No. 63/579,740 filed on August 30, 2023 which is incorporated by reference herein.

FIELD OF THE INVENTION
[002] This disclosure relates to reforming reactor heat exchangers for syngas production.
More specifically, the disclosure describes a reforming reactor heat exchangers with an improved
exchanger tube bundle top tubesheet construction that is bolted into an improved shell flange

design to eliminate hot gas leakage.

INTRODUCTION

[003] Steam reforming of a hydrocarbon to manufacture syngas is a process in which the
hydrocarbon and an oxygen source are supplied to an autothermal reformer. The combustion
reaction is exothermic and supplies the heat needed for the catalytic reforming reaction that occurs
in the autothermal reformer, which is endothermic, to produce a relatively hot reformed gas. The
hot gas from the autothermal reformer is then used as a heat source in the reforming exchanger,
which is operated as an endothermic catalytic steam reforming zone. In the reforming exchanger,
a feed comprising a mixture of steam and hydrocarbon is passed through catalyst-filled tubes. The
outlet ends of the tubes discharge the endothermically reformed gas near the shell side inlet where
it mixes with the hot gas from the autothermal reformer. The hot gas mixture is then passed
countercurrent across the outside of the tubes in indirect heat exchange to supply the heat necessary
for the endothermic reforming reaction to occur.

[004] Reforming exchangers are in use commercially and are available, for example, from
Kellogg, Brown, & Root LLC (“KBR”) under the trade designation KRES. Various improvements
to the reforming exchanger design have been made and are disclosed in, for example, U.S. Pat.

Nos. 5,362,454; 6,855,272: 7,635,456; and 7,550,215.
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SUMMARY
[005] Disclosed herein is a reforming exchanger reactor. In some examples, the
reforming exchanger reactor comprises a shell comprising a shell side fluid inlet configured to
receive hot reformed gas; a head comprising a tube side fluid inlet configured to receive a mixed
gas feed; a tube bundle comprising a plurality of tubes, wherein each of the tubes comprises: an
inlet end secured to a tubesheet configured to receive the mixed gas feed from the head; and an
outlet end adjacent to the shell side fluid inlet and configured to discharge catalytically reformed
gas into the hot reformed gas to form a gas mixture; and a shell side fluid outlet fluidly isolated
from the tube side fluid inlet by the tube sheet and configured for discharging the gas mixture. In
some examples, the tube sheet is bolted to the shell, thereby disposing the tubes within the shell.
In some examples, the tubesheet is bolted directly to an interior of the shell. In some examples,
the head comprises a head flange, the shell comprises a shell flange, and the head flange is
configured to bolt to the shell flange, thereby securing the head to the shell. In some examples,
the shell comprises a shell refractory lining affixed to an interior surface of the shell and
comprising one or more layers of refractory materials. In some examples, the reforming exchanger
reactor further comprises a first seal configured between a portion of the shell flange and a portion
of the tubesheet. In some examples, the tubesheet comprises a tubesheet refractory lining
configured on a shell side surface of the tubesheet, and wherein the first seal is configured between
the tubesheet refractory lining and the shell refractory lining. In some examples, the tubesheet
comprises a tubesheet refractory lining configured on a shell side surface of the tubesheet, the shell
comprises a shell refractory latch affixed to an interior surface of the shell flange, and the first seal
is configured between the tubesheet refractory lining and the shell latch. In some examples, the
first seal is maintained between the tubesheet and the shell flange under bolted pressure by the
bolting of the tubesheet to the shell. In some examples, the head comprises a head refractory lining
affixed to an interior surface of the head and the head refractory lining comprises one or more
layers of refractory materials. In some examples, the reforming exchanger further comprises a
second seal configured between a portion of the head and the tubesheet. In some examples, the
second seal is configured between the head refractory lining and the tubesheet. In some examples,
the head comprises a head refractory latch affixed to an interior surface of the head, and the second
seal is configured between the head refractory latch and the tubesheet. In some examples, the

second seal is maintained between the tubesheet and the head under bolted pressure by the bolting
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of the head flange to the shell flange.

[006] Also disclosed here is a method of assembling a reforming exchanger reactor,
wherein the reforming exchanger reactor comprises a shell configured to receive hot reformed gas,
a head comprising a tube side fluid inlet configured to receive a mixed gas feed, and a tube bundle
comprising a tubesheet and plurality of tubes. In some examples, the method comprises: disposing
a first seal upon a first portion of the shell; bolting the tubesheet to the shell so that the plurality of
tubes are within the shell and the first seal is secured between the tubesheet and the first portion
of the shell; disposing a second seal on a top portion of the tubesheet; and bolting the head to the
shell so that the second seal is secured between a portion of the head and the tubesheet. In some
examples, the first portion of the shell comprises a shell refractory latch affixed to an interior
surface of the shell. In some examples, the tubesheet comprises a tubesheet refractory lining
configured on a shell side surface of the tubesheet, and the first seal is secured between the
tubesheet refractory lining and the shell refractory latch. In some examples, the shell comprises a
shell flange and the head comprises a head flange, and bolting the head to the shell comprises
bolting the shell flange to the head flange. In some examples, the head comprises a head refractory
latch affixed to an interior surface of the head and wherein the second seal is secured between the

head refractory latch and a top surface of the tubesheet.

BRIEF DESCRIPTION OF THE DRAWINGS
[007] Figure 1 shows a cross-sectional side elevation view of an embodiment of a reforming
exchanger.
[008] Figure 2 shows a cross-sectional view of the embodiment of the reforming exchanger shown
in FIG. 1 as seen along the lines 2-2 showing the discharge flow annulus.
[009] Figure 3 shows a cross-sectional view of the embodiment of the reforming exchanger shown
in FIG. 1 as seen along the lines 3-3 showing a lattice support assembly.
[0010] Figure 4 shows a magnified cross-sectional side elevation view of a portion the
embodiment of the reforming exchanger shown in FIG. 1 focusing on the components contained

within the dashed square labeled 4 in FIG. 1.

DESCRIPTION

[0011] Aspects of this disclosure relate to embodiments of a reforming exchanger design
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using a shell-side flow arrangement that provides a longitudinal countercurrent flow through a tube
bundle. Embodiments of the reforming exchanger comprise a tube side head (also referred to
herein as a channel dome), a shell, and a tube bundle. One or more heat resistant refractory linings
may be affixed to the interior surface of the shell. The head of the reforming reactor may include
one or more refractory linings. A longitudinal shell side flow arrangement may result in efficient
heat transfer with a low pressure drop in the shell side fluid. The reforming exchanger may have
relatively high and low temperature ends. A shell side fluid inlet may be provided in the shell
adjacent to the high temperature end of the reforming exchanger. The shell side fluid inlet may be
configured to receive a hot gas feed. In some examples, the hot gas feed may be a hot reformed
gas, for example, from an upstream reformer, such as an auto-thermal reformer (ATF). A tube
side fluid inlet may be provided in the tube side head adjacent to the low temperature end of the
reforming exchanger. The tube side fluid inlet may allow a mixed gas feed to enter the reforming
exchanger. In some examples, the mixed gas feed may contain steam and one or more
hydrocarbons, such as natural gas. A shell side fluid outlet may be configured in the shell such
that it is isolated from the tube side fluid inlet by a tubesheet. The shell side fluid outlet may be
adjacent to the low temperature end of the shell. The shell side fluid outlet allows an exchanger
product gas mixture to be discharged from the reforming exchanger. In some examples, the
reforming exchanger product gas mixture contains syngas.

[0012] The tube bundle may include one or more tubes (for example, thousands of tubes)
and one or more longitudinally spaced transverse ring baffles. The tubes may include an inlet end
secured to the tubesheet, and an outlet end located adjacent to the shell side fluid inlet. During
operation, the mixed gas feed from the tube side head enters the tubes and passes through the tubes.
The tubes may contain catalyst-bearing monolithic structures for converting the gas feed mixture
to reformed gas. The catalytically reformed gas exits the tubes, where it is mixed with the hot
reformed gas that is provided via the shell side fluid inlet. The mixture of the hot reformed gas
and catalytically reformed gas from the tubes follows a longitudinal shell side flow and exits the
reforming exchanger via the shell side fluid outlet as the reforming exchanger product gas mixture.
More details about process conditions, catalysts, and other details of the general process can be
found in U.S. Pat. Nos. 5,011,625 5,122,299: 5,362,454; 6,855,272; 7,138,001; and 7,220,505,
which are fully incorporated by reference herein.

[0013] The tubesheet of the disclosed reforming exchanger may be configured to attach
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(typically via bolting) to the shell flange proximate to the discharge annulus. According to some
embodiments, the shell may include a shell flange, to which the tubesheet and the tube side head
can be attached. A seal (referred to herein as a “middle seal”) can be disposed between the
tubesheet and the shell flange (specifically, between the tubesheet and the internal refractory
lining(s) of the shell). The middle seal may be maintained under bolted pressure between the
tubesheet and the flange of the shell. Once the tubesheet is attached to the shell, the tube-side head
may be attached to the shell flange, typically by bolting a flange upon the head (referred to herein
as a “head flange”) to the shell flange of the shell. A seal (referred to herein as a “top seal”) can
be disposed between the refractory lining(s) of the head and the tubesheet. During operation, the
top seal and the middle seal may both be maintained under bolted pressure, which serves to
maintain sealing integrity and to prevent the escape of hot gases from the reforming reactor. The
disclosed configuration may be effective for reducing or eliminating potential hot reformer gas
leaks, which may create hot spots. The disclosed designs may reduce or eliminate the “hanging
tubesheet skirt” design of existing systems (see, e.g., U.S. Patent No. 7,635,456, which is hereby
incorporated by reference).

[0014] FIGS. 1-4 illustrate an example of a reforming exchanger 100 as disclosed herein.
FIG. 1 depicts cross-sectional side elevation of an embodiment of a reforming reactor. FIG. 2
depicts a cross-sectional view of the embodiment of a reforming reactor as shown in FIG. 1 as
seen along the lines 2-2 showing the discharge flow annulus. FIG. 3 depicts a cross-sectional view
of the embodiment of a reforming reactor as shown in FIG. 1 as seen along the lines 3-3 showing
a lattice support assembly. FIG. 4 shows a magnified view of the portion of the reforming reactor
indicated by the dashed square 4.

[0015] The illustrated reforming exchanger 100 may include a tube side fluid inlet 102, a
shell side fluid inlet 104, and a shell side fluid outlet 106 in an shell 108. The reforming exchanger
100 may include respective relatively high and low temperature ends 110 and 112. In an example,
the low temperature end can vary from approximately 400 °C to approximately 650 °C (752 °F and
1202 °F) and the high temperature end can vary from approximately 650 °C to approximately 1050
°C (1202 °F and 1922 °F). As used herein, the term “longitudinal” refers to the direction
corresponding to the length of the reforming exchanger 100 or generally parallel to the longitudinal
axis, whereas “transverse” means transverse with respect to the longitudinal axis unless otherwise

indicated.



WO 2025/049751 PCT/US2024/044442

[0016] The shell side fluid inlet 104 may be adjacent to the high temperature end 110 for
receiving a hot gas feed. The shell side fluid outlet 106 may be adjacent to the low temperature
end 112 for discharging cooled gas from the reforming exchanger 100. The tube side fluid inlet
102 may be adjacent to the low temperature end 112 for receiving a feed mixture of hydrocarbon
and steam. The tube side fluid inlet 102 may be fluidly isolated from the shell side fluid outlet 106
by tubesheet 114 from which tube bundle 116 may be supported. The tubesheet 114 may include
a tubesheet refractory material 115 disposed on the shell side portion of the tubesheet. The terms
“upper” and “lower” may be used for convenience to correspond to the directions toward the tube-
side inlet 102/shell-side outlet 106/low temperature end 112 and toward the shell-side inlet
104/high temperature end 110, respectively, although there is no requirement for such a vertical
orientation of the exchanger 100.

[0017] In examples, a flow sleeve 118 may be disposed about the tube bundle 116 adjacent
to the shell side fluid outlet 106. A discharge annulus 120 may be provided between an outer
surface of the imperforate flow sleeve 118 and an enlarged diameter region of the shell 108. The
flow sleeve 118 may have an open end spaced from the tubesheet 114, and may be sealed at an
opposite end adjacent to a base of the discharge annulus 120. The reforming exchanger may be
configured with a thermocouple well 121 configured to provide a temperature sensor for
monitoring the temperature of gases within the discharge annulus.

[0018] In operation, relatively cool reactant feed fluid (for example, fluid ranging from
about 480 to about 760 °C) may enter inlet 102. The reactant feed may flow downward through
tubesheet 114 and the tube bundle 116. The tube bundle 116 may include a plurality (in some
embodiments several hundred up to a thousand or more) of catalyst-filled tubes 122 in which the
reactants are catalytically reacted. Although the drawing shows only a few tubes 122 for clarity
fewer or more tubes 122 may be present. The reacted fluid may leave from the lower end of each
tube 122. A heating fluid (for example, effluent from a reformer, such as a fired tubular or non-
tubular reformer) may be introduced in shell side inlet 104, passed through perforations in a
distributor plate 123, and distributed to mix with the reacted fluid. The mixture of the reacted fluid
and heating fluid may be configured to tflow longitudinally through the tube bundle 116 for
generally true countercurrent heat transfer (the logarithmic mean temperature difference correction
factor may be essentially 1.0 within a 0.5-5% tolerance range) with the tubes 122. The mixture

may then exit the tube bundle 116 from the open end of the flow sleeve 118, through the discharge
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annulus 120, and may be discharged through the shell side fluid outlet 106 for further processing
in a conventional manner.

[0019] A tube-side inlet chamber 124 can be enclosed by a head 126 secured to the shell
108 by flange assembly 128, which may include a shell flange 402 and a head flange 403 (FIG. 4).
The tubesheet 114 may be configured to serve as a partition to isolate fluid in the chamber 124
from fluid in the shell 108. In examples, the reforming exchanger 100 can include a heat-resistant
refractory lining 130 affixed to the interior surfaces of the chamber 124 and shell 108. The
refractory lining can be composed of ceramic or cement-like materials. In examples, the refractory
lining may include one or more layers. In examples, ceramic and cement-like materials may
include any suitable known material. In examples, the ceramics or cement-like materials may
include one or more of alumina, silica, and/or iron. For example, the refractory lining 130 can
have a high density inner layer 130-1 exposed to the interior of the shell 108 and/or chamber 124,
and a backup or insulating layer 130-2 positioned between the inner layer and the respective inner
surface of the shell 108 and/or chamber 124. This refractory can be assembled using conventional
refractory anchors, cold seams, and mounting hardware generally used for this purpose in the art.
[0020] The operating temperatures for which the exchanger 100 may be designed can vary
from approximately 400 °C to approximately 650 °C (752 °F and 1202 °F) for the components in
the tube side chamber 124, and from approximately 650 °C to approximately 1050 °C (1202 °F and
1922 °F) for components in the shell 108. The exchanger 100 can generally withstand internal
pressures up to pressures from approximately 2.4 MPa to approximately 6.9 MPa (350-1000 psi).
These temperatures and pressures are only examples and are not limiting. A conventional
water/steam jacket 132 can be used to monitor for generation of greater-than-normal amounts of
steam which may indicate a potential “hot spot” or refractory failure.

[0021] The tube bundle 116 can made up of the tubes 122, one or more ring baffles 138
(also known as donut baffles, see FIG. 2), and one or more lattice support assemblies 140 (also
known as rod or grid baffles). Each individual tube 122 can be expanded and/or stud welded on
top of the tubesheet 114. The tubesheet 114 serves to support and position the tube bundle 116,
as well as lattice support assemblies 140, baftles, and the distributor plate 123, in conjunction with
a plurality of tie rods 125 which are threaded into the tubesheet 114 and extend to stabilize the
support assemblies 140 and ring baffles 138 against spacer tubes 125-1 and washers 125-2, as
shown in FIG. 2.
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[0022] As shown in FIG. 2, the ring baffles 138 can be in the form of an annular plate that
can be perforated to support the outermost tubes 122-1 of the individual tubes. The ring baffles
138 alternatively or additionally can have an inner contour to match a profile of outermost and/or
penultimately outermost ones 22-2 of the tubes. The baftles 138 can have an outside diameter
that, taking thermal expansion into account, matches an inside diameter of the refractory 130 (as
shown in FIG. 1) to facilitate insertion and removal of the modular tube bundle 116. For example,
at ambient temperatures the baffles 138 have sufficient clearance with the refractory 130 to allow
the tube bundle 116 to be moved or slid in or out of engagement with the refractory, but at operating
temperature the baffles 138 have an outside diameter that may be nearly equal to the inside
diameter of the refractory 130 to inhibit fluid bypass around the outside of the tube bundle 116.
The inner contour may define a circular or a generally circular flow window 142 for shell-side
fluid to flow longitudinally through the tubes 122 within the flow window 142. The baffles 138
can facilitate turbulence and mixing in the shell side fluid to promote a more even shell-side fluid
temperature and improve uniformity of heat transfer. As an example, 3 to 6 or more ring baffles
138 can be employed, but the number may be not critical and more or fewer can be used.

[0023] As shown in FIG. 1 and FIG. 3, the lattice support assemblies 140 can include first
parallel lattice supports 144, and second parallel lattice supports 146 that are transverse to the first
lateral supports 144. The lattice supports 144, 146 can be in the form of rectangular bars with a
thickness corresponding to a spacing between the tubes 122 and length to span between opposite
sides of a support ring 148. In the case of triangular pitch tubes 122, the first and second lattice
supports 144, 146 can be oriented with an angular offset about 30 degrees from perpendicular with
respect to each other (for example, with a large angle of about 120 degrees and a small angle of
about 60 degrees).

[0024] The support ring 148 can be welded or otherwise secured to the ends of the lattice
supports 144, 146. In one embodiment, the lattice supports 144, 146 are stacked longitudinally in
abutment and the length or height of the support ring 148 corresponds to the total height of the
lattice supports 144, 146. If desired, the support ring 148 and/or the lattice supports 146 (or
alternatively or additionally lattice supports 144) can be secured to one of the baftles 138 for
additional strength and to facilitate longitudinal positioning of the lattice support assembly 140 via

tie rods 125.
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[0025] The lattice support assembly 140 may serve to maintain spacing and pitch of the
tubes 122. In examples, the lattice support assembly 140 may facilitate abatement of any vibration.
In examples, the lattice support assembly 140 may promote turbulence and thermal mixing of the
shell-side fluid as it passes between and around the lattice supports 144, and 146. In examples,
this may facilitate a larger temperature differential at the surfaces of the tubes 122 and improve
the overall rate and uniformity of the heat transfer.

[0026] The support ring 148 can have an outside diameter matching the inside diameter of
the refractory 130 in the main part of the shell 108, taking any differential thermal expansion into
account, to facilitate insertion and removal of the tube bundle 116, for example, in the hot or
operating condition there can be a radial gap of about 3 mm (0.125 in.) between the support ring
148 and refractory 130. In examples, the support ring 148, in one or more of any lattice support
assemblies 140 that are adjacent the discharge annulus 120, may have an outside diameter
matching an inside diameter of the flow sleeve 118 for attachment thereto by welding or other
conventional means. The flow sleeve 118 and support ring 148 can be made of the same material
or, if different, materials with compatible thermal expansion coefficients. The flow sleeve 118
may be positioned on the tube bundle 116 so that the upper end may be evenly spaced from the
tubesheet 114 and/or its refractory lining so as to define a radial slot for generally uniform passage
of the shell-side fluid from the tube bundle 116 into the discharge annulus 120.

[0027] Referring again to FIG. 1, the flow sleeve 118 can be secured to an outwardly
extending base ring 150 adjacent to a lower end opposite the tubesheet 114. The base ring 150
can have a surface opposite the discharge annulus 120. The base ring 150 may be disposed on a
transverse annular sealing surface formed in an upper end of the refractory lining 130, for example,
within the dense layer 130-1, to form a sealing engagement with the base ring 150. A lower flow
seal 152 may be disposed between the base ring 150 and the annular sealing surface. In examples,
the lower flow seal 152 may be made from a material that is designed for compression, e.g. from
24 mm to 12 mm. In examples, the lower flow seal may be made of spot-welded 28 BWG Alloy
601 or HR-235 sheet metal backing filled with 24 mm SAFFIL® 95% alumina low density mat.
[0028] The flow sleeve 118 may be configured to direct shell-side fluid longitudinally over
the upper ends of the tubes 122. In examples, this may prevent short-circuiting of fluid to the

shell-side outlet 106 which may otherwise result in uneven heat transfer with the tubes 122. As
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such, a perfect fluid-tight seal may not be necessary. In examples, some limited fluid leakage at
the lower seal 152 can be tolerated.

[0029] As shown in FIGS. 1 and 4, the head 126 and tubesheet 114 may bolt to the shell
108. Referring to FIG. 4, the shell 108 may be configured with a welded steel anchor 416 that
may be configured to cover the refractory materials 130-1 and 130-2 of the shell 108. In examples,
the welded steel anchor 416 (also referred to herein as a “shell refractory latch”) may include a
steel protrusion welded to the interior surface of the shell. Likewise, the tubesheet 114 may be
configured with a steel latch assembly 420 (referred to herein also as a “tubesheet refractory
latch™). In examples, a steel latch assembly 420 may be configured to surround the circumference
of the tubesheet refractory 115.

[0030] In examples, during assembly of the reformer exchanger, a middle seal 405 may be
disposed upon the tubesheet refractory 115 and the shell refractory latch 416 of the shell. The
middle seal may include a heat resistant sealing material, such as thermal ceramic (e.g., a braided
rope or sheet). Examples of materials for the middle seal 405 may include aluminum oxide and/or
silicon dioxide. The tubesheet 114 and tubesheet refractory 115 can be disposed upon the middle
seal 405 and then the tubesheet and middle seal may be pressed and sealed into the welded steel
shell refractory latch 416 of the shell. Once so placed, the tubesheet 114 may be attached to the
shell flange 402 using one or more fasteners, for example, bolts 409 that extend through bolt holes
417 provided in the tubesheet 114 and secure it within stair-shaped bolt knots 415 within the shell
flange 402. This configuration for attaching the tubesheet 114 to the shell can maintain the middle
seal 405 under constant or substantially constant bolted pressure via the bolting of the tubesheet to
the shell flange 402.

[0031] Once the tubesheet 114 (and associated tube bundle 116, FIG. 1) is configured
within the shell 108 as described above, the head 126 can be attached to the shell using fasteners,
such as bolts. In examples, a top seal 406 and/or a gasket 419 may be disposed between the head
and the shell. In examples, the top seal 406 may include a heat resistant sealing material, such as
thermal ceramic (e.g., a braided robe or sheet). Examples of heat resistant sealing materials may
include aluminum oxide and/or silicon dioxide. In examples, the gasket 419 may be made of a
material such as graphite-covered metal. Example gaskets 419 include FLEXITALIC
KAMMPROFILE or FLEXPRO. The head may be equipped with a welded steel latch 418 (also

referred herein as a “head refractory latch™) that may be configured to cover the refractory
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materials 130-1 and 130-2 of the head. The head refractory latch may include a steel protrusion
welded to an interior surface of the head. During assembly, the top seal 406 may be laid upon the
tubesheet 114 and the gasket 419 may be laid upon the shell flange 402. Once the top seal and
gasket are positioned, the head 126 may be placed upon the shell (and top seal and gasket). In
examples, the head is equipped with a head flange (also referred to herein as channel flange) 403.
The head may be attached by bolting the head flange 403 to the shell flange 402 via stud bolts 408.
The head 126 may be placed upon the shell 108 such that the bolt holes 440-1 and 440-2 of the
head and shell flanges are aligned and the flanges may then be joined with fasteners, such as stud
bolts 408.

[0032] The disclosed reformer exchanger may provide a reliable and/or improved sealing
configuration. This may improve and/or ensure integrity of the sealing between the head 126 and
the shell 108. The top seal may provide a robust seal between the tubesheet 114 and the steel latch
418 of the head. The middle seal may provide a seal between the tubesheet refractory 115 and the
steel latch 416 of the shell. Both the top seal 406 and the middle seal 405 are maintained under
constant, or substantially constant, bolted pressure during operation. The top seal 406 may be
maintained under bolted pressure due to the bolting of the head to the shell via the bolts 408.
Likewise, the middle seal 405 may be maintained under bolted pressure via both the bolting of the
tubesheet to the shell via bolts 409 and the bolting of the head to the shell via the bolts 408. This
configuration may seal better and may be more impermeable to escape of hot gasses than sealing
configurations included in various other reformer exchanger designs.

[0033] Unless defined otherwise, all technical and scientific terms used herein have the
same meaning as is commonly understood by one of skill in the art to which the inventions belong.
All patents, patent applications, published applications and publications, websites and other
published materials referred to throughout the entire disclosure herein, unless noted otherwise, are
incorporated by reference in their entirety. Where there is a plurality of definitions for terms herein,
those in this section prevail. Where reference is made to a URL or other such identifier or address,
it is understood that such identifiers can change and information on the internet can come and go,
but equivalent information can be found by searching the internet. Reference thereto evidences
the availability and public dissemination of such information.

[0034] As used herein, the singular forms “a”, “an” and “the” include plural referents unless

the context clearly dictates otherwise.
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[0035] The terms first, second, third, etc. as used herein can describe various elements,
components, regions, layers and/or sections, these elements, components, regions, layers and/or
sections should not be limited by these terms. These terms may be only used to distinguish one
element, component, region, layer or section from another region, layer, or section. Terms such
as “first”, “second”, and other numerical terms when used herein do not imply a sequence or order
unless clearly indicated by the context. Thus, a first element, component, region, layer, or section
discussed below could be termed a second element, component, region, layer, or section without
departing from the teachings of the example embodiments.

[0036] As used herein, ranges and quantities can be expressed as “about” a particular value
or range. “About” also includes the exact amount. Hence “about 5 percent” means about 5 percent
in addition to 5 percent. The term “about” means within typical experimental error for the
application or purpose intended.

[0037] As used herein, “and/or” includes any and all combinations of one or more of the
associated listed items.

[0038] Asused herein, a “combination” refers to any association between two items or among
more than two items. The association can be spatial or refer to the use of the two or more items for
a common purpose.

[0039] As used herein, “comprising” and “comprises” are to be interpreted to mean “including
but not limited to” and “includes but not limited to”, respectively.

[0040] As used herein, “optional” or “optionally” means that the subsequently described
event or circumstance does or does not occur, and that the description includes instances where
the event or circumstance occurs and instances where it does not. For example, an optional
component in a system means that the component may be present or may not be present in the
system.

[0041] As used herein, “substantially” means “being largely but not wholly that which is
specified.”

[0042] Although particular embodiments of the present invention have been shown and described,
it should be understood that the above discussion may be not intended to limit the present invention
to these embodiments. It will be obvious to those skilled in the art that various changes and

modifications may be made without departing from the spirit and scope of the present invention.
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Thus, the present invention may be intended to cover alternatives, modifications, and equivalents

that may fall within the spirit and scope of the present invention as defined by the claims.
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WHAT IS CLAIMED IS:

L. A reforming exchanger reactor comprising:
a shell comprising a shell side fluid inlet configured to receive hot reformed gas;
a head comprising a tube side fluid inlet configured to receive a mixed gas feed;
a tube bundle comprising a plurality of tubes, wherein each of the tubes comprises:
an inlet end secured to a tubesheet configured to receive the mixed gas feed from
the head; and
an outlet end adjacent to the shell side fluid inlet and configured to discharge
catalytically reformed gas into the hot reformed gas to form a gas mixture;
and
a shell side fluid outlet fluidly isolated from the tube side fluid inlet by the tube sheet and
configured for discharging the gas mixture,

wherein the tube sheet is bolted to the shell, thereby disposing the tubes within the shell.

2. The reforming exchanger reactor of claim 1, the tubesheet is bolted directly to an interior
of the shell.
3. The reforming exchanger reactor of claim 1, wherein:

the head comprises a head flange,

the shell comprises a shell flange, and

wherein the head flange is configured to bolt to the shell flange, thereby securing the head
to the shell.

4. The reforming exchanger reactor of claim 3, wherein the shell comprises a shell refractory
lining affixed to an interior surface of the shell and comprising one or more layers of refractory

materials.

5. The reforming exchanger reactor of claim 4, further comprising a first seal configured

between a portion of the shell flange and a portion of the tubesheet.

14



WO 2025/049751 PCT/US2024/044442

6. The reforming exchanger reactor of claim 5, wherein the tubesheet comprises a tubesheet
refractory lining configured on a shell side surface of the tubesheet, and wherein the first seal is

configured between the tubesheet refractory lining and the shell refractory lining.

7. The reforming exchanger reactor of claim 5, wherein the tubesheet comprises a tubesheet
refractory lining configured on a shell side surface of the tubesheet, wherein the shell comprises a
shell refractory latch affixed to an interior surface of the shell flange, and wherein the first seal is

configured between the tubesheet refractory lining and the shell latch.

8. The reforming exchanger reactor of claim 5, wherein the first seal is maintained between

the tubesheet and the shell flange under bolted pressure by the bolting of the tubesheet to the shell.

9. The reforming exchanger reactor of claim 4, wherein the head comprises a head refractory
lining affixed to an interior surface of the head and comprising one or more layers of refractory

materials.

10. The reforming exchanger reactor of claim 9, further comprising a second seal configured

between a portion of the head and the tubesheet.

11.  The reforming exchanger reactor of claim 10, wherein the second seal is configured

between the head refractory lining and the tubesheet.

12.  Thereforming exchanger reactor of claim 10, wherein the head comprises a head refractory
latch affixed to an interior surface of the head, and wherein the second seal is configured between

the head refractory latch and the tubesheet.
13. The reforming exchanger reactor of claim 10, wherein the second seal is maintained

between the tubesheet and the head under bolted pressure by the bolting of the head flange to the
shell flange.
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14. A method of assembling a reforming exchanger reactor, wherein the reforming exchanger
reactor comprises a shell configured to receive hot reformed gas, a head comprising a tube side
fluid inlet configured to receive a mixed gas feed, and a tube bundle comprising a tubesheet and
plurality of tubes, the method comprising:

disposing a first seal upon a first portion of the shell;

bolting the tubesheet to the shell so that the plurality of tubes are within the shell and the

first seal is secured between the tubesheet and the first portion of the shell;
disposing a second seal on a top portion of the tubesheet; and
bolting the head to the shell so that the second seal is secured between a portion of the head

and the tubesheet.

15. The method of claim 14, wherein the first portion of the shell comprises a shell refractory

latch affixed to an interior surface of the shell.

16.  The method of claim 15, wherein the tubesheet comprises a tubesheet refractory lining
configured on a shell side surface of the tubesheet, and wherein the first seal is secured between

the tubesheet refractory lining and the shell refractory latch.

17. The method of claim 14, wherein the shell comprises a shell flange and the head comprises
a head flange, and wherein bolting the head to the shell comprises bolting the shell flange to the

head flange.
18. The method of claim 14, wherein the head comprises a head refractory latch affixed to an

interior surface of the head and wherein the second seal is secured between the head refractory

latch and a top surface of the tubesheet.
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Box No. III Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

This application contains the following inventions or groups of inventions which are not so linked as to form a
single general inventive concept under PCT Rule 13.1.

Group I: Claims 1-13 directed to a reforming exchanger reactor comprising: a shell comprising a shell side fluid
inlet configured to receive hot reformed gas; a head comprising a tube side fluid inlet configured to receive a
mixed gas feed; a tube bundle comprising a plurality of tubes, wherein each of the tubes comprises: an inlet end
secured to a tubesheet configured to receive the mixed gas feed from the head; and an outlet end adjacent to the
shell side fluid inlet and configured to discharge catalytically reformed gas into the hot reformed gas to form

a gas mixture; and a shell side fluid outlet fluidly isolated from the tube side fluid inlet by the tube sheet and
configured for discharging the gas mixture, wherein the tube sheet is bolted to the shell, thereby disposing the
tubes within the shell.

Group II: Claims 14-18 directed to a method of assembling a reforming exchanger reactor, wherein the
reforming exchanger reactor comprises a shell configured to receive hot reformed gas, a head comprising a tube
side fluid inlet configured to receive a mixed gas feed, and a tube bundle comprising a tubesheet and plurality of
tubes, the method comprising: disposing a first seal upon a first portion of the shell; bolting the tubesheet to the
shell so that the plurality of tubes are within the shell and the first seal is secured between the tubesheet and the
first portion of the shell; disposing a second seal on a top portion of the tubesheet; and bolting the head to the
shell so that the second seal is secured between a portion of the head and the tubesheet.

The inventions listed as Groups I-II do not relate to a single general inventive concept under PCT Rule 13.1
because, under PCT Rule 13.2, they lack the same or corresponding special technical features for the following
reasons:

Special Technical Features:

Group I requires a reforming exchanger reactor comprising: a shell side fluid outlet fluidly isolated from the
tube side fluid inlet by the tube sheet and configured for discharging the gas mixture, not specifically required
by Group II.

Group II requires a method of assembling a reforming exchanger reactor, the method comprising: disposing

a first seal upon a first portion of the shell; bolting the tubesheet to the shell so that the plurality of tubes are
within the shell and the first seal is secured between the tubesheet and the first portion of the shell; disposing a
second seal on a top portion of the tubesheet; and bolting the head to the shell so that the second seal is secured
between a portion of the head and the tubesheet, not specifically required by Group L.

Common Technical Features:

Groups I and II share the technical feature of a reforming exchanger reactor comprising: a shell configured to
receive hot reformed gas; a head comprising a tube side fluid inlet configured to receive a mixed gas feed; a
tube bundle comprising a plurality of tubes.

However, these shared technical features do not represent a contribution over prior art, because the shared
technical feature is being anticipated by US 8,168,131 B2 to Burlingame et al. (hereinafter ‘Burlingame’).
Burlingame discloses a reforming exchanger reactor (Abstract - ‘... A syngas reforming reactor has a shell-
and-tube configuration wherein the shell-side fluid flow path through the tube bundle has a longitudinal
configuration...”; col 2 In 42-44 - ... An embodiment of a reforming exchanger design uses a shell-side flow
arrangement that provides a longitudinal countercurrent flow through the tube bundle...”) comprising: a shell
configured to receive hot reformed gas (col 2 In 55-60 - ‘...In an embodiment, a syngas reforming exchanger

is provided in the form of a vessel with an elongated shell having relatively high and low temperature ends. A
shell side fluid inlet is adjacent to the high temperature end of the reforming exchanger. The shell side fluid
inlet allows a hot gas feed to enter the reforming exchanger...”; col 4 In 29-32 - .. The exampled reforming
exchanger 100 in the noted figures has a tube side fluid inlet 102, a shell side fluid inlet 104, and a shell side
fluid outlet 106 in an elongated shell 108...°; claim 1, col 10 In 19-20 - *...a shell side fluid inlet adjacent the
high temperature end for receiving a hot gas feed...”; see Fig. 1); a head comprising a tube side fluid inlet
configured to receive a mixed gas feed (col 4 In 29-32 - ... The exampled reforming exchanger 100 in the
noted figures has a tube side fluid inlet 102, a shell side fluid inlet 104, and a shell side fluid outlet 106 in an
elongated shell 108...; col 5 In 15-18 - “...A tube-side inlet chamber 124 can be enclosed by a head 126 secured
to shell 108 by flange assembly 128. The tube sheet 114 serves as a partition to isolate fluid in the chamber 124
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Box No. III Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

from fluid in the shell 108...7; claim 1, col 10 In 21-22 - *...a tube side fluid inlet adjacent the low temperature
end for receiving a reactant feed gas...’; see Fig. 1); a tube bundle comprising a plurality of tubes (col 3 In 1-8
- ‘...A tube bundle can include one or more tubes, one or more longitudinally-spaced transverse ring baffles,
and one or more longitudinally-spaced tube guides. The tubes have an inlet end secured to the tube sheet, and
an outlet end located adjacent to the shell side fluid inlet. The gas mixture follows a longitudinal shell-side
flow path through the tube bundle. A heat resistant refractory lining can be affixed to an interior surface of
the shell about the tube bundle...”; col 4 In 65-col 5 In 2 - *...The tube bundle 116 includes a plurality (in some
embodiments several hundred up to a thousand or more) of catalyst-filled tubes 122 in which the reactants are
catalytically reacted. The reacted fluid leaves the lower end of each tube 122...°; claim 1, col 10 In 26-30 - “..a
tube bundle comprising a plurality of tubes, wherein the tubes have an inlet end secured to the tube sheet for
receiving the feed mixture and an outlet end adjacent the shell side fluid inlet for discharging product gas into
the hot gas feed to form a gas mixture...’; see Fig. 1).

As the shared technical features were known in the art at the time of the invention, they cannot be considered
common technical features that would otherwise unify the groups. Therefore, Groups I-1I lack unity under PCT
Rule 13.

1. As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment
of additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. D No required additional search fees were timely paid by the applicant. Consequently, this international search report is restricted
to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest fee
was not paid within the time limit specified in the invitation.

No protest accompanied the payment of additional search fees.
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