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GAS TO GAS HEAT EXCHANGER
CROSS-REFERENCE TO RELATED PATENT APPLICATIONS
[0001] This application claims priority to provisional Untted States Patent Application
Serial No. 6173538 341, filed on June 24, 2010, entitled “Gas To Gas Exchanger For HiPco
Reactor,” which provisional patent application is commonly assigned to the assignee of the
present invention and is hereby incorporated herein by reference in its entirety for all
PUrposes.
FIELD OF THE INVENTHON
{0002} The present invention relates 10 a gas (o gas heat exchanger, such as for a gas to gas
heat exchanger for a HiPco system. The present invention further relates to an improved
system and process by which gas from the heat exchanger and the gaseouns catalvst carrier
stream can be introduced info the HiPco core reactor.
BACKGROUND OF THE INVENTION

JO003] U8, Patent No. 6,761,870, entitled “Gas-Phase Nucleation And Growth of Single-
Wall Carbon Nanotubes From High Pressare CO7 issued to Smalley ef of. | July 13, 2004 (the
“Smedley 870 Patend™), discloses a process of supplying high presswre {e.g., 30 atmospheres)
CO that has been preheated (e g, to about 1000°C) and a catalvst precarsor gas {eg.,
Fe(CO)s) in CO that is kept below the catalyst precursor decomposition temperature to &
mixing zoue. In this mixing zone, the catalyst precursor was rapidly heated fo a tenperatare
that results m (1) precursor decomposition, (2) formation of active catalyst metal atom
clusters of the appropriate size, and (3) favorable growth of single wall carbon nanotubes
{"SWNT3") on the catalvst clusters. Generally, a catalyst cluster nucleation agency was
employed to enable rapid reaction of the catalyst precursor gas to form many small, active

catalyst particles instead of a fow large, inactive ones. Such nucleation agencies could
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inchude awxtltary metal precursors that cluster more rapidly than the primary catalyst, or
through provision of addiional energy inputs {e.g.. from a pulsed or CW laser) directed
precisely at the region where cluster formation 15 desired. Under these conditions, SWNTs
nucleated and grew according to the Boudouard reaction. The SWNTs thus formed could be
recoverad directly or passed through a growth and annealing zone maintained at an elevated
temperature {e.g., 1000 *C) in which tubes mayv continue to grow and coalesce mto ropes.
Such process is referred to as the “HiPco process™ and the core reactor that such a HiPco
process takes place can be referred to as a HiPco core reactor,

{0004] The HiPco process is also described in Brontkowsky, ef af, “Gas-phase production
of carbon single-walled nanotobes from carbon monoxide via the HiPco process: A
parametric stady,” J. Fac. 8ci. Fechnol A, vol. 19, No. 4, 1800-1805 (2001).

j0005] FIGURE 1 is a schematic representation of a form of the HiPco process. As shown
in FIGURE 1, one embodiment of the HiPco process involved the supply of high pressure
CO from a suitable source shown as CO supply vessel 101 After optional cleanmup
filtration vnit 102, the high pressure €O was divided into undiluted stream 163 and catalyst
carrier stream 104, An additional stream 119 could also be provided, Catalyst precursor was
supplied via stream 163 from a suitable source, shown as catalyst supply vessel 1806, A
catalyst-containing CO siream 107 was then formed by combining streams 164 and 105
[0006] The gas phase process of the present inveation operates at high (le,
superatmospheric) pressure. Since the gaseous reactants are predominantly CO, the reaction
pressure parameters can be best discussed in terms of the partial pressure of CO, Le, Peo. In
general, it is preferred to employ Peo in the range of from about 3 to about 1000 atmospheres
{such as 30 atmospheres). Likewise, the catalyst precursor teed concentration 1s expressed in

terms of its partial pressure, Py, and 1s typically in the range between about 250 mTorr and
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FOO Torr. As taught v Smadley ‘870 Patent, higher Py, values were often emploved as Peo
was increased.

j0007]  Catalyst-containing stream 187 and undiluted Cp stream 163 were forwarded 1o a
mixing zone 108, Sweam 103 was generally preheated before or in combination with s
mtroduction into the mixing zone. Such preheating of the undituted CO stream 103 could be
performed using beal exchanger 128 {including the prior designed heat exchangers
previously utilized for HiPco processes). Any other suitable means that can be normally
emploved to preheat gas streams could aliernatively be emploved.  Generally, the heat
exchanger would heat the undiluted stream at to or above about 600°C.

{0008}  As discussed below, the preheated undiluted CO stream 103 is further heated within
core reactor 110 to a temperature sufficient to result in a reaction mixture, after combining
with catalyst precursor/CO stream 107, which was rapidly and oniformly heated to a
temperature that favored near simultaneous catalyst cluster formation and single wall carbon
nanotube growth vig the Boudouard reaction. This reaction tempergture generally was in the
range of about 830°C to about 12530°C. Accordingly, CO) strearn 103 generally would be
further heated in the core reactor 118 to the range of from about 830°C to about 1500°C.
{0009]  Stream 107 would generally be kept below the decomposition temperature of the
catalyst precursor, This conld be sccomplished, if necessary, by using known cooling
methods such as air or water cooling. Generally, the catalyst/CO stream 197 was kept at a
temperature below 200°C, and typically was maintained at a temperature in the range of from
about 70°C to 200°C. I the temperature exceeded the catalyst decomposition temperature,
clusters can form too early m the process and become inactivated before they can participate
in the single wall carbon nanotube growth process. The temperatore range would vary

depending on the precise catalyst or catalyst mixture employed.
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{0018  Streams 103 and 107 were then combined in mixing zove 108 of core reactor 110
{also veterred to as the reactor) where nucleation and growth of single wall carbon nanotubes
took place. The mixing zone 108 was configured to provide rapid mixing of preheated CO
stream with catalyst precursor comtamning stream 107, As this mixing took place, the catalyst
precursor stream was rapidly heated to a temperatare in the range of from abowt 900-1000°C
m some processes. Extremely short mixing tmes were desived and can be referred to as
nearly sumultancous. These mixing tumes were generally below about 1 msec and typically on
the order of 1 to 100 usec. The object of this fast mixing was the fast and uniform heating of
the catabyst precursor. Accordingly, turbulent nuxing conditions were preferred since heat
transfer was promoted thereby. As a result of these rapid mixing conditions, the volume of
the mixing zone would not be large. Typically, complete mixing'heating was accomplished in
a volume on the order of 1 om or less. Flow rates to the mixing zone could be controlled for a
given mixing zone configuration to provide the requisite turbulence and were typreally
subsonic although supersonic mixing could be emploved.

{0011]  The nuxture of single wall carbon nanotubes freely suspended i gas leaving the
mxing zone entered growth and annealing zone 109, This zone was generally kept at an
elevated temperature by enclosing it in a core reactor 118 (also referred to as a “reactor” or
“oven”), contaming heating elemenis 111 of any swiable kind. Core reactor 110 was
generally maintained at a temperatwre of from about 830°C to 125060 and typically was
maintained at a temperatuare of about 1000°C. Core reactor 118 was generally sopplied with a
pressure equalizing gas, eg, Np from supply vessel 1120 The pressure of the pressure
equalizing pas generally was kept lower than the pressure of the CO process pas to ensure a

majority (O gas balance in the process.
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{0012} In the growth and annealing zone, additional growth of previously formed single
wall carbon nanotobes could take place, as may the formation of new tubes. In this zone, the
formed tubes could also aggregate and remain bousndd to one another by van der Waals forces
to form vopes {i.¢., up to about 107 or more tubes in generally parallel alignment).

013 After leaving growth and annealing zones, the mixture of gas (primarily wnreacted
CO and CO;) containing suspended single wall carbon nanotube products {mostly ropes) was
forwarded to a produoct recovery zone 112 In the product recovery zone, the sohid product
113 was removed from the gas stream by any suitable means gnd the separated gas stream
114 could be recycled. Product separation could be accomplished by any known gasfsolids
separation means ncluding fitration or the hike. To facilitate continuous operation, an
endless belt or dram-type filier carrier could be emploved m a known manuer.

[0014] Recvele gas stream 134 could be forwarded to supply vessel 181, Generally,
tntermediate steps coudd inchide CO» removal at 115 and storage in low-pressure supply
vessel 116, The low presswre CO could be recompressed with any suttable means shown at
117 and then forwarded 1o high-pressure storage vessel 101

{0015]  The prior heat exchangers utilized 1n the HiPco systems had a safety ratio of less
than 0.6, and also encountered stress that required counstant wnspection, replacement, and
repair of the heat exchangers. Moreover, the ime to make the replacements and repair of the
heat exchanger caused significant downtume resulting m less production of the single-wall
carbon nanotubes by the HiPco systems, Accordingly, there is a need for an improved gas to
gas heat exchanger for use in high pressure, high temperature gas (particularly caustic gases
like CO) that are more efficient, are safer {increased safety factor), have longer intervals

between reparr andfor replacement (increased duty cycle), have increased quabty of the
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throughput {betier matenial property conirol), have improved material handling and
packaging properties, and are economical (less expensive).
j0016] Furthermore, as noted above, it is desired that mixing zone 108 of core reactor 110
18 configured to provide rapwd maxing of prebested CO streamy with catalyst precursor
contaming stream 107, FIGURE 2 is a schematic of the core reactor 110 shown in FIGURE
1. Core reactor 118 could be a cylindrical aluminum pressure vessel containing electrical
resistance heating element 111 (such as a resistive pyrolytic rod) swrounded by insulating
material (not shown) in the central portion. Other materials and heating methods could be
employed as was known in the art. Heating eloment 111 and other materials and heating
methods emploved within the core reactor 118 are used to heat the preheated undituted CO
feedstream 103 {such as from the heat exchanger 128} to the desired temperature {1e., m the
range of from about 830°C to about 1500°C). Suspended in axial orientation n core reactor
110 was a reactor tube 201, This reactor tube 201 generally included both the mixing zone
108 and growth and annealing zone 10%. Tube 261 was generally quartz. Undiluted CO feed
streary 103 1 this embodiment entered the core reactor 110 near the exit and was passed
countercurrently through condait 202 at the periphery of the growth and annealing zone 109
to supply CQ to the mixing zone 168, shown in more detail m FIGURE 3. This conduit 202
was typically a copper coil of spirally wound tubing, This configuration employed the heat in
the gquartz tabe (from the mixing zone 108 and growth annealing zone 199) to preheat the CO
gas stream fed to mixing zone 108,

[0017] FIGURE 3 15 a schematic of a magmified portion of the mixing zone 188 of core
reactor 110 showing m FIGURE 2. As shown in FIGURE 3, a portion of the reactor tube
281 is shown in the vicinity of mixing zone 108, The catalyst precursor/CO stream 103

entered via stainless steel tube 301, which was water-cooled by jacket 302. Tube 381, which
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was typreally quartz, delivered the catalyst precursor/CO feed muxture directly into mixing
area 304. The countercurrent undiluted CO flow m tube 202 was connected to manifold 305,
through which nozzle 303 also protruded. Manifold 308 was typically stainless steel,
graphite, or the hike. In manifold 305, the CO stream was redirected tangentially to the axial
flow from nozzle 303 and supplied 1o mxing area 304 through a phavality of radially disposed
tangentially directed injectors 306,

{0018]  In view of the method by which the single wall carbon nanotubes are produced in
the HiPco process, there is a need for an improved injection of the gas streams into the HiPco
core reactor,

SUMMARY OF THE INVENTION

{0019}  In general, in one aspect, the invention features a heat exchanger that includes a first
heat exchanger tube, a second heat exchanger tube, a pressure vessel wbe, insulating
material, and pressurizing flow tubes. The first heat exchanger tube is positioned coaxially
witlin the second beat exchanger tube.  The second heat exchanger tube is positioned
coaxially within the pressure vessel tube. The first heat exchanger wbe and the second
exchanger are positioned to allow heat 10 be exchanged therebetween. An annular space is
formed between the pressure vessel tube and the second heat exchanger tube. The first heat
exchanger tube 15 not fixed 1o the second heat exchanger tube and the pressure vessel tube
such that the first heat exchanger tube is operable for moving with respect to the second beat
exchanger tube and the pressore vessel tube when exposed to a first floid having a thermal
gradient. The second heat exchanger tube 13 not fixed to the first beat exchanger tube and the
pressure vessel tube such that the second heat exchanger tube is operable for moving with
respect 1o the first heat exchanger tube and the pressure vessel tibe when exposed to a second

fluid baving a thermal gradient. The nsulating material s positioned between the second
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heat exchanger tube and the pressure vessel twbe, The pressurizing flow tubey are operatively
connected to the annolar space. The pressurizing flow tubes are operable for flowing a
pressurizing gas in the annular space to provide (g low relative pressure m the first
exchanger tube, (i} low relative pressure n the second exchanger tube, and {in) high relative
pressure in the pressure vessel tube.

{0020]  Implementations of the mventions can include one or more of the following features:
{0021} The heat exchanger can be operable for flowing the first fhad at high absolate
pressure and high temperature through the first heat exchanger tube while maintamning the
low relative pressure n the first heat exchanger tube, The heat exchanger can further be
operable for flowing the second tluid at high absolute pressure and high temperature through
the second heat exchanger fube while maintaining the low relative pressure m the second heat
exchanger tube. The heat exchanger can further be operable for maintaimng the high relative
pressure and low temperature of the pressure vessel tube while flowing the first fluid at lngh
absolute pressure and high temperamre throngh the first heat exchanger twbe and while
flowing the second fwid at high absolnte pressure and high temperature through the second
heat exchanger tube.

j0022] The pressure vessel tube can be at least a portion of the outside casing of the heat
exchanger,

j0023]  The heat exchanger can further include an output presswre tube. The output pressure
tube can be positioned coaxially arpund at least a portion of the second heat exchanger tube.
The first heat exchanger tube can be not fixed to the ontput pressure tube such that the first
heat exchanger tube 13 operable for moving with respect to the output pressure tube when
exposed to a first fluid having a thermal gradient. The second beat exchanger tube can be not

fixed to the ouvtpot pressure tube such that the second heat exchanger tobe is operable for
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moving with respect to the output pressure tube when exposed to a first fhud having a
thermal gradient.

j0024] The output pressure tube can be secured to one end of the pressure vessel tube. The
output pressure tube can be operable to maintain a high absolute pressure for ai least a
portion of the heat exchanger.

{0025)  The first finid can be a first gas. The second fluid can be a second gas. The first gas
and the second gas can be the same type of gas or a different type of gas.

{0026] The first heat exchanger material can include a first material. The second heat
exchanger materials can wclude a second material. The first material can be different than
the second material.

{0277 At room temperature and pressuve, the first material can have a thermal expansion
coefficient that is at least about 25% different than the thermal expansion coefficient of the
second material. At room temperature and pressure, the thermal expansion coefficient of the
first material and the thermal expansion coefficient of the second material can be at least
about 50% different.

[0028] At room temperature and pressure, the first waterial can be more thermally
conductive than the second material. At room temperatwre and pressure, the ratio of thermal
conductivity between the first material and the second material can be at {gast about 15:1.
[0029]  The first flud can be a first gas. The first heat exchanger tbe can include a metal
operable for Howing the tirst gas at high temperature.

[0036] The first gas can inchude CO.

{0031}  The first fluid can be caustic.

{0032 The first heat exchanger tube can mclude copper.
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0033 The second fluid can be a second gas, The second heat exchanger tube can include a
metal operable for flowing the second gas at high temperature.

j0034] The second gas can include CO.

{0035]  The second fluid can be caunstic.

{0036  The second heat exchanger tube can include Granium.

{0037 The high temperature can be at least abouat 400°C. The high temperature can be at
least S00°C. The high temperature can be at least about 6007C.

j0038] The low temperature can be at most gsbout 200°C. The low temperature can be at
most about 100°C,

{0039 The pressure vessel tube can include a material that is operable to withstand a high
relative presswre at low temperature conditions.

[0040] The pressure vessel twbe can include stainless steel.

j0041] The output pressure tube can include a material that is operable to withstand a high
relative pressure at low temperature conditions.

{0421 The output pressore tube can include stamless steel.

{0043]  The tugh absolute pressure can be at least about 3 atmospheres. The high relative
pressure can be at least about 3 stmospheres.

0044} The high absolute pressure can be at least about 30 atmospheres. The high relative
pressure can be at least about 30 atmospheres.

j[0043]  The low absolute pressure can be at most about 1.5 atmospheres. The low relative
pressure can be at most about 1.5 atmospheres.

[0046] The low absolute pressure can be at most about 1.2 atmospheres. The low relative

pressure can be at most about 1.2 atmospheres.
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{047 The meulating material can be opemable for wsalatng heat from the second
exchanger tube from the pressure vessel tube.

j0048] The insulating material can be a high remperature fibrous insulating material.

{00491 The high temperature fibrous insulating materials can be packed in a quartz tube.
{0056] The beat exchanger can be operable for flowing a pressurizing gas in the annular
space to carry away first fluid leaked from the first heat exchanger tube and second flwd
leaked from the second heat exchanger tube.

0831} The heat exchanger can be operable for flowing the pressurizing gas through the
msulating material,

{00527 The heat exchanger can have a safety factor of at least about 2.

[0053]  In general, n another aspect, the mvention features a method that mcludes flowing a
first thud through a heat first heat exchanger tube of a heat exchanger. The first flnd s ata
high absolute pressure and high temperature. A low relative pressure 18 maintained in the
first heat exchanger tube. The wethod further wcludes Howing a second fluid through a
second heat exchanger tube of the heat exchanger. The second fluid s at a high absolute
pressure and high temperature. A low relative pressure is mamntained in the second heat
exchanger tube. The first heat exchanger tube 13 positioned coaxially within the second heat
exchanger tube. Heat is exchanged between the first Had flowing through the first
exchanger tube and the second fluid while flowing through the second exchanger tube. The
method further inclodes mamtaiing a high absolute pressure within the beat exchanger. The
first heat exchanger tube is positioned coaxially within the pressure vessel tube. The pressure
vessel tube is maintained at the high absolote pressure and at a low temperature during the
flowing of the first fluid and the flowing of the second fluid. The first heat exchanger wbe

moves with respect to the second heat exchanger and the pressure vessel wube due to thermal
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gradients within the heat exchanger and becanse the first heat exchanger tube is not fixed w
the second heat exchanger tube and the pressure vessel tube. The second heat exchanger tube
moves with respect to the first heat exchanger and the pressure vessel tube due to thernal
gradients withm the heat exchanger and because the second heat exchanger tube 5 not fixed
to the first heat exchanger tube and the pressure vessel tubs.

{0054]  Implementations of the above inventions can include one or more of the following
features:

[00585]  The heat exchanger can be used in a HiPco process.

[0056] The method can further include flowing the second fluid from the heat exchanger to
a HiPco reactor. The second fluid can be g CO process gas.

{00577 The method can further mclude flowing the first fluid from the HiPco reactor to the
heat exchanger. The first fluid can be the output product gas stream from the HiPeo reactor.
{0058] The high temperature can be at least about 400°C. The high temperature can be
about 3007C. The high temperature can be aboot 600°C.

JO0S9]  The low temperature can be at most about 200°C. The low temperature can be at
most about 100°C,

[0060] The high absolute pressure can be af least about 3 atmospheres. The high relative
pressure can be least about 3 atmospheres.

j0061] The high absolute pressure can be at least about 30 atmospheres. The high relative
pressure can be least about 30 atmospheres.

[0062] The low absolute pressure can be at most about 1.3 atmospheres. The low relative
pressure can be at most about 1.5 atmospheres.

{00637 The low absolute pressure can be at most about 1.2 atmospheres. The low relative

pressure can be at most about 1.2 atmospheres.
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[0064]  An annolar space can be positioned between the second heat exchanger tube and the
pressure vessel tube. The method can further include flowing a pressurizing gas in the annaal
space to carry away first fluid leaked from the first heat exchanger tube and second fluid
leaked from the second heat exchanger tube,

[0065]  An annular space can be posttioned between the second heat exchanger tube and the
pressure vessel tnbe. The method can further include flowing a pressurizing gas to provide
space the low relative pressure i the first exchanger tube and the low relative pressure o the
second exchanger tube.

[0066] Insulating material can be positioned within the annular space,

[0867] The flowmng of the pressurizing gas i the annular space comprises flowing the
pressurizing gas through the insulating material.

[0068] Any of the heat exchangers {or combinations thereof) described above can be used
in the methods described above.

{00691 1o general, i another aspect, the invention features a core reactor for vse in a HiPco
process. The core reactor mcludes a process gas conduit operable for flowing CO process
gas into the core reactor and 1o a reaction zone injector in a mxing zone i the core reactor.
The core reactor further includes a catalyst conduit for fowing catalyst into the core reactor
and to the reaction zone mnjector. The catalyst conduit is operable for flowing hot catalyvst,
cold catalyst, or both. The core reactor further includes the reaction zone injector positioned
in the mixing zone. The reaction zone injector 18 operable for controlling injection of the
catalyst into CO process gas in the miving zone. The reaction zone injector has multiple
reaction zones. The core reactor further meludes a product condust for flowing product made

during the HiPco process from the CO process gas and catalyst from the core reactor.
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{0070} Imiplementations of the above inventions can include one or more of the following
featares:

[0071] The zone injector can be operable for controlling injection of the catalyst by
premixing the catalysts with other nucleating agents, pulsing catalyst injections, controlling
the temperature of the catalyst, injecting the catalyst at multiple mjection sites within the
mixing area, controfling the amount of catalyst tigected at the multiple sites, controlling the
amount of other nucleating agents at multiple sites, controlling the temperature of the catalyst
at the multiple mjection sites, and combinations thereof.

{00721 The reaction zone tjector can have seven reaciion zongs.

[0873] The process gas conduit can be operable for flowing the CO process gas throngh a
heating zone before flowing the CO process gas to the reaction zone. The heating element
can be positioned in the heating zone

{0074] The heating element can be a resistive heater rod. The resistive heater rod can be
operable for heating the CO process stream.

{0075 In general, in another aspect, the mvention features a method that includes flowing
CO process gas into a HiPco core reactor to a reaction zone fnjector positioned within a
HiPco core reactor. The method further mcludes flowing catalyst to the reaction zone
mjector. The method further includes using the reaction zone injector to controllably inject
catalyst at multiple sites within the mixing zone to react with the CO process gas in the
nuxing zone. The method forther includes Howing product made during the HiPeo process

from the CO process gas and catalyst from the core reactor.

o

{8076} Implementations of the above inventions can include one or more of the following
featnres:
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{0077 The step of using the reaction zone injecior to controllably inject catalyst into the
mixing zone can be premixing the catalysts with other nocleating agents, pulsing catalyst
injections, controlling the temperatnre of the catalyst, injecting the catalvst at multiple
mjection sites within the mixing area, controfling the amount of catglyst sgected at the
multiple sites, controlling the ameount of other nucleating agents at multiple sites, controlling
the temperature of the catalyst at the maliiple injection sites, and combinations thereof.

{0078 The reaction zone wjector can have multiple reaction zones.

{0079] The reaction zone injector can have seven reaction zones.

{0086} The HiPco core reactor can be used continuously for at least about 4000 hours.
0081} The step of sing the reaction zone injector can increase the duty cvele by a factor of
at least about 4.

{0082] The step of using the reaction zone mnjector can icrease yield of the product per
time by a factor of at least gbout 2.

{00831 The beomt exchgnger that can be used m this method can be gny of the beat

exchangers {or combinations thereof) described above.

DESCRIPTION OF DRAWINGS
{0084] For a more detaded wnderstanding of the preferred embodunents, reference is made
to the accompanying figures, wherein:
{0085] FIGURE 1 is a schematic of a form of the HiPco process.
[0086] FIGURE 2 15 a schematic of the HiPco core reactor shown m FIGURE 1.
j0087] FIGURE 3 s a schematic of a magnified portion of the mixing zone of the core

reactor shown in FIGURE 2.

o
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{0088] FIGURE 4 15 schomatic view a heat exchanger sccording to an embodiment of the
present mvention.

j008%] FIGURE 5 is schematic view of first end portion 403 of the heat exchanger shown
m FIGURE 4.

{0096]  FIGLURE 6 15 a schematic side view of the first end portion of the heat exchanger
shown in FIGURE 4.

{00911 FIGURE 7 15 a schematic of the cross-section according to line 601 of the first end
portion of the heat exchanger shown in FIGURE 6.

{0092 FIGURE 8 is schematic view of the second end portion 404 of the heat exchanger
shown i FIGURE 4,

[0093] FIGURE 9 is a schematic view along the longitudinal axis of the second end
portion of the heat exchanger shown in FIGURE 4.

{0094 FIGURE 10 is a schematic of the cross-section according to line 901 of the second
end portion of the heat exchanger shown v FIGURE 9.

{00951 FIGURE 11 is a schematic side view of the second end portion of the hea
exchanger shown in FIGURE 4 (connector rotatable flange and connector ferrule not
shown).

[0096] FIGURE 12 i3 a schematic of the cross-section according to line 1101 of the first
end portion of the heat exchanger shown in FIGURE 1L

[0097] FIGURE 13 is a schematic of a reaction zone injector having one reaction zone,
[0098] FIGURE 14 is a schematic of a reaction zone mjector having seven reaction zones
according to an embodiment of the present invention.

{00991 FIGURE 1S i3 a photograph of a core reactor according to an embodiment of the

present mvention.
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[00100] FIGURE 16 15 a schematic of a cutaway of the reactor according to an embodiment
of the present invention.
00101} FIGURE 17 is a graph depicting the duty cycle and production rate improvements
resulting from embodiments of the present mvention.

DETAILED DESCRIPTION
Heat Exchanger
00162} According to one aspect of the present mvention there is provided for a gas to gas
heat exchanger, such as for wse i a HiPco system. The heat exchanger of the present
mvention is a device composed of several individoal components. The present mvention has
a unigue design, particularly as compared to previous heat exchange devices. While the
device of the present invention is directed to the HiPco process and optimized for such use,
the device of the present invention has application for any process that requires a heat
exchanger utilizing a high pressure, high temperature gas {and particular ones that volve
caustic gases, ke €O} Thus, while the detailed description of embodiments of the present
invention focuses upon the application of the beat exchanger with respect o the HiPco
process {and the use of high pressure and high temperature CQ), embodiments of the present
tnvention can be used with other processes (and other tugh pressare and high temperature
gases or liguids).
{00103] The heat exchanger includes several coaxial tobes and materials designed to move
with respect to one another {due to expansion) when exposed to the gases and thermal
aradients, such as encountered in the HiP'co process.
[00104] FIGURES 4-12 are schematic views of a heat exchanger according to an
embodiment of the present invention. As shown i the embodiment tHustrated m FIGURE 4,

the heat exchanger 401 has a body 402 having a first end 403 and a second end 404, The
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outer surface of body 402 i< a pressure vessel tube 408 that is able to withstand the high
pressures of the high pressure gas (or liquid), such as high pressures at or above about 3
atmospheres (including pressares at or above about 30 atmospheres generally utilized m the
HiPco process). Generally, such g pressure vessel tube can be made of stamnless steel and
designed to withstand the highest presswre to be encountersd by the heat exchanuing
{including safety marging). Alternatively, the pressure vessel can be made of any other lugh
strength material that is compaiible with the purge gas and that is further compaiible with
Linsited low-teraperatare contact with the process gas or the resultant products. The pressure
vessel is also designed to prevent rapid decompression if the main pressure vessel mterior is
breached.

{00165] FIGURE 3 is schematic view of first end portion 403 of the heat exchanger shown
in FIGURE 4. The lower left portion of FIGURE 3 shows the pressure vessel tube 4058, As
further shown i FIGURE 5| there 18 a coaxial heat exchanger tube 581 (a final pass CO o
CO heat exchanger tube, which can be a copper material), a coaxial heat exchanger tube 302
{a first pass CO to N; exchanger tube, which can be a titanium material) and a coaxial output
pressure tube S04 (which can be stainless steel), all of which are coaxial to pressure vessel
tube 405, It has been found that the coaxial heat exchanger tubes are made of copper and
titantam materials, as other materials have failed uvnder the high pressure and high
temperature presswre encountered for heat exchanges used in the HiPco process. Such high
terperatare 18 typically in excess of about 400°C. As discussed above, the heat exchanger in
a HiPco process will generally heat the undiluted streant at to or above aboat 600°C.

[00186] A rotatable flange 307 and a collar 583 (which each can be stainless steel) ave
posittoned where coaxial heat exchanger tube 582 {and the coaxial exchanger tube 581 nested

within it} enter inte coaxial output pressure tube 584, Coaxial output pressure tube 54 (and
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the coaxial heat exchanger tubes 501 and 502 nested within o) enter into the pressure vessel
tube 4035 gt flange 506 (first pass rear main flange, which can be stainless steel). As shown in
the embodiment of FIGURE 8, vent tubes 585 are positioned at flange 506 to allow for
purging.

{0167] FIGURE ¢ 15 a schematic side view of the first end porbon 403 of the heat
exchanger 401 shown in FIGURE 4 FIGURE 7 18 a schematic of the cross-section
according o line 661 of the first end portion 403 of the heat exchanger 481 shown in
FIGURE 6. Asshown in FIGURE 7, there 15 a coaxial heat exchanger tube 702 (first pass
N; to Nj heat exchanger tube, which can be a spiral wrapped, fiberfrax material) coaxially
postiioned between the coaxial output presswre tube 54 and pressure vessel 408, An
exchanger tube wnsulator 701 {CO to N heat exchanger tube msulator, which can be quartz)
is coaxially positioned inside the heat exchanger tube 702, Moreover, an insulation
compression tube (N2 to N2 heat exchanger tube insulation compression tube, which can be
quartz} ts coaxially positioned along the pressure vessel tube 485,

{00108] By this amangemeni, the coaxial heat exchanger tobe 501 and coaxial heat
exchanger tube S02, can move with respect to one another and with respect to coaxial output
pressure tube 504 and pressure vessel tube 408 {due to expansion} when exposed to the gases
andd thermal gradients, such as encountered in the HiPco process. Thus, the coaxial heat
exchanger tubes 501 and 582 float to compensate for thermal expansion,

{00169} FIGURE 8 15 schematic view of the second end portion 404 of the heat exchanger
shown in FIGURE 4. The upper right portion of FIGURE § shows the pressure vessel tube
4058, As further shown by FIGURE 8, a flange 801 (rear main vessel flange, which can be
stainless steel} is connected to the pressure vessel tube 405, with exchanger tube msulator
701 and coaxial heat exchange tube 32 (as well as coaxial heat exchanger tube 581 (not
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shown)) passing through Hange 801, A rotatable Hange 807 (hex connector rotatable flange,
which can be stainless steel) and counector ferrule 888 (hex connector ferrule, which can be
stainless steel} are connected at the end of second end portion 484, which agam provides for
coaxial heat exchanger tubes 581 and 502 to float. In embodiments of the invention, this can
bie done by the machine end of the coaxial heat exchanger tubes 581 and 502 being ship fit to
graphite.

{00116} The connection at flange 881 includes an insulation retainer 802 {which can be
stainless steel). An electrode feedthrough 803 (which can be exvgen free copper) i3 also
positioned at flange 881, with associated electrode flex clanyp 864 (which can be oxygen free
copper), electrode feedthrough seal clamp 805 {which can be vespel), and head cap screw
886 (which can be ntanium). Flange 8061 also inchudes instrument feedthrough holes 809
Electrodes and instruments in the heat exchanger 401 can be used for monttoring and control
of the system (such as for flow rates, pressure, temperatore, and temperature change of the
TASES).

{00111} FIGURE 9 15 a schematic view glong the longitudinal gxis of the second end
portion 404 of the heat exchanger 481 shown in FIGURE 4. FIGURE 10 15 a schematic of
the cross-section according to line 901 of the second end portion 484 of the heat exchanger
461 shown in FIGURE 9. FIGURE 18 further shows a tube slide ring 1 (CO to N; tube
slide ring, which can be pressed grafoil) by the insulation retainer 802, Also shown is the
msulation compression tube 1003 (N; to N; heat exchanger tube msulation compression tube,
which can be quartz) inside the pressure vessel tube 405, and the exchanger tube msulation
1662 (N to N; heat exchanger tube insulation, which can be quartz) in #ts interior. Further
shown in FIGURE 18 are clectrode flex clamp electrode feedthrough o-ring 1004), electrode

feedthrongh inselator o-ring 1005, flange o-ring 1006 (rear main vessel flange o-ting), and
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electrode feedthrough tnsulator 1067 (all of which can be silicone), which are huther
associated with the electrode feedthrough 803,

[00112] FIGURE 11 is a schematic side view of the second end portion 484 of the heat
exchanger 401 shown in FIGURE 4 {connector rotatable flange and connector ferrule not
shown)., FIGURE 12 is a schematic of the cross-section according to hae 1181 of the first
end portion 404 of the heat exchanger 481 shown in FIGURE 11,

{00113] As noted above, and as shown in FIGURES 4-12  the heat exchanger mcludes
several coaxial tubes and materials designed to move with respect o one another {due 1o
expansion) when exposed to the gases and thermal gradients, such as encountered in the
HiPco process.

[00114] The heat exchanger of embodiments of the present invention is sigmificantly
different from a standard tube-in-tube heat exchanger of the prior ant. The heat exchange
tubes within the exchanger are floating and not a fixed to the outer casing, referred to as the
heat exchanger prumary pressure vessel {also referred to as the pressure vessel tube). Each
tnner tube ix allowed a significant amount of hinear expansion along the lenuth of the heat
exchanger. Furthermore, each tube is a different matenial with significantly differemt
expansion coefticients (at least about a 25% difference at room temperature and pressure). As
stand fube-in-tube heat exchangers are coaxial, this new heat exchanger s triaxial. Beginning
with the inner most tube {which can be made of pure copper}, this tube contains the output
product and hot gas flow. The next tube out 18 a titanium tobe, referred to as the heat
exchanger secondary pressure vessel, which houses the incoming process gas and separates
the CO process gas from the surrounding nitrogen purge gas. These tubes are separated by
quartz boats to prevent thermal shorting. This is also one of the reasons the heat exchanger is

level on along it long axis 10 maintain placement of the boats in the annular space described.
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Retween these two tubes is where the primary heat exchange takes place. The next cuter
layer is quartz tubing that prevents thermal shorting to the next laver. The layer after s a
statnless steel tube. This tube 1s secared by an external weld at the cooler end of the heat
exchanger and acts as g pressure vessel for g short length of the exchanger. The next outer
laver is a high temperature fibrous insulation packed in to a quartz tube. This annular space
also acts as a purge space. A steady tow flow of mtrogen provides g low pressure differential
for the mner tubes reducing physical stress and carries away any leaking hot CO that may
attack the stainless steel pressure vessel and cause degradation of the material. The final outer
tube Is a stainless steel tube, known as the heat exchange primary pressure vessel, which
holds the full pressure of the system, approximately 30 atm, and maintains 1ts safety rating at
elevated operatimg teraperatures.

[00115] Moreover, while the pressure of the gas side the most nterior exchanger tubes is
high, so is the pressure on the exterior of these exchanger tubes, Thus, while the absolute
pressure encountered by these imtenior heat exchanger tubes 15 high {(fe, as much as 30
atmospheres in the conditions of the HiPco process), the relative pressure encountered by
these interior heat exchanger tubes (differential between the pressures at the inside swiace
and the outside surface of cach of the tmerior heat exchanger whbes, fe, less than L5
atmospheres} 1s not. {Because the relative pressure is the difference between two pressures,
the relative pressure will be expressed as a positive nomber regardless of which side has the
greater pressure. Accordingly, the lowest relative pressure is zero atmospheres). This allows
the heat exchanger tubes 1o be made of matenals Hke copper and thanium, which are
excellent materials to uwse for caustic gases like CO, particular at the high temperaturss to

which the gases are being heated.

9o
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{00116} As for the muore external tubes, such as ouiput pressure tube 504 and pressure vessel
tube 408, the materials used for these is different because they will not be in contact with the
caustic gases {like CO) but rather gases like Na. Moreover, due o msulation, the most
exterior tubes (such as ouniput pressure tube 504 and pressure vessel tube 4658) will not
encounter the high temperatures of the more interior tubhes. Hence, a matenal Iike stainless
steel can be used for these most exterior tubes, as such materials are useful for high pressure,
low temperature conditions with non-caustic materials therein (sach as low temperatures at or
below 200°C).

{00117} In some embodiments of the present invention, the heat exchanger could be used
a cluster or array for use in large HiPco core reactor units or to allow increased flow at high
production rates. The embodiments can also be modified to operate at higher operating
pressure and temperatures.

{00118} For the HiPco process, the heat exchange unit of the present invention contains the
CO gas and by-products at up to 30 atmospheres; maintaing gas seals 1o ensure containment;
promotes high efficiency heat exchange; cosures structural integrity during exposure of the
gas to the catalvst; maintaing directional nitrogen purge o remove any CO that lingers to
minimize degradation of the primary pressure vessel, provide non explosive leak down path
mm case of primary vessel breach; and maintain low external primary pressure vessel
temperatare to maintain safety factor rating.

[00119] The heat exchanger of embodiments of the present nvention has a factor of safety
near 2 and maxinpm operating conditions, whereas the prior heat exchangers used for the
HiPco process {which were not embodiments of the present invention) had a safety rating of
less than 0.6, The revised heat exchanger also has components in place that hmit gas flow in

the event of a pressure vessel breach.
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{00128} Fusthermore, the heat exchanger of the present invention traps heat move efficiently
than the prior heat exchangers used i the HiPco process (and processes under like
conditions), leading to an increase in overall efficiency and reduction in stress on the core
reactor that allows longer imtervals between replacement. Furthermore, becaunse the interior
coaxial heat exchanger tubes 501 and 502 float within the heat exchanger, the time to repair
the heat exchanger is significantly reduced. Indesd, the present design renders the interior
coaxtal heat exchange tubes readily available for replacement.

00121} The prodaction rate was also improved because of the improved material handling
and packaging properties associated a more stable supply of the high pressure and
temperatre gas.

{00122 Additionally, there are other economic advantages for that were obtained by the heat
exchanger of the present invention. Because the interior heat exchange tubes are not
subjected to high relative pressure, the matenial costs are much lower. Moreover, because the
exterior tubes are not subjected to the high temperature, the amount of heat radiating from the
heat exchanger 1s greatly diminished. Thus, the amount of energy needed to heat a volume of
gas (to the same pressure and temperature) 1s significantly tower tn the heat exchanger of the
present invention, as compared with the prior heat exchangers previously used at these
conditions.

Improved Injection of Catalyst in HiPco Processes

[00123] The present invention further relates to an improved system and process by which
the gaseous catalyst carrier stream can Injected nto the €O process gas i the HiPco core
reactor {or HiPco reactor),

{00124} As described above, the HiPco core reactor takes the incoming Co process gas {such

as from the heat exchanger) and mixes 1t with catalyst to produce carbon nanotubes plus CO,.
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The core reactor outer secondary prasswve vessel shell separates the mtrogen and CO spaces.
Inside this shell is a graphiie heater core reactor that contains the resistive heating rod
{pyrolytic rod); immediately after the heating zone or heater is the reaction zone injector that
divects the high temperature CO and incoming cooler catalyst gases i a fashion to result
high-speed mixing. During this process, single walled carbon nanotubes (SWNT) are
produced. The mixture of remaining CO, single wall carbon nanotubes, and CO» exat the core
reactor due to inconung gas pressure. The gas goes into the center tube of the heat exchanger.
[00125] FIGURE 13 15 a schematic of a reaction zone injector 1381 having one reaction
zone 1302. FIGURE 14 15 g schematic of a reaction zone injector 1401 of an embodiment of
the present invention having seven reaction zones 1402, The reaction zone injector 1461 is
able to facilitate and divect the injection of the catalyst and CO gas in the core reactor
manners not previously obtained or obtainable.

[00126] FIGURE 15 is a photograph of a core reactor according to an embodunent of the
present vention.  FIGURE 16 15 a schematic of a cutaway of core reactor 1601 that
includes the reagtion zong injector 1602 {also referred to as a showerhead) located by the
mixing zone. The catalvst is flown into the core reaction at conduit 1603, The flow path of
the catalyst streamt as to i travels to the mixing zone 18 shown by hine 1608, (Por the
orientation of FIGURE 16, the flow path of the catalyst stream is from left to right). Conduit
1603 can be connected to a cold catalyst source that provides catalyst designed to be
delivered having a temperature at room temperature or below (Ze., “cold catalyst™) reaction
zone injector 1602, Conduit 1603 is also connected to a hot catalyst source that provides
catalyst designed to be delivered having an elevated temperature {above room temperature)

{£.e., “hot catalyst”) at reaction zone injector 1602,

9o
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[00127] Core reactor 1601 further includes a connection 1606 to the heat exchanger {(from
which the high pressure, high temnperature CO gas 1s provided). Conduit 1607 15 connected to
connection 1606 through which the high pressure, high temperature CO gas flows from the
heat exchanger. The flow path of the high pressure, high temperature CO gas as 1o it travels
to resistive heater rod 1604 {({(pyrolytic vod) is shown by line 1609, {Per the orientation of
FIGURE 16, the flow path of the hugh pressare, high temperatare CO gas s from night o
left). The resistive heater rod 1604 further heats the high pressure, high temperature gas even
further (for example from asbout 850°C to about 1500°C).  The high pressure, high
temperature CO gas then flows about the resistive heater rod 1604 to the mixing zone and
reaction zone injector 1602, The output gas 15 then flow back to the connection 1606 (and
the heat exchanger) through conduit 16058, The flow path of the cutpat gas as to it travels to
counection 1686 is shown by line 16018, (Per the onientation of FIGURE 16, the flow path
of the output gas 1s from left to right).

{00128] The system of core reactor 168 provides for an increase w catalyst control. The
core reactor can now handle catalysts that are generated or delivered at elevated or redoced
temperatures, can allow premixing with other nucleating agents, can allow pulse catalyst
nyections, and provide better control over catalyst conditions {which provides better control
over material properties).

[00129] This core reactor system further provides a controlled injection process in which the
amount of catalyst injected can be reduced while vielding an increase in the production of the
resulting process {carbon nanotubes in the HiPco process). The use of the multi-injection
core reactor of the present mvention also increased the overall production of the HiPco
system, with little increase in input energy (rendering a decrease in the price per amoont of

product prodoced). Further, by improving this portion of the system, this provided the ability
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of the core reactor to withstand long pertods of heat and pressore and to recover from loss of
power to the heating rod (due to power outages, human error, or otherwise), thereby greatly
influence the life-time of the core reactor. FIGURE 17 is a graph depicting the duty cvele
1761 and prodoction rate 1702 improvements resulting from embodiments of the presemt
inventton.  As shown mn FIGURE 17, the alterations of these elements thus resubted 0 an
merease 1 duty cyele {how long the instrament runs uninterrupted) of about $-fold and has
been reflected in an increase in yield/time of sbowt 2-fold.  Indeed, embodiments of the
present invention extended the period of continuous operation of the HiPco svstem to greater
than 4000 hours thalt a year).

00130 The disclosures and Figures heremn are set forth to more fully tllustrate some of the
embodiments of the present mvention. It should be appreciated by those of skill in the art that
the techniques disclosed represent technigues discoverad by the inventor to function well in
the practice of the mvention, and thus can be considered to constitute exemplary wodes for
its practice. However, those of skifl in the art should, in light of the present disclosure,
appreciate that many changes can be reade in the specific embodiments that are disclosed and
st obtain a like or sinnlar result withoot departing from the spivt and scope of the
invention.

{08131] Morsover, while various preferred embodiments of the fnvention have been shown
and deseribed, modifications thereof can be made by one skilled m the ant without departing
from the scope of the invention. The examples described hersin are merely illustrative, and
are not limiting. Accordingly the scope of protection is not linuted by the description set out
above, but is only limited by the claims that follow and inclade all equivalents of the subject
matier of the claims. In any wethod claim, the recitation of steps m a particular order 1s not

intended 1o limit the scope of the claim to the performance of the steps in that order, or o
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require completion of one siep prioy to the commencement of another step, unless so stated in
the claim.

j00132] The disclosures of all patents, patent applications, and publications cited herein are
hereby wcorporated herein by reference i thelr eatirety, to the extent that they provide

exemplary, procedural, or other details supplementary to those set forth herein.
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WHAT I5 CLAIMED IS:

i A heat exchanger comprising:
{ay  afirst heat exchanger tube,
{by  asecond heat exchanger tube, wherein

{1 the first heat exchanger tube is positioned coaxially within the second
heat exchanger tube, gnd

{11}  the first heat exchanger tube and the second exchanger are positioned
to allow heat to be exchanged therebetween;

{cy  apressure vessel tube, wherein the second heat exchanger tube is posiioned
coaxially within the pressure vessel tube, wherein

{1 an annular space 1s formed between the pressure vessel tube and the
second heat exchanger tube;

(i1} the first heat exchanger tube is not fixed to the second heat exchanger
tube and the pressure vessel tube such that the first heat exchanger tube
ts operable for moving with respect to the second heat exchanger tube
and the pressure vessel tube when exposed to a fust fluid having a
thermal gradient, and

{tii)  the second heat exchanger tube is not fixed to the first heat exchanger
tube and the pressure vessel tube such that the second heat exchanger
tube is operable for moving with respect to the first heat exchanger
tube and the pressure vessel twbe when exposed 10 a second fld
having a thermal gradient;

(}y  an insulating material positioned within the annular space; and
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{e}  pressurizing flow tubes operatively connected to the annular space operable
for flowing a pressurizing gas in the annular space to provide (a) low relative
pressure in the first exchanger tbe, (11) low relative pressure in the second

exchanger tube, and {in) high relative pressure n the pressure vessel tabe.

2 The heat exchanger of Claim 1, wherein the heat exchanger is:

{a) operable for flowmg the first fluid at high absolute pressure and high
temperature through the first beat exchanger tube while maintaining the low relative
pressure in the first heat exchanger tube;

{(by  operable for flowing the second fhud at high absolute pressure and high
temperature through the second heat exchanger tube while maintaining the low
relative pressure in the second heat exchanger tube; and

{c) operable for maintaining the high relative pressure and low temperatire of the
pressure vessel tube while flowing the first fhad at high absolme pressure and high
temiperature through the fivst heat exchanger tube and while flowing the second flud

at high absolute pressure and high temperature through the second heat exchanger

fube.
3. The heat exchanger of Clamms 1-2, wherein the pressure vessel tube is at least a

portion of the owtside casing of the heat exchanger.

4. The heat exchanger of Claims 1-2 or 3, further comprising an output pressure tabe,

wherein
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{a} the cutput pressore tube 18 positioned coaxially around at least a portion of the
second heat exchanger tube and the presswre vessel tube;

{(by  the first heat exchanger tube is not fixed to the output pressure tube such that
the first heat exchanger tube 15 operable for moving with respect to the output
pressure tube when exposed to a first fluid having a thermal gradient; and

{c) the second heat exchanger tobe is not fixed 1o the outpat pressure tobe such
that the second heat exchanger tube is operable for moving with respect to the

output pressure tube when exposed to a first fuid having a thermal gradient.

The heat exchanger of Claim 4, wherein
{a) the output pressure tube 1s secuwred 10 one end of the pressure vessel tube, and
{b) the output pressure tube is operable to maintain a high absolnte pressure for at

least a portion of the heat exchanger.

The heat exchanger of Claims 14 or 5, wherein
{a} the first fluid is a first gas,

i

{(by  the second thod is a second gas, and

{c) the first gas and the second gas can be the same type of gas or a different type
of gas.

The heat exchanger of Claims 1-5 or 6, wherein
{a) the first heat exchanger material comprises a first material,
(b}  the second heat exchanger materials comprises a second material, and

{c} the first material is different than the second material,
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8. The heat exchanger of Claim 7, wherem at room temperature and pressure, the first
material has a thermal expansion coefficient that is at least about 25% different than the

thermal expansion coefficient of the second matenal.

Q. The heat exchanger of Claimm 7, wherein, at room temperatwe and presswee, the
thermal expansion coefficient of the first material and the thermal expansion coefficient of

the second material are at least about 50% different.

10, The heat exchanger of Claims 7-8 or 9, wherem, al roomw temperature and pressure,

the first material 1 more thermally conductive than the second material,

11, The heat exchanger of Claim 10, wherein, at room temperature and pressure, the ratio
of thermal conductivity between the fivst materigl and the second material is at least about

151,

12, The heat exchanger of Claims 1-10 or 11, wherein
{a} the first fluid 1s a fivst gas, and
(b)  the first heat exchanger tube comprises a metal operable for flowing the first

gas at a lugh temperatare.

13, The heat exchanger of Claim 12, wherein the first gas comprises CO.

14, The heat exchanger of Claims 1-12 or 13, wherein the first flwid is caustic.
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15, The heat exchanger of Claims 1-13 or 14, wherein the first heat exchanger tube

COMprises copper.

16. The heat exchanger of Claims 1-14 or 15, wherein
{a) the second Hatd 15 a second gas, and
{b}  the second heat exchanger tube comprises a metal operable for Howing the

second gas at high temperature.

~3

The heat exchanger of Claim 16, wherein the second gas comprises CO.

18, The heat exchanger of Claims 1-16 or 17, wherein the second fliid is caustic,

19, The heat exchanger of Claims 1-17 or 18, wherein the second heat exchanger tube

comprises tianm,

20, The heat exchanger of Claims 2-18 or 19, wheremn the high temperature 15 at least

about 400°C.

21, The heat exchanger of Claim 20, wherein the high temperature 15 at least about

3007C.

22, The heat exchanger of Claim 20, wherein the high temperature is at least about

S
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23 The heat exchanger of Claims 2-21 or 22, wherein the low temperature is at most

ghout 200°C.

24, The heat exchanger of Claim 23, wherein the low temperature 13 at most about 100°C.

25 The heat exchanger of Claims 1-23 or 24, wherem the pressure vessel tube comprises

a material that is operable to withstand a high relative pressure at low temperature conditions.

26, The heat exchanger of Clamms 1-24 or 25, wheremn the pressure vessel tube comprises

stainless steel.

27, The heat exchanger of Claims 4-25 or 26, wherein the output pressure tube comprises

a material that 1s operable to withstand a high relative pressure at low temperatuwe conditions.

28, The heat exchanger of Claims 4-26 or 27, wherein the output pressure tube comprises
statnless steel.
29, The heat exchanger of Claims 2-27 or 28, wherein

{a) the high absolute pressure is at least about 3 atinospheres, and

{by  the high relative pressure is at least about 3 atmospheres.

Tad
[

The heat exchanger of Claim 29, wherein

{(a) the high gbsolute pressure is af least about 30 stmospheres, and
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(b)y  the high relative pressure is at least about 30 atmospheres.

31 The heat exchanger of Claims 2-29 or 30, wherein
{a} the low absolute pressure s at most about 1.5 atmospheres, and
{by  the low relative pressurs is at most about 1.5 atmospheres.
32, 'The heat exchanger of Claim 31, wherein
{a} the low absolute pressure is at most about 1.2 atmospheres, and
(b}  the low relative pressure is at most about 1.2 atmospheres.
33, The heat exchanger of Claims 1-31 or 32, wherein the insulating material is operable

for instdating heat from the second exchanger tube from the pressure vessel tube.

34, The heat exchanger of Clahms 1-32 or 33, wherein the insulating material is a high

temperature fibrous insulating material.

35 The beat exchanger of Clarm 34, whercin the lugh temperature fibrous insulating

materials s packed i a quariz tube.

36, The heat exchanger of Clanns 1-34 or 35, wherein the heat exchanger is operable for

flowmyg the pressurizing gas w the annolar space to carry away first fluid leaked from the
e k o2 o -

first heat exchanger tube and second fluid leaked from the second heat exchanger tube.

o
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37, The heat exchanger of Claims 1-35 or 36, wherein heat exchanger is operable for

flowing the pressurizing gas through the insulating material.

¥
¢

38 The heat exchanger of Claims 1-36 or 37, wherein the heat exchanger has a safery

factor of at least abowt 2.

39 A method comprising:
{(a) flowing a first fluid through a heat first heat exchanger tube of g heat
exchanger, wherain
{1) the first fluid 1s at a high absolute pressure and high temperature, and
{1} alow relative pressure 15 maintained m the fivst heat exchanger tube;
{b) flowing a second fluid through a second heat exchanger tube of the heat

exchanger, wherein

{1 the second fluid is at a high absolute pressure and high temperature,
{i1) a low relative pressure is mamtained w the second heat exchanger
tube,

{111} the first heat exchanger tabe is positioned coaxially within the second
heat exchanger tube, and
{ivi  heat i3 exchanged between the first fluid flowing through the first
exchanger tube and the second fluid while Howing through the second
exchanger tube, and
{cy  maintaining a high absolute pressure within the heat exchanger, wherein

{1}  the second heat exchanger wbe is positioned coaxially within a

pressure vessei tube,
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{11} the pressure vessel tobe is maintained at the high absolwte pressure and
at a low temperature during the flowing of the first flud and the
flowing of the second flaid,

{itt}  the frst heat exchanger tobe woves with respect o the second heat
exchanger and the pressure vessel tube due to thenmal gradients within
the heat exchanger and because the first heat exchanger tube is not
fixed to the second heat exchanger tube and the pressure vessel tube,
and

{iv}  the second beat exchanger tube moves with respect to the first heat
axchanger and the pressure vessel tube due to thermal gradients within
the heat exchanger and becaunse the second heat exchanger tube 18 not

fixed to the first beat exchanger tube and the pressure vessel tube.

40, The method of Claim 39, wherein the beat exchanger s used in a HiPco process.

41, The method of Clann 39, further comprising flowing the second fluid from the heat

exchanger to a HiPco reactor, wherein the second fhud is a CO process gas.

42, The method of Claim 39 or 41, fwther comprising flowing the first fluid from the
HiPco reactor to the heat exchanger, wherein the first fluid s the cutput prodoct gas stream

from the HiPco regetor.

43, The method of Claims 39-41 or 42, wherein the high temperature is at least about

4005
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44, The method of Claim 43, wheretn the high temperature is at least abowt 5007,

45, The method of Claim 43, wherein the high temperature 13 at least about 600°C.

46, The method of Claims 39-34 or 45, wherein the low temperature i gt most about

2007C.

47, The methed of Claum 47, wherem the Jow temperature 1s at most about 100°C.

48, The method of Claims 39-46 or 47, wherein
{a} the high abgsolute pressure is at least about 3 atmospheres, and

{by  the high relative pressure at least about 3 atmospheres.

453 The method of Claim 48 wherein
{a} the high absolute pressure is at least about 30 atmospheres, and

{(b)  the high relative pressure at feast about 30 atmospheres.

50, The method of Claims 39-48 or 49, wherein
{a) the low absohute pressure is at most abouot 1.5 atmospheres, and

{by  the low relative pressure is ai most gabout 1.5 atmospheres.

Ty

The method of Claim 30, wherein

{(a) the low absolute pressure is at most about 1.2 ammospheres, and
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) the low relative pressure is at most about 1.2 atmospheres.
‘ ¥

52, The method of Claims 39-30 or S1, wherein an annalar space is posttioned between
the second heat exchanger tube and the pressure vessel tube, and the method further
comprises flowing a pressunizing gas i the annual space to carry away Brst fluid leaked from

the first heat exchanger tube and second fhad leaked from the second heat exchanger tuhe.

53, The method of Claims 39-51 or 32, whevein an annular space 1s positioned between
the second heat exchanger tube and the pressure vessel tube, and the method further
comprises flowing a pressorizing gas to provide the low relative pressure n the fust

exchanger tube and the low relative pressure m the second exchanger tube,

S4.  The method of Claims 32 or 53, wherem insulating material is positioned within the

annular space,

35, The method of Claim 34, wherein the flowing of the presswizing gas in the annular

space comprises flowing the pressurizing gas through the insulating material.

56, The method of Claims 39-34 or 8§, wherein the heat exchanger is selected from the

group consisting of the heat exchangers of Claims 1-37 and 3§ and combinations thereof.

57 A core reactor for use in g HiPeo process comprising:
{a) a process gas conduit operable for flowing a CO process gas into the core

reactor and to a reaction zong injector in a Mixing zone in the COTE reactor;
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(b)  a catalyst condhnt for fowing catalyst mio the core reactor and to the reaction
zone injector, wherein the catalyst conduit is operable for Howing hot catalyst,

cold catalvst, or both;

{c) & reaction zone jector positioned in the mixing rone, wherein
{1 the reaction zone injector is operable for controlling injection of the

catalyst into CO process gas in the mixing zone, and
{11}  the reaction zone mjector has multiple reaction zones; and
(d)y  aproduct condauit for flowing product made during the HiPco process from the
O process gas and catalyst from the core reactor,
S8 The core reactor of Clanm 57, wherein the zone wjector 15 operable for controlhng
injection of the catalyst selected from the group consisting of premixing the catalysts with
other nucleating agents, pulsing catalyst injections, controlling the temperature of the
catalyst, ijecting the catalvst at multiple injection sites within the mixing ares, controlling
the amount of catalvst injected at the multiple sites, controlling the amounnt of other
nucleating agents at muldtiple sites, controlling the temperature of the catalyst at the muliiple

mjection sites, and combinations thereof

59, The core reactor of Claims 57 or 88, wherem the reaction zone injector has seven

reaction zones.

60. The core reaction of Claims 57-58 or 59, wherein
{a) the process gas conduit is operable for flowing the CO process gas through a

heating zone before flowing the CO process gas to the reaction zoneg, and
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(b}  a heating element 1s positioned in the heating zowe.

61,  The core reactor of Claims 60, wherein
{a} the heating element comprises a resistive heater vod, and

(b} the resistive heater rod is operable for heating the CO process stream.

62 A method comprising:

{(a) flowing CO process gas into a8 HiPro core reactor (o ) reaction zone mjector
positioned in a mixing zone within a HiPco core reactor,

{b)y  flowing catalyst to the reaction zone wnjector,

{c) asing the reaction zone mjector to controliably myject catalyst at mulnple sites
within the mixing zone to react with the CO process gas in the mixing zone;
and

{y  flowing product made during the HiPco process from the CO process gas and

catalyst from the core reactor.

62, The method of Claim 62, wherein using the reaction zone injector 1o controllably
mject catalyst into the mixing zone 1s selected from the group consisting of premixing the
catalysts with other nucleating agents, pulsing catalyst mjections, controlling the temperature
of the catalyst, injecting the catalyst at multiple injection sites within the mixing area,
controthng the amount of catalyst iyecied ai the maltiple sites, controlling the amount of
other nucleating agents at multiple sites, controlling the remperature of the catalyst at the

multiple injection sites, and combinations thereof.
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64, The method of Claims 62 or 63, wherein the reaction zone injector has multiple

reaction zones.

65. The method of Claim 64, wherein the reaction zone injecior has seven reaction Zones,

B, The method of Claims 62-64 or 65, wheremn the HiPco core reactor 18 used

continuousty for at least about 4000 hours.

67.  The method of Claims 62-65 or 66, wherein using the reaction zone injector increases

the duty cyele by a factor of at least aboat 4.

68, The wmethod of Clabm 62-66 or 67 wherem using the reaction zone injector increases

vield of the product per time by a factor of at least about 2.

69, The method of Claims 62-67 ar 68, wherein the heat exchanger is selected from the

group consisting of the heat exchangers of Claims 1-37 and 38 and combinations thereof.
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