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TITLE
HEAT EXCHANGER AND RELATED METHODS

RELATED APPLICATIONS
This application claims benefit of and priority to U.S. Non-provisional Patent
Application Serial No. 12/938,826 filed November 3, 2010, HEAT EXCHANGER AND
RELATED METHODS, which is incorporated herein by reference in its entirety.

This application is related to co-pending U.S. Patent Application 11/855,071 filed on
September 13, 2007, titled Heat Exchanger and Associated Methods, U.S. Patent Application
Serial No. 12/938,761, filed on November 3, 2010, for Vaporization Chambers and
Associated Methods, and U.S. Patent Application Serial No. 12/938,967, filed on November
3, 2010, for Sublimation Systems and Associated, the disclosure of each of which is hereby

incorporated by reference in its entirety.

GOVERNMENT RIGHTS
This invention was made with government support under Contract Number
DE-AC07-051D14517 awarded by the United States Department of Energy. The government

has certain rights in the invention.

TECHNICAL FIELD
Embodiments of the invention relate generally to heat exchangers and methods
associated with the use thereof. More specifically, embodiments of the invention relate to
heat exchangers including a housing and a heating member configured to supply a fluid into
communication with another fluid. Embodiments of the invention additionally relate to the
methods of heat transfer between fluids, the sublimation of solid particles within a fluid, and

the conveyance of fluids.

BACKGROUND
The production of liquefied natural gas is a refrigeration process that reduces the
mostly methane (CHy) gas to a liquid state. However, natural gas consists of a variety of
gases in addition to methane. One of the gases contained in natural gas is carbon dioxide

(CO,). Carbon dioxide is found in quantities around 1% in most of the natural gas
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infrastructure found in the United States, and in many places around the world the carbon
dioxide content is much higher.

Carbon dioxide can cause problems in the process of natural gas liquefaction, as
carbon dioxide has a freezing temperature that is higher than the liquefaction temperature of
methane. The high freezing temperature of carbon dioxide relative to methane will result in
solid carbon dioxide crystal formation as the natural gas cools. This problem makes it
necessary to remove the carbon dioxide from the natural gas prior to the liquefaction process
in traditional plants. The filtration equipment to separate the carbon dioxide from the natural
gas prior to the liquefaction process may be large, may require significant amounts of energy
to operate, and may be very expensive.

Small scale liquefaction systems have been developed and are becoming very popular.
In most cases, these small plants are simply using a scaled down version of existing
liquefaction and carbon dioxide separation processes. The Idaho National Laboratory has
developed an innovative small scale liquefaction plant that eliminates the need for expensive,
equipment intensive, pre-cleanup of the carbon dioxide. The carbon dioxide is processed
with the natural gas stream, and during the liquefaction step the carbon dioxide is converted
to a crystalline solid within a liquid natural gas process stream. The liquid/solid slurry is then
transferred to a separation device which directs a clean natural gas liquid out of an overflow,
and a carbon dioxide concentrated slurry out of an underflow.

The underflow slurry is then processed through a heat exchanger to sublime the
carbon dioxide back into a gas. In theory this is a very simple step. However, the interaction
between the solid carbon dioxide and liquid natural gas produces conditions that are very
difficult to address with conventional heat exchangers. In the liquid slurry, carbon dioxide is
in a pure or almost pure sub-cooled state and is not soluble in the liquid. The carbon dioxide
is heavy enough, relative to the density of the carrier liquid, to quickly settle to the bottom of
most flow regimes. As the settling occurs, piping and ports of the heat exchanger can
become plugged as the quantity of carbon dioxide builds. In addition to collecting in
undesirable locations, the carbon dioxide has a tendency to clump together, making it even
more difficult to flush through the system.

The ability to sublime the carbon dioxide back into a gas is contingent on getting the
solids past the liquid phase of the gas without collecting and clumping into a plug. As the
liquid natural gas is heated, it will remain at approximately a constant temperature of about -
145° C (at 50 psig (approximately 446 kPa)) until all the liquid has passed from a two-phase

gas to a single-phase gas. The solid carbon dioxide will not begin to sublime back into a gas
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until the surrounding gas temperatures have reached approximately -60° C. While the solid
carbon dioxide is easily transported in the liquid methane, the ability to transport the solid
carbon dioxide crystals to warmer parts of the heat exchanger is substantially diminished as
liquid natural gas vaporizes. At atemperature when the moving, vaporized natural gas is the
only way to transport the solid carbon dioxide crystals, the crystals may begin to clump
together due to the tumbling interaction with each other, leading to the aforementioned
plugging.

In addition to clumping, as the crystals reach warmer areas of the heat exchanger they
begin to melt or sublime. If melting occurs, the surfaces of the crystals become sticky,
causing the crystals to have a tendency to stick to the walls of the heat exchanger and
reducing the effectiveness of the heat exchanger and creating localized fouling. The localized
fouling areas may cause the heat exchanger may become occluded and eventually plug if

fluid velocities are not sufficient to dislodge the fouling.

BRIEF SUMMARY

In accordance with some embodiments of the present invention, a heat exchanger
includes a housing having at least one inlet and at least one outlet. The housing forms a
portion of a transition chamber within the heat exchanger. The at least one inlet and the at
least one outlet are in communication with the transition chamber and the at least one outlet is
positioned at an upper portion of the housing. The heat exchanger may further include a
heating member disposed within the housing and forming another portion of the transition
chamber. The heating member includes a first end having a first opening formed therein, the
first opening in communication with a supply of at least one fluid, and a second end having a
second opening formed therein, the second opening being larger than the first opening and
the second opening being in communication with the transition chamber of the heat
exchanger.

In additional embodiments, a method of conveying a fluid includes supplying a first
fluid comprising at least one material into a transition chamber of a heat exchanger through
an inlet formed in the heat exchanger, supplying a second fluid through an opening formed in
an apex of a cone-shaped heating member and into an interior portion of the cone-shaped
heating member forming a portion of the transition chamber, altering a state of the at least
one material of the first fluid with the second fluid, and conveying the at least one material of
the first fluid having the altered state out of the heat exchanger through an outlet of the heat

exchanger located in an upper portion of the heat exchanger.
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In yet additional embodiments, a method of sublimating solid particles includes
conveying a first fluid comprising at least one material in a solid state into a transition
chamber of a heat exchanger, heating the at least one material within the first fluid to a
gaseous state including directing a second fluid at a temperature higher than a temperature of
the first fluid into the transition chamber through a cone-shaped heating member and mixing
the first fluid and the second fluid, and conveying the at least one material within the first

fluid in the gaseous state out of the transition chamber with the first fluid.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an isometric view of a heat exchanger in accordance with an embodiment of
the present invention.

FIG. 2 is a longitudinal cross-sectional view of the heat exchanger shown in FIG. 1.

FIG. 3 is an enlarged, partial longitudinal cross-sectional view of the heat exchanger
shown in FIGS. 1 and 2.

FIGS. 4A and 4B are a side view and a cross-sectional view, respectively, of a nozzle
that may be used in a nozzle assembly of a heat exchanger in accordance with an embodiment
of the present invention.

FIG. 5 is graph depicting projected sublimations times for particles (e.g., CO;
particles) based on particle size when such particles are disposed within a heat exchanger in

accordance with an embodiment of the present invention.

DETAILED DESCRIPTION

The illustrations presented herein are not meant to be actual views of any particular
material, apparatus, system, or method, but are merely idealized representations which are
employed to describe embodiments of the present invention. Additionally, elements common
between figures may retain the same numerical designation for convenience and clarity.

FIG. 1 is an isometric view of a heat exchanger. It is noted that, while operation of
embodiments of the present invention may be described in terms of the sublimation of carbon
dioxide in the processing of natural gas, the present invention may be utilized for the
sublimation, heating, cooling, and mixing of other fluids and for other processes, as will be

appreciated and understood by those of ordinary skill in the art.

The term “fluid” as used herein means any substance that may be caused to flow

through a conduit (e.g., nozzle, pipe, chamber, inlet, outlet, etc.) and includes but is not

4



10

15

20

25

30

WO 2012/061541 PCT/US2011/059038

limited to gases, two-phase gases, liquids, gels, plasmas, slurries, solid particles, and any

combination thereof.

As shown in FIG. 1, a heat exchanger 110 may comprise a housing 112 (e.g., a tank
having legs 113) including a chamber (e.g., a transition chamber 114 which is shown in
greater detail in FIG. 2) having an inlet 116 and an outlet 118. It is noted that while the
embodiment of FIG. 1 illustrates the housing 112 of the heat exchanger 110 having generally
round shape including a circular cross section, the housing 112 may be formed in any suitable
shape such as, for example, square, rectangular, oval, irregular, or combinations thereof. By
way of example and not limitation, the heat exchanger 110 may include a housing 112 being
cylindrical in shape with an outside diameter of approximately 24 inches (approximately 0.61
meter) and an overall height (including the legs 113 and outlet 118) of 79 inches
(approximately 2.01 meters). In some embodiments, a view window 115 may be included to
visually observe the operation of heat exchanger 110. The view window 115 may be used to
observe materials within the heat exchanger 110. For example, as discussed below, the view
window 115 may be used to observe the position of solid material suspended in the transition

chamber 114, to check for solid material that may be collecting in a filter 166 (FIG. 2), efc.

FIG. 2 is a longitudinal cross-sectional view of the heat exchanger shown in FIG. 1.
As shown in FIG. 2, the heat exchanger 110 may include a heating member 120 disposed
within the heat exchanger 110. The heating member 120 may include a first end 122 having
a first opening 124 formed therein. The heating member 120 may include a second end 126
having a second opening 128 formed therein. In some embodiments, the heating member 120
may be formed from a structure where the first opening 124 is relatively smaller than the
second opening 128. In other words, a cross-sectional area of the first opening 124 is smaller
than a cross-sectional area of the second opening 128. For example, the heating member 120
may comprise a substantially cone-shaped member (e.g., a cone having a base such as, for
example, a circular base, a polygonal base, ezc.). In such an embodiment, the first opening
124 may be formed in an apex of the heating member 120 and the second opening 128 may
be formed proximate a base of the heating member 120. Further, an inner portion of the
heating member 120 may include substantially diagonal side surfaces extending between the
first opening 124 and the second opening 128.

In some embodiments and as shown in FIG. 2, the second opening 128 may be
substantially larger than the first opening 124. For example, the first opening 124 of the
heating member 120 may be disposed in a lower portion 130 of the housing 112 of the heat
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exchanger 110. The terms “lower” and “upper” as used herein reference the heat exchanger
110 as it is oriented in FIGS. 1 and 2. For example, an “upper” portion of the housing 112 of
the heat exchanger 110 may be positioned relatively more distant from a structure (e.g., floor)
on which the heat exchanger 110 is disposed and a “lower” portion is relatively closer in
proximity to the structure on which the heat exchanger 110 is disposed. The second opening
128 may be disposed between the lower portion 130 and an upper portion 132 of the housing
112 of the heat exchanger 110. The second opening 128 may be sized to form a portion of
the transition chamber 114. For example, an inner portion of the heating member 120 may
form a lower portion of the transition chamber 114. In some embodiments, the base of the
heating member 120 may be attached to a portion of the housing 112 (e.g., the inner surface
134 of the housing 112). In some embodiments, the transverse, cross-sectional area of the
second opening 128 may be substantially the same as the transverse, cross-sectional area of a
portion of the housing 112. It is noted that while the heating member 120 in shown and
described with reference to FIG. 2 as having a cone shape, the heating member 120 may be
formed in any suitable shape such as, for example, tubular, rectilinear, polygonal, cardioid,
curvilinear, or combinations thereof.

Referring still to FIG. 2, the outlet 118 of the heat exchanger 110 may include an exit
nozzle 136 having a flange 138. In some embodiments, the exit nozzle 136 may be
positioned on the upper portion 132 of the housing 112 of the heat exchanger 110. For
example, as shown in FIG. 2, the exit nozzle 136 may be positioned on the uppermost portion
of the housing 112 of the heat exchanger 110. In some embodiments, placement of the exit
nozzle 136 at the upper portion 132 of the housing 112 may enable gaseous material (i.e.,
material in a gaseous state) within the transition chamber 114 to exit the transition chamber
114 while retaining materials in a nongaseous state (e.g., liquid, solid, efc.) within the
transition chamber 114. In some embodiments, the exit nozzle 136 may be configured to be
in communication (e.g., fluid communication) with one or more downstream components and
may be coupled to the downstream components via the flange 138. For example, the exit
nozzle 136 may be sized to provide interconnections to downstream components (e.g., a gas
outlet, another heat exchanger, an outlet to the atmosphere, efc.) and to provide gaseous
material to downstream components at an acceptable or desirable velocity. In some
embodiments, the downstream components may include one or more components of a
liquefied natural gas (LNG) system such those disclosed in, for example, U.S. Patent
Application Serial No. 12/604,139, filed October 22, 2009, for Natural Gas Liquefaction
Core Modules, Plants Including Same and Related Methods; U.S. Patent Application Serial
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No. 12/603,948, filed October 22, 2009, for Complete Liquefaction Methods and Apparatus;
and U.S. Patent Application Serial No. 12/604,194, filed October 22, 2009, for Methods of
Natural Gas Liquefaction and Natural Gas Liquefaction Plants Utilizing Multiple and
Varying Gas Streams. The disclosure of each of the foregoing applications referenced in this

paragraph is hereby incorporated by reference in its entirety.

In some embodiments, the exit nozzle 136 may include a port (e.g., a threaded port
140) enabling connection of a sensor (e.g., a thermocouple, resistance temperature detector
(RTD), a velocity sensor, ete.) for monitoring of the properties of the gases exiting the
transition chamber 114. In some embodiments, the heat exchanger 110 may include one or
more ports located at various positions in the housing 112 (e.g., proximate the transition
chamber 114, heated fluid chamber 146, efc.) enabling monitoring of the properties of the

materials contained in the heat exchanger 110.

The inlet 116 of the heat exchanger 110 may include inlet nozzle 142 having a flange
144. In some embodiments, the inlet nozzle 142 may be positioned at a midportion of the
housing 112 of the heat exchanger 110 (e.g., between the lower portion 130 and upper portion
132 of the housing 112. For example, the inlet nozzle 142 may be positioned proximate to
the second opening 128 at the second end 126 of the heating member 120. Such placement of
the inlet nozzle 142 may enable a fluid to be supplied to the heat exchanger 110 at the second
opening 128 at the second end 126 of the heating member 120. For example, a fluid (e.g., a
gaseous material) including a material in a nongaseous state (e.g., a fluid, vapor, solid, ezc.)
may be supplied to the housing 112 of the heat exchanger 110 such that the portion of the
fluid in the nongaseous state will be displaced (e.g., under a gravitational force) into the inner
portion of the heating member 120 in a direction toward the first opening 124 at the first end

122 of the heating member 120.

The inlet nozzle 142 may be in communication (e.g., fluid communication) with one
or more upstream components and may be coupled to the upstream components via the flange
144. For example, the inlet nozzle 142 may be sized to provide interconnections to upstream
components (e.g., a vaporization chamber, another heat exchanger, a device configured to
separate materials or differing states of materials (e.g., a hydrocyclone), etc.) and to provide
gaseous material to upstream components at an acceptable or desirable velocity. In some
embodiments, the upstream components may include one or more of the components, for
example, disclosed in the above-referenced and incorporated by reference, U.S. Patent

Application Serial Nos. 12/604,139, 12/603,948, and 12/604,194. Further, in some
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embodiments, one or more upstream components may include one or more of the components
disclosed in, for example, U.S. Patent Application Serial No. 12/938,671, filed on November
3, 2010, for Vaporization Chambers and Associated, the disclosure of which is hereby
incorporated by reference in its entirety. For example, the inlet nozzle 142 may be coupled to
the vaporization chamber disclosed in the above-referenced and incorporated by reference
U.S. Patent Application Serial No. 12/938,967, filed on November 3, 2010, for Sublimation
Systems and Associated Methods. In such an embodiment, the inlet nozzle 142 may supply a
fluid such as, for example, a fluid carrier (e.g., a gas or liquid) containing a material such as,
for example, a particulate (e.g., a solid or liquid particulate) to the heat exchanger 110 from

the vaporization chamber.

The heating member 120 may include a nozzle assembly 146 disposed at the first end
122 of the heating member 120. The nozzle assembly 146 may at least partially form the first
opening 124 of the heating member 120. The nozzle assembly 146 may supply a fluidto a
portion of the heat exchanger 110 (e.g., to the transition chamber 114). In some
embodiments, the nozzle assembly 146 may be in communication with a volume of fluid
(e.g., a fluid at a higher temperature than a fluid supplied to the heat exchanger 110 via the
inlet nozzle 142). For example, the nozzle assembly 146 may be in communication with a
volume of fluid in a heated fluid chamber 148. The heated fluid chamber 148 may be formed
in the heat exchanger 110 at a lower portion 130 of the housing 112. In some embodiments, a
portion of the housing 112 and a portion of the heating member 120 coupled to the housing
112 may form the heated fluid chamber 148. Fluid may be supplied to the heated fluid
chamber 148 by an inlet 150 having an inlet nozzle 152 and a flange 154 for coupling to a
source of the fluid. It is noted that, for clarity, the inlet 150 is depicted as being positioned in
substantially the same plane as inlet 116. However, in some embodiments, inlet 150 may be
offset from inlet 116 as depicted in FIG. 1. In other embodiments, a supply of fluid (e.g., an
external chamber, pressure vessel, efc.) may be coupled directly to the nozzle assembly 146.
It is further noted that while the heating member 120 shown and described in with reference
to FIG. 2 includes a nozzle assembly 146, in some embodiments, the heating member 120
may be formed without a nozzle assembly.

FIG. 3 is an enlarged, partial longitudinal cross-sectional view of the heat exchanger
shown in FIGS. 1 and 2. As shown in FIG. 3, the nozzle assembly 146 may include a nozzle
156 coupled to a portion of the nozzle assembly 146. As shown in greater detail in FIGS. 4A

and 4B, the nozzle 156 includes a nozzle body 157 having an orifice 158 formed therein. The
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orifice 158 formed in the body 157 of the nozzle 156 may be sized to provide a desired flow
of the fluid from the heated fluid chamber 148 at a desired velocity into the interior portion of
the heating member 120 and the transition chamber 114. For example, the orifice 158 formed
in the body 157 of the nozzle 156 may have a diameter of approximately 0.625 (5/8) inch
(approximately 1.559 cm). In some embodiments, the nozzle 156 may formed from be a
modified pipe plug (e.g., a SWAGELOK® pipe plug available from the SWAGELOK®
Company of Solon, OH) modified to have an orifice extending therethrough. In some
embodiments, the body 157 of the nozzle 156 may include an attachment portion 159 (e.g., a
hexagonal potion) for facilitating coupling the nozzle 156 to a portion of the heat exchanger
110 (e.g., the nozzle assembly 146 or the heating member 120).

Referring still to FIG. 3, the nozzle 156 may be received in the nozzle assembly 146.
The nozzle assembly 146 may be coupled to a portion of the heating member 120 (e.g., by,
swaging, adhesion, welding, brazing, efc.) proximate the first end 122 and the first opening
124 of the heating member 120. The nozzle 156 may be coupled to the nozzle assembly 146
(e.g., by, swaging, adhesion, welding, brazing, efc.) In some embodiments, the nozzle 156
may be removably coupled to the nozzle assembly 146. For example, the nozzle 156 may be
threaded into a portion of the nozzle assembly 146. Such a removable nozzle 156 may enable
different nozzle sizes to be interchangeably used with the heat exchanger 110. In some
embodiments, the nozzle 156 may be accessed (e.g., to adjust the nozzle 156, to change
nozzle sizes, efc.) in the heat exchanger 110 through a removable portion 160 of the housing
112 that may be removably secured (e.g., threaded) to a portion of the housing 112 (e.g., a
retaining portion 161).

Referring back to FIG. 2, in some embodiments, the nozzle assembly 146 or portion
thereof may be adjustable (e.g., manually or automatically adjustable) to adjust the flow rate
and velocity of the fluid flowing through the nozzle assembly 146 at the first end 122 of the
heating member 120 and into the transition chamber 114. In some embodiments, pressure of
the fluid in the heated fluid chamber 148 may be adjusted to provide the desired fluid flow

and fluid velocity into the transition chamber 114 through the nozzle assembly 146.

It is noted that while the embodiment of FIG. 2 illustrates the heat exchanger 110
including a nozzle assembly 146, in some embodiments, the fluid flow and fluid velocity into
the transition chamber 114 of the heat exchanger 110 may be controlled by other means such
as, for example, by one or more valves, by the heating member 120 itself, by one or more

flow regulators, etc.
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In some embodiments, the heat exchanger 110 may include particle barrier located in
the upper portion 132 of the housing 112 of the heat exchanger 110. For example, a
deflection plate 162 may be positioned in the upper portion 132 of the housing 112. In some
embodiments, the deflection plate 162 may have a substantially concave surface oriented in a
direction toward the heating member 120 (i.e., a concave surface of the deflection plate 162
may face the heating member 120). In some embodiments, the deflection plate 162 may have
a size that is smaller than the interior of the housing 112 of heat exchanger 110. For example,
a diameter of the deflection plate 162 may be less than an inner diameter of the housing 112.
The deflection plate 162 may be suspended within the housing 112 by supports 164. The
supports 164 may be coupled to the deflection plate 162 and may extend to the inner surface
134 of the housing 112 and may be coupled thereto. The supports 164 and the deflection
plate 162 be sized in the housing 112 to provide channels around the deflection plate 162
proximate to the inner surface 134 of the housing 112 enabling fluid to pass from the
transition chamber 114 around the deflection plate 162 and to the outlet 118 of the heat
exchanger 110. It is noted that while the embodiment of FIG. 2 illustrates the deflection plate
162 having a concave shape, the deflection plate 162 may be formed in any suitable shape

(e.g., flat, v-shaped, etc.).

In some embodiments, a particle barrier of the heat exchanger 110 may include a filter
166 disposed in the housing 112 of the heat exchanger 110. For example, the filter 166 may
be positioned in the upper portion 132 of the housing 112 between the deflection plate 162
and the outlet 118 of the heat exchanger 110. The filter 166 may be formed from any
material capable of at least partially restricting flow of a solid or liquid and at least partially
enabling flow of a fluid (e.g., a gas) therethrough. For example, the filter 166 may be formed
from a stainless steel demister, a woven wire mesh, a fiber mesh, efc. In some embodiments,
the filter 166 may be supported in the heat exchanger 110 by the deflection plate 162, the
supports 164, or both the deflection plate 162 and the supports 164. In some embodiments,
the filter 166 may be attached to a portion of the housing 112. In some embodiments, the
filter 166 may substantially fill a portion of the heat exchanger 110 extending between the
deflection plate 162 and the outlet 118 of the heat exchanger 110.

In some embodiments, a fluid bypass 170 (e.g., a gas bypass valve) may be disposed
between the heated fluid chamber 148 and the transition chamber 114. For example, the fluid
bypass 170 may be located proximate to the second end 126 of the heating member 120. The
fluid bypass 170 may enable the flow rate and velocity of a fluid to be reduced through the

10
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nozzle 156 by venting a portion of the fluid in the heated fluid chamber 148 directly into the
transition chamber 114 bypassing the nozzle 156. In other words, the fluid bypass 170 may
vent a portion of the fluid within the heated fluid chamber 148 into the transition chamber

114, thereby, reducing a pressure of the fluid within the heated fluid chamber 148.

With continued reference to FIG. 2, in operation, the inlet nozzle 142 of the inlet 116
may supply a first fluid such as, for example, a fluid carrier (e.g., a gas or liquid) containing
particles of a material such as, for example, a particulate (e.g., a solid or liquid particulate) to
the heat exchanger 110. For example, a first fluid may include a fluid carrier (e.g., a natural
gas) in a substantially gaseous state (e.g., a gas carrier) including a nongaseous material (e.g.,
a particulate such as, for example, particles of CO;). In some embodiments, the first fluid
including the gas carrier and particulate may be supplied by the inlet nozzle 142 ata
temperature lower than the sublimation temperature of the particulate in order to provide a
first fluid into the transition chamber 114 of the heat exchanger 110 having particulates in a

solid state.

As the first fluid is supplied to the transition chamber 114 in the housing 112 of the
heat exchanger 110, the temperature of the first fluid or portions thereof may be increased by
a second fluid (e.g., a heating fluid). For example, the second fluid (e.g., a methane gas, for
example, a methane gas provided from a LNG system that has been previously processed in
the system to substantially remove particles of CO, therefrom) may be supplied through the
inlet nozzle 152 of the inlet 150. In some embodiments, the second fluid may be supplied to
the heat exchanger 110 at a temperature greater than a temperature in the transition chamber
114. For example, the second fluid supplied the heat exchanger 110 at a temperature greater
than the temperature of one or more fluids (e.g., a portion of the first fluid) in the transition
chamber 114. By way of further example, the first fluid may comprise particles of COzin a
methane carrier and the second fluid may be supplied to the heat exchanger 110 (e.g., into the
heated fluid chamber 148) at a temperature that is greater than the sublimation temperature of
the CO;, particles (e.g., approximately -80° C to -60° C (this temperature may vary depending
upon the pressure of the fluid environment)). In some embodiments, the second fluid may be
heated in the heated fluid chamber 148 of the heat exchanger 110 to exhibit a temperature

greater than a temperature in the transition chamber 114.

The second fluid may enter the heat exchanger 110 through the inlet nozzle 152 and
into the heated fluid chamber 148. In some embodiments, the second fluid may be

pressurized in the heated fluid chamber 148 (e.g., by supplying the second fluid through the
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inlet nozzle 152 at a rate greater than the rate that the second fluid is removed from the heated
fluid chamber 148 into the transition chamber 114). In some embodiments, the second fluid
in transition chamber 114 may act to heat a surface forming the transition chamber 114. For
example, as discussed above, the second fluid within the heated fluid chamber 148 may heat
a surface of the heating member 120 which forms a portion of the transition chamber 114.
Heating a surface of the heating member 120 may act to increase the temperature of the
heating member 120 and to at least partially prevent particles from attaching or sticking to the

surfaces of the heating member 120.

The nozzle assembly 146 and, in particular, the orifice 158 of the nozzle 156 may act
to supply the second fluid into the transition chamber 114 through the first opening 124 at the
first end 122 of the heating member 120. The nozzle 156 may be sized to provide a jet (e.g.,
a relatively high-velocity, high-pressure jet) of the second fluid 168 that may travel through
the nozzle 156 into the transition chamber 114 in a direction toward the upper portion 132 of
the housing 112. It is noted that the jet of second fluid 168 is illustrated in FIG. 2 by two
lines for the purposes of describing exemplary embodiments of the present disclosure and is
not limiting. As the second fluid enters the heating member 120 and progresses upward
toward the upper portion 132 of the housing 112, the velocity profile of jet of second fluid
168 may be altered. For example, as the diameter of the heating member 120 increases, the
velocity of the jet of second fluid 168 will be reduced as the jet of second fluid 168 travels
from the second opening 128 at the second end 126 of the heating member 120 toward the

upper portion 132 of the housing 112.

The jet of second fluid 168 may form a column of gas that elevates the first fluid,
including any particulate therein, from the lower portion 130 of the housing 112 proximate
the heating member 120 toward the upper portion 132 of the housing 112. As the jet of
second fluid 168 elevates the first fluid, including any particulate therein, the jet of second
fluid 168 may act to heat the second fluid. The transition chamber 114 may enable the first
fluid and the second fluid to mix and enable energy (e.g., heat) contained in the second fluid
to transfer to the first fluid, thereby, altering a state (e.g., phase) of at least a portion of the
first fluid.

For example, the first fluid may enter into the heat exchanger 110 at the inlet 116 that
is located in a relatively lower velocity area as compared to an area in the housing 112
proximate to the jet of second fluid 168 extending from the nozzle 156 at the first end 122 of

the heating member 120. Once in housing 112, a portion of gas or liquid contained the first
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fluid (e.g., gaseous or liquid methane) may be swept toward the outlet 118 of the heat
exchanger 110 (e.g., as the gas or liquid tends to flow to a region of the housing 112
proximate the outlet 118 having a relatively lower pressure). In some embodiments, a portion
of gas or liquid contained the first fluid may be heated once in the transition chamber 114 and
may be swept (e.g., by the force of the jet of second fluid 168) to the outlet 118 of the heat
exchanger 110 and removed from the heat exchanger 110. For example, material in a
gaseous state in the first fluid may enter the housing 112 through the inlet 116 and the
relatively higher temperatures in the transition chamber 114 provided by the jet of second
fluid 168 may act to heat and direct the material in the gaseous state to the outlet 118 of the
heat exchanger 110. Similarly, material in a liquid state in the first fluid may enter the
housing 112 through the inlet 116. The material in the liquid state may travel toward the
lower portion 130 of the housing 112 proximate the heating member 120 under a gravitation
force. The relatively higher temperatures in the transition chamber 114 provided by the jet of
second fluid 168 may act to heat and vaporize the material in the liquid state. After
vaporization, the material, now in a gaseous state, may be further heated and directed to the

outlet 118 of the heat exchanger 110.

Particles (e.g., particulates, solids, liquids, efc.) in the first fluid (e.g., particles of
CO,) may fall under a gravitation force in a direction toward the jet of second fluid 168 at the
first end 122 of the heating member 120. The cone-shaped heating member 120 may act to
direct the particles toward the jet of second fluid 168. In other words, the cone-shaped
heating member 120 may direct the particles downward through an inner portion of the
heating member 120 along the diagonal sides of the heating member 120 toward the
relatively smaller first opening 124 of the heating member 120. Further, the surface of the
heating member 120 heated by the second fluid contained in the heated fluid chamber 148
may act to heat the particles as the particles travel downward through the heating member
120 toward the jet of second fluid 168 extending from the nozzle 156. As the particles travel
toward the jet of second fluid 168, the particles may be swept up in the jet of second fluid 168
and elevated in a direction toward the upper portion 132 of the housing 112. For example,
the jet of second fluid 168 may create a fluidized bed of particles. When the particles are
located in the jet of second fluid 168, the velocity of the jet of second fluid 168 may act to
elevate and rotate the particles enabling heating of the particles on a substantial portion of the
external surface area of the particles. In some embodiments, the nozzle 156 and the second

fluid 168 (e.g., the pressure of the second fluid in the heated fluid chamber 148, the size and

13



10

15

20

25

30

WO 2012/061541 PCT/US2011/059038

shape of the nozzle 156, or combinations thereof) may be selected to provide a jet of second
fluid 168 that may suspend an average-sized particle at a midsection of the heating member
120 between the first end 122 and second end 126. The velocity variance of the jet of second
fluid 168 in the heating member 120 extending from the first opening 124 toward the second
opening 128 may act to suspend the particles in the heating member 120 based on the size
and weight of each particles. For example, the nozzle 156 and the second fluid 168 may be
selected to provide a jet of second fluid 168 having a velocity of approximately 120 feet per
second (ft/sec) (approximately 36.6 meters per second (m/s)) proximate to the nozzle 156 at
the first end 122 of the heating member 120. Further, the heating member 120 and the
housing 112 may be sized to provide a velocity of the jet of second fluid 168 proximate the
second end 126 of the heating member of approximately 0.13 feet per second (ft/sec)
(approximately 0.04 meters per second (m/s)). As the particles float in the stream of
relatively warmer gas provided by the jet of second fluid 168, the particles may be heated and
the state of the particles may be altered to a gaseous state. As portions of each particle are
converted to a gaseous state, the particles will reduce in size and weight, enabling the
particles to float higher in the transition chamber 114, until the particles are substantially

completely altered to a gaseous state (e.g., sublimed).

In some embodiments, the particles may be elevated to the deflection plate 162
located in the upper portion 132 of the heat exchanger 110. The deflection plate 162 may act
to direct the particles toward an area of relatively lower velocity proximate to outer portions
of the housing 112 (e.g., proximate to the inner surface 134 of the housing 112) and away
from the central portion of the housing 112 having the jet of second fluid 168 extending
therethrough. In some embodiments, the deflection plate 162 may also act to redirect the jet
of second fluid 168 toward outer portions of the housing 112 and may act to force the
particles downward toward the heating member 120. In some embodiments, as the velocity
of the jet of second fluid 168 decreases as it approaches the upper portion 132 of the housing
122, the particles may travel away from the central portion of the housing 112 and the path of
the jet of second fluid 168 and may fall back toward the heating member 120.

As before, once the particles are located in a relatively lower velocity area as
compared to an area in the housing 112 proximate to the jet of second fluid 168 extending
from the nozzle 156 at the first end 122 of the heating member 120, the particles may fall
under a gravitation force in a direction toward the jet of second fluid 168 at the first end 122

of the heating member 120. The process heating and elevating the particles may be repeated
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until the temperature of the particles have been raised to sufficiently transition the particles to
a different state of matter (e.g., to a gaseous state). For example, particles of CO, (e.g., solid
crystals of CO,) may be supplied to the heat exchanger 110 through the inlet 116 ata
temperature lower than the sublimation temperature of CO; (e.g., -60° C (this temperature
may vary depending upon the pressure of the fluid environment)). The particles of CO; may
fall under a gravitation force and be elevated by the jet of second fluid 168, as described
above, until the temperature of the particles of CO; is raised to above the sublimation
temperature of CO,. The particles of CO, may begin to sublimate into a gaseous state and
may travel (e.g., be directed by the jet of second fluid 168) toward the outlet 118 of the heat

exchanger 110.

The filter 166 disposed in the upper portion 132 of the heat exchanger 110 may also
act to restrict flow of particles traveling toward the outlet 118 and trap the particles therein.
In some embodiments, gradual heating of the particles trapped in the filter may transition the
particles to a gaseous state which may then travel through the filter 166 to the outlet 118 of
the heat exchanger 110.

FIG. 5 is graph depicting projected sublimations times for particles (e.g., CO>
particles) based on particle size when such particles are disposed within a heat exchanger in
accordance with an embodiment of the present invention (e.g., heat exchanger 110 (FIG. 2)).
In the graph, CO, particles are considered as spheres suspended in a moving gas stream (e.g.,
the jet of second fluid 168 (FIG. 2)). As shown in FIG. 5, diameter sizes of CO, particles
ranging between 0 to 1200 microns are shown on the x-axis. The resulting sublimation times
in seconds is shown on the y-axis. Further, two sets of data points are shown, one
representing a gas steam (e.g., the jet of second fluid 168 extending from the nozzle 156
(FIG. 2)) having a temperature of 96°C and a velocity of 6.9 feet per second (ft/sec)
(approximately 2.1 meters per second (m/s)) and another set representing a gas steam having
a temperature of 96°C and a velocity of 13.7 ft/sec (approximately 4.2 m/s). As can be seen
from FIG. 5, the sublimation time of CO, particles vary depending on the size of the particles
and the velocity and temperature of the jet of heating fluid. On average, CO, particles having
a diameter of about 600 to 800 microns may reside in the heat exchanger in a solid state for

about 5 to 12 seconds before being sublimated into gaseous COs.

In view of the above, embodiments of the present invention may be particularly useful
in providing an apparatus and methods enabling the effective and efficient conveyance and

sublimation of solid particles within a fluid. Embodiments of the present invention may
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further be useful for a variety of applications other than the specific examples provided. For
example, the described apparatus and methods may be useful for the effective and efficient
mixing, heating, cooling, and/or conveyance of fluids containing sticky, corrosive, and/or

reactive chemicals.

While the invention may be susceptible to various modifications and alternative
forms, specific embodiments of which have been shown by way of example in the drawings
and have been described in detail herein, it should be understood that the invention is not
intended to be limited to the particular forms disclosed. Rather, the invention includes all
modifications, equivalents, and alternatives falling within the scope of the invention as

defined by the following appended claims and their legal equivalents.

16



WO 2012/061541 PCT/US2011/059038

CLAIMS

What is claimed is:

1. A heat exchanger, comprising:

a housing having at least one inlet and at least one outlet, the housing forming a portion of a
transition chamber within the heat exchanger, the at least one inlet and the at least one
outlet being in communication with the transition chamber and being positioned at an
upper portion of the housing; and

a heating member disposed within the housing and forming another portion of the transition
chamber, the heating member comprising:

a first end having a first opening formed therein in communication with a supply of at
least one fluid; and

a second end having a second opening formed therein, the second opening being
larger than the first opening and being in communication with the transition

chamber of the heat exchanger.

2. The heat exchanger of claim 1, wherein the housing further comprises a heated
fluid chamber disposed within a lower portion of the housing, the heating member disposed
between and separating the transition chamber and the heated fluid chamber, and wherein the
first opening of the heating member is communication with the heated fluid chamber of the

heat exchanger.

3. The heat exchanger of claim 2, further comprising a heating fluid inlet
configured to supply a volume of fluid at a temperature greater than a temperature of a fluid

within the transition chamber to the heated fluid chamber.

4. The heat exchanger of claim 2, further comprising a nozzle assembly disposed
at the first end of the heating member, the nozzle assembly configured to restrict flow of the
at least one fluid as the at least one fluid passes through the nozzle assembly from the heated

fluid chamber into the transition chamber.
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5. The heat exchanger of claim 4, wherein the nozzle assembly comprises at least
one removable nozzle and wherein the housing comprises a removable portion proximate to

the nozzle assembly enabling access to the at least one removable nozzle .

6. The heat exchanger of claim 1, wherein the heating member is substantially

cone-shaped.

7. The heat exchanger of claim 1, wherein a portion of the heating member
forming the second opening is coupled to an inner surface of the housing and wherein the
second opening of the heating member comprises a transverse, cross-sectional area of

substantially the same size as a transverse, cross-sectional area of the housing.

8. The heat exchanger of claim 1, further comprising a deflection plate disposed
in the upper portion of the housing between the second end of the heating member and the at
least one outlet, the deflection plate having at least one surface oriented in opposition to the

second end of the heating member.

9. The heat exchanger of claim 8, further comprising a filter disposed within the

housing between the deflection plate and the at least one outlet.

10. The heat exchanger of claim 1, wherein:

the at least one inlet is configured to supply the transition chamber with at least one material
in a first state and the at least one outlet is configured to remove the at least one
material in a second, different state;

the heating member is configured to supply a portion of the at least one fluid through the first
opening and into communication with the at least one material in the first state; and

the transition chamber is configured to enable a portion of the at least one fluid to transition
the at least one material in the first state to the at least one material in the second,

different state.
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11. A method of conveying a fluid, the method comprising:

supplying a first fluid comprising at least one material into a transition chamber of a heat
exchanger through an inlet;

supplying a second fluid through an opening formed in an apex of a cone-shaped heating
member and into an interior portion of the cone-shaped heating member forming a
portion of the transition chamber;

altering a state of the at least one material of the first fluid with the second fluid; and

conveying the at least one material of the first fluid having the altered state out of the heat
exchanger through an outlet of the heat exchanger located in an upper portion of the

heat exchanger.

12.  The method of conveying a fluid of claim 11, wherein supplying a first fluid
comprising at least one material into a transition chamber of a heat exchanger comprises
supplying a first fluid comprising at least one gaseous material and at least one solid material
into the transition chamber of the heat exchanger and wherein altering a state of the at least
one material of the first fluid with the second fluid comprises transitioning the at least one

solid material to at least another gaseous material with the second fluid.

13.  The method of conveying a fluid of claim 12, wherein conveying the at least
one material of the first fluid comprises conveying the at least one gaseous material and at

least one solid material through the outlet.

14.  The method of conveying a fluid of claim 11, wherein supplying a second
fluid through an apex of a cone-shaped heating member comprises supplying the second fluid
through another inlet formed in the heat exchanger and into a heated fluid chamber in

communication with the opening formed in the apex of the cone-shaped heating member.

15.  The method of conveying a fluid of claim 14, further comprising heating a

surface of the cone-shaped heating member with the second fluid in the heated fluid chamber.
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16.  The method of conveying a fluid of claim 11, further comprising:
supplying the first fluid at a first temperature into the transition chamber;
supplying the second fluid at a second temperature greater than the first temperature; and
conveying the first fluid and the second fluid out of the transition chamber through the outlet
at a third temperature different than each of the first temperature and the second

temperature.

17.  The method of conveying a fluid of claim 16, further comprising:

supplying at least one material of the first fluid into the transition chamber in a solid state;
and

conveying the at least one material of the first fluid out of the transition chamber in a gaseous

state.

18.  The method of conveying a fluid of claim 11, further comprising:

supplying at least one material of the first fluid into the transition chamber in a solid state;
and

forcing the at least one material of the first fluid in the solid state away from the apex of the

cone-shaped heating member with the second fluid.

19. A method of sublimating solid particles, the method comprising:

conveying a first fluid comprising at least one material in a solid state into a transition
chamber of a heat exchanger;

heating the at least one material within the first fluid to a gaseous state comprising:
directing a second fluid at a temperature higher than a temperature of the first fluid

into the transition chamber through a cone-shaped heating member; and

mixing the first fluid and the second fluid; and

conveying the at least one material within the first fluid in the gaseous state out of the

transition chamber with the first fluid.
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20.  The method of conveying a fluid of claim 19, wherein:

conveying a first fluid comprising at least one material comprises conveying solid carbon
dioxide and at least one of liquid methane and gaseous methane; and

conveying the at least one material within the first fluid in the gaseous state out of the
transition chamber with the first fluid and the second fluid comprises conveying

gaseous methane and gaseous carbon dioxide out of the transition chamber.
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