wo 2012/106605 A2 || I 0FV0 0 0O R 0 0 Y O A

(43) International Publication Date

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

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

9 August 2012 (09.08.2012)

WIPOIPCT

(10) International Publication Number

WO 2012/106605 A2

(51

eay)

(22)

(25)
(26)
(30)

1

(72)
(73)

74

International Patent Classification:
F28F 1/00 (2006.01) F28F 3/12 (2006.01)

International Application Number:
PCT/US2012/023786

International Filing Date:
3 February 2012 (03.02.2012)

Filing Language: English
Publication Language: English
Priority Data:

61/439,565 4 February 2011 (04.02.2011) US
13/365,460 3 February 2012 (03.02.2012) US

Applicant (for all designated States except US): LOCK-
HEED MARTIN CORPORATION [US/US]; 6801
Rockledge Drive, Bethesda, MD 20817 (US).

Inventors; and

Inventors/Applicants (for US only): MAURER, Scott, M.
[US/US]; 6070 Erinblair Loop, Haymarket, VA 20169
(US). KLETT, James, W. [US/US]; 10073 Delle Meade
Drive, Knoxville, TN 37931 (US).

Agent: LARSON, James, A.; Hamre, Schumann, Mueller
& Larson, P.C., P.O. Box 2902, Minneapolis, MN 55402

(US).

(8D

(84)

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

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

Published:

without international search report and to be republished
upon receipt of that report (Rule 48.2(g))

(54) Title: STAGED GRAPHITE FOAM HEAT EXCHANGERS

(57) Abstract: Shell-and-tube heat exchangers that utilize one or more foam heat transter units engaged with the tubes to enhance
the heat transfer between first and second fluids. The foam of the heat transfer units can be any thermally conductive foam material
that enhances heat transfer. In an embodiment, a liquid distribution unit is employed that sprays a fluid to maximize the energy trans-
fer through the use of large surface/volume ratio of the sprayed fluid. The spraying can be used in combination with or separately
from the foam heat transter units. Also, the tubes can be helically twisted around the liquid distribution unit so that the sprayed fluid
impinges on the tubes. The shell-and-tube heat exchangers described herein are highly efficient, inexpensive to build, and corrosion
resistant. The heat exchangers can be configured as an evaporator, a condenser, or for single phase cooling or heating thermal trans -
fer applications.



10

15

20

25

30

WO 2012/106605 PCT/US2012/023786

STAGED GRAPHITE FOAM HEAT EXCHANGERS

This application claims the benefit of U.S. Provisional Applicant Serial No. 61/439565,

filed on February 4, 2011, the entire contents of which are incorporated herein by reference.

FIELD
This disclosure relates to heat exchangers in general, and, more particularly, to staged
heat exchangers configured as shell-and-tube heat exchangers, including evaporators, condensers

and heating or cooling thermal transfer applications.

BACKGROUND

Heat exchangers are used in many different types of systems for transferring heat

between fluids in single phase, binary or two-phase applications. An example of a commonly
used heat exchanger is a shell-and-tube heat exchanger., Generally, a shell-and-tube heat
exchanger includes multiple tubes placed between two tube sheets and encapsulated in a shell, A
first fluid is passed through the tubes and a second fluid is passed through the shell such that it
flows past the tubes separated from the first fluid. Heat energy is transferred between the first
fluid and second fluid through the walls of the tubes.

A shell-and-tube heat exchanger is considered the primary heat exchanger in industrial
heat transfer applications since they are economical to build and operate. However, shell-and-

tube heat exchangers are not generally known for having high heat transfer efficiency.

SUMMARY

Shell-and-tube heat exchangers are described that utilize one or more foam heat transfer
units engaged with the tubes to enhance the heat transfer between first and second fluids. The
foam of the heat transfer units can be any thermally conductive foam material that enhances heat
transfer, for example graphite foam. The shell-and-tube heat exchangers described herein are
highly efficient, inexpensive to build, and corrosion resistant. The described heat exchangers can
be used in a variety of applications, including but not limited to, low thermal driving force
applications, power generation applications, and non-power generation applications such as

refrigeration and cryogenics.
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The heat exchanger will be described herein as being configured as an evaporator,
although the heat exchanger concepts described herein can also be employed on a condenser, or
for single phase cooling or heating thermal transfer applications.

In one embodiment, the heat exchanger employs foam material that is engaged with the
tubes of the tube bundle to enhance heat exchange between a fluid flowing through the tubes and
a second fluid within the shell. The foam material can be in the form of a foam heat transfer unit
connected to a plurality of the tubes. The foam heat transfer unit can take on many different
configurations to accomplish its heat transfer function.

The foam of the heat transfer units can be any thermally conductive foam material that
enhances heat transfer, for example graphite foam or metal foam. In one embodiment, the heat
transfer unit includes graphite foam. In other embodiments, the heat transfer consists essentially
of, or consists of, graphite foam.

In another embodiment, the heat exchanger employs spraying of liquid to maximize the
energy transfer through the use of large surface/volume ratio of the sprayed liquid, This
maximized energy transfer from sprayed liquid is particularly beneficial in evaporator
applications to increase efficiency, but could also be employed in condenser applications as well
as cooling/heating thermal transfer applications.

In some embodiments, foam heat transfer units need not be used. Instead, higher
efficiency is achieved by using spraying of liquid only. In these embodiments, the spraying can
be coupled with helically twisted tubes surrounding a spray distribution tube. If desired, the
spraying can be used in combination with foam heat transfer units to achieve even higher
efficiency.

Baffles can also be utilized in the heat exchanger to increase the fluid path and residence
time in the heat exchanger to further enhance efficiency.

The heat exchanger includes a shell having a longitudinal axis. The shell and the
longitudinal axis thereof can be oriented horizontally, vertically, or at any angle therebetween. A
tube bundle is disposed within the shell, with the tube bundle including a first plurality of tubes
configured to convey a fluid, a first tube sheet and a second tube sheet. At least a portion of the
first tubes are arranged parallel to the longitudinal axis. The first tubes can have any desired tube

layout/configuration including, but not limited to, single pass and multi-pass.
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Each of the tubes includes an outer surface, a first end joined to the first tube sheet in a
manner to prevent fluid leakage between the first end and the first tube sheet and a second end
joined to the second tube sheet in a manner to prevent fluid leakage between the second end and
the second tube sheet.

One suitable method for connecting the tubes and the tube sheets is friction-stir-welding
(FSW). The use of FSW is particularly beneficial in heat exchanger applications subject to
corrosive service, since the FSW process eliminates seams, no dissimilar metals are used and, in
the case of saltwater environments, no galvanic cell is created.

A first heat transfer unit is connected to and in thermal contact with the outer surfaces of
the first plurality of tubes. The first heat transfer unit includes graphite foam. In addition, a first
liquid distribution tube is disposed within the shell parallel to the longitudinal axis, with the
liquid distribution tube being configured to spray a liquid onto the outer surfaces of the first
plurality of tubes.

The heat exchange evaporator can have a plurality of the foam heat transfer units with a
number of configurations. In one embodiment, the heat transfer units can be spaced from each
other and configured to form stages along an axial direction of the plurality of the tubes. In
another embodiment, the heat transfer units comprise foam bodies that are arranged into a helix.
Examples of foam bodies include plate-shaped bodies, wedge-shaped bodies, triangular-shaped
bodies, square-shaped bodies. Other shapes and configurations of foam heat transfer units can
also be used. In addition, the tube bundle can contain multiple sets of tubes and heat transfer
units, arranged in various patterns.

The liquid distribution tube can extend through the heat transfer unit(s) and/or can be
partially or wholly surrounded by the first plurality of tubes. Multiple liquid distribution tubes
can also be used, which can extend through the heat transfer unit(s). Each liquid distribution
tube can also be wholly or partially surrounded by its own plurality of tubes. In addition, the
liquid distribution tubes can be located in the shell vertically above, or on top of, the tube bundle.

In another embodiment, a heat transfer unit for use in a heat exchanger includes a body
that consists essentially of foam material, such as graphite foam or metal foam. The body
includes first and second major surfaces and a perimeter edge. A plurality of tube holes extend
through the body from the first major surface to the second major surface, with the tube holes

having central axes that are parallel to each other. Each tube hole is configured to connect to an
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outer surface of a heat exchange tube of the heat exchanger for establishing thermal contact
between the foam material and the heat exchange tube. In addition, at least one fluid conducting
hole extends through the body from the first major surface to the second major surface. The
fluid conducting hole has a central axis that is parallel to the central axes of the tube holes.

The tubes of the heat exchangers described herein can be arranged in numerous patterns
and pitches, including but not limited to, an equilateral triangular pattern defining a triangular
pitch between tubes, a square pattern defining a square pitch between tubes, and a staggered
square pattern defining a square or diamond pitch between tubes.

The heat exchangers described herein can also be configured to have any desired flow
configuration, including but not limited to, cross-flow, counter-current flow, and co-current flow,
Further, the shell, tubes, tube sheets, and other components of the described heat exchangers can
be made of any materials suitable for the desired application of the heat exchanger including, but
not limited to, metals such as aluminum, titanium, copper and bronze, steels such as high alloy
stainless steels, and non-metals such as plastics, fiber-reinforced plastics, thermally enhanced

polymers, and thermoplastics.

DRAWINGS

Figure 1 shows a conventional single-pass, counter-current flow shell-and-tube heat
exchanger.

Figure 2 shows a cross sectional view of a conventional shell-and-tube heat exchange
evaporator.

Figure 3 is a cross-sectional view of an improved horizontal shell-and-tube heat
exchanger that employs an improved tube bundle with foam heat transfer units,

Figure 4 is a perspective view of an embodiment of an improved tube bundle for a
vertical shell-and-tube heat exchanger described herein.

Figure § is a cross-sectional view through the tube bundle shown in Figure 4,

Figure 6 is a perspective view of another embodiment of an improved tube bundle for a
horizontal or vertical shell-and-tube heat exchanger described herein.

Figure 7 is a partial, isometric view of the tube bundle of Figure 6.

Figure 8 illustrates a foam heat transfer unit used with the tube bundle of Figures 6-7.
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Figures 9A and 9B are cross-sectional end views of tube bundles having a square and
staggered square pitch, respectively.

Figure 10 is a cross-sectional end view of a tube bundle having an equilateral pitch
illustrating triangular foam heat transfer units in the pitch spaces between the tubes.

Figure 11 is a cross-sectional view of another embodiment of the use of liquid
distribution tubes.

Figure 12 illustrates details of the portion within the triangle in Figure 11,

Figure 13 illustrates details of the portion within the hexagon in Figure 11,

Figure 14 is a cross-sectional view of still another embodiment of the use of a liquid
distribution tube.

Figure 15 is a partial, isometric view of the portion within the hexagon in Figure 14,

Figures 16A-F illustrate examples of patterns formed by different configurations of foam

heat transfer units,

DETAILED DESCRIPTION

Figure 1 shows a conventional shell-and-tube heat exchanger 10 that is configured to

exchange heat between a first fluid and a second fluid in a single-pass, primarily counter-flow
(the two fluids flow primarily in opposite directions) arrangement, The heat exchanger 10 has a
tube bundle formed by tubes 12 and a tube sheet 14 at each end of the tubes, baffles 16, an input
plenum 18 for a first fluid, an output plenum 20 for the first fluid, a shell 22, an inlet 24 to the
input plenum for the first fluid, and an outlet 26 from the output plenum for the first fluid. In
addition, the shell 22 includes an inlet 28 for a second fluid and an outlet 30 for the second fluid.

The first fluid and the second fluid are at different temperatures. For example, the first
fluid can be at a higher temperature than the second fluid so that the second fluid is heated by the
first fluid. The first fluid and the second fluid can be liquids, vapor, or one fluid can be a liquid
while the other fluid can be a vapor,

During operation, the first fluid enters through the inlet 24 and is distributed by the
manifold or plenum 18 to the tubes 12 whose ends are in communication with the plenum 18.
The first fluid flows through the tubes 12 to the second end of the tubes and into the output
plenum 20 and then through the outlet 26. At the same time, the second fluid is introduced into
the shell 22 through the inlet 28. The second fluid flows around and past the tubes 12 in contact
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with the outer surfaces thereof, exchanging heat with the first fluid flowing through the tubes 12.
The baffles 16 help increase the flow path length of the second fluid, thereby increasing the
interaction and residence time between the second fluid in the shell-side and the walls of tubes.
The second fluid ultimately exits through the outlet 30.

In the case of a heat exchange evaporator, the first fluid can be a liquid at a temperature
higher than the temperature of the second fluid, while the second fluid enters the inlet 28 as a
liquid but is vaporized upon contact with the tubes 12. The vapor then exits the shell through the
outlet 30. However, in appropriate circumstances understood by persons of ordinary skill in the
art, the concepts described herein can be applied to heat exchanger condensers and heating or
cooling thermal transfer applications.

For sake of convenience, the heat exchanger examples herein will be described as heat
exchange evaporators, it being understood that the described technology has applications in heat
exchangers in general, including evaporators, condensers and heating or cooling thermal transfer
applications. Also, the examples herein are shown as single-pass shell-and-tube heat exchangers.
However, the described technology has applications in heat exchangers that have many other
configurations, including staged heat exchangers in general, single or multi-pass systems,
counter-current flow, cross-flow (the two fluids flow primarily generally perpendicular to one
another), co-current flow (the fluids primarily flow in the same directions), or the two fluids flow
at flow at any angle therebetween. Further, the heat exchangers can be oriented horizontally,
vertically, or any angle therebetween,

Figure 2 is a cross-sectional view of a conventional shell-and-tube heat exchanger 40
configured as an evaporator disposed in a horizontal orientation. The heat exchanger 40 includes
a shell 42 and a tube bundle formed by a plurality of tubes 44 secured at each end thereof to tube
sheets (not shown) disposed at ends of the heat exchanger 40. The shell 42 and the tube sheets
collectively define a chamber 46. The tubes 44 are fluidically isolated from the chamber 46 so
that a fluid flowing through the tubes does not mix with a second fluid within the chamber 46.
However, the tubes 44 transfer thermal energy between the fluid flowing therethrough and the
fluid in the chamber 46,

A liquid distributor 48 is disposed inside the chamber 46 and is configured to spray or
drop a liquid 50 in the chamber 46. The liquid distributor 48 is disposed above the tubes 44 and
sprays or drops the liquid 48 down onto the tubes 44. The liquid flowing through the tubes 44 is
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at a higher temperature than the liquid 50. As a result, when the liquid 50 comes into contact
with the outside surfaces of the tubes 44, the liquid 50 absorbs heat energy from the heat
conducted through the tubes 44 from the flowing fluid inside the tubes. The liquid 50 is then
vaporized 52 and the vapor 52 rises in the chamber 46 and exits the chamber via a vapor outlet
54. Any of the liquid 50 that does not vaporize collects at the bottom of the chamber 46 in a pool
56.

Further examples of shell-and-tube heat exchanger falling film evaporators are disclosed
in U.S, Patents 6,167,713 and 6,516,627.

With reference to Figure 3, a cross-sectional view of an improved shell-and-tube heat
exchange evaporator 100 is illustrated. In this example, the evaporator 100 is arranged
horizontally. The evaporator 100 includes a shell 102 having a longitudinal axis extending into
and out of the figure. A tube bundle 104 is disposed in the shell, with the tube bundle including
a plurality of heat exchange tubes 106 configured to convey a first fluid, a first tube sheet 108
and a second tube sheet (not shown). The shell 102 and the tube sheets define an interior
chamber 110 in which the tubes 106 are disposed.

The tubes 106 are arranged parallel to the longitudinal axis of the shell so the tubes are in
a horizontal orientation. As will be explained in more detail below with respect to Figures 3-4,
each of the tubes 106 includes an outer surface, a first end joined to the first tube sheet 108 in a
manner to prevent fluid leakage between the first end and the first tube sheet and a second end
joined to the second tube sheet in a manner to prevent fluid leakage between the second end and
the second tube sheet. As discussed further below, the tubes and tube sheets can be joined by
any suitable joining technique, such as friction stir welding (FSW).

The tubes and the tube sheets are preferably made of same material, such as, for example,
aluminum, aluminum alloy, or marine-grade aluminum alloy. Aluminum and most of its alloys,
as well as high alloy stainless steels and titanium, are amenable to the use of the FSW joining
technique. The tubes and tube sheets can also be made from other materials such as metals
including, but not limited to, high alloy stainless steels, titanium, copper, and bronze, and non-
metal materials including, but not limited to, thermally enhanced polymers or thermoset plastics.

Other joining techniques can be used to secure the tubes and the tube sheets, such as
expansion, press-fit, brazing, bonding, and welding (such as fusion welding and lap welding),

depending upon the application and needs of the heat exchanger and the user.
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A plurality of horizontal liquid distribution tubes 112 are disposed within the chamber
110 parallel to the longitudinal axis and parallel to the tubes 106. In this example, the liquid
distribution tubes 112 are disposed above the tubes 106 and are configured to spray a liquid
within the chamber 110 of the shell 102, Because the tubes 112 are disposed above the tubes
106, liquid sprayed from the tubes 112 falls or cascades downward under gravity onto the outer
surfaces of the tubes 106. The tubes 112 can be connected at one or both ends thereof to the tube
sheets in the same manner as the tubes 106, In another embodiment discussed further below, one
or more flow distribution tubes can be disposed within the tubes of the tube bundle, in addition to
or in place of, the tubes 112,

To enhance heat transfer, a plurality of groups of the tubes 106 are contacted by foam
heat transfer units 114. In this example, the heat transfer units 114 comprise rectangular blocks
of foam that are in thermal contact with, directly or indirectly, the outside surfaces of a plurality
of the tubes 106. Each heat transfer unit 114 would extend some or all of the axial length of the
tubes 106 to which they are connected to. The groups of each of the heat transfer units 114 and
the tubes 106 are arranged into a staggered diagonal baffle arrangement which is useful in
applications where the second fluid flows in a cross-flow direction relative to the flow of the first
fluid through the tubes. However, other heat transfer unit configurations and arrangements, as
well as other flow patterns, are possible. For example, the foam blocks can be between the tubes
in a triangular pattern (like Figure 10) or a square pattern (like Figures 9A and 9B). The foam
configurations shown in Figures 16A-F can also be used.

The heat transfer units 114 (as well as the heat transfer units described below) includes,
or consists essentially of, or consists entirely of, a foam material such as graphite foam or metal
foam. The term foam material is used herein to describe a material having closed cells, open
cells, coarse porous reticulated structure, and/or combinations thereof., Examples of metal foam
include, but are not limited to, aluminum foam, titanium foam, bronze foam or copper foam. In
an embodiment, the foam material does not include metal such as aluminum, titanium, bronze or
copper.

In one embodiment, the foam material is preferably graphite foam having an open porous
structure. Graphite foam is advantageous because graphite foam has high thermal conductivity,
a mass that is significantly less than metal foam materials, and have advantageous physical

properties, such as being able to absorb vibrations (e.g. sound). Graphite foam can be configured
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in a wide range of geometries based on application needs and/or heat transfer requirements.
Graphite foam can be used in exemplary applications such as power electronics cooling,
transpiration, evaporative cooling, radiators, space radiators, EMI shielding, thermal and acoustic
signature management, and battery cooling.

In use, the first fluid flowing through the tubes 106 is at a first temperature higher than
the temperature of the second fluid that is sprayed from the tubes 112. The first fluid can enter
and exit the tubes 106 in the manner illustrated in Figure 1 or in any other suitable manner. At
the same time, the second fluid is introduced into the tubes 112 and is sprayed in the chamber
110. The sprayed second fluid cascades downward over the outer surfaces of the tubes and over
the foam heat transfer units 114 in a cross-flow pattern. Because the first fluid is at a higher
temperature than the second fluid, heat is transferred from the first fluid into the second fluid
through the walls of the tubes 106 and the foam heat transfer units 114. Preferably, the
temperature of the first fluid is sufficient to cause the second fluid contacting the outer surfaces
of the tubes and/or the surfaces of the heat transfer units 114 to thin film boil and evaporate the
second fluid into a vapor. The vapor then rises up in the chamber 110 and exits the chamber via
a vapor outlet 116.

In other embodiments, the heat exchanger can be configured as a condenser in which one
of the fluids is condensed from a vapor into a liquid via heat exchange. Also, the heat exchanger
can be configured for thermal transfer applications in which a liquid that is sprayed from the
tubes 112 exchanges heat with the liquid in the tubes 106, with the liquids remaining in liquid
form. In such a single-phase liquid-liquid embodiment, a liquid outlet would be provided at the
bottom of the shell instead of at the top of the shell for vapor,

The staggered diagonal baffle arrangement of the tubes 106 and heat transfer unit 114
groups helps to ensure maximum contact between the cascading second fluid and the outer
surfaces of the tubes 106 and the surfaces of the heat transfer units 114 to maximize vaporization.
The foam of the heat transfer units 114 helps to increase the heat transfer efficiency from the first
fluid to the second fluid. However, the arrangement of the tubes 106 and heat transfer unit 114
groups in Figure 3 is exemplary only. Other arrangements and groupings can be used as
discussed below in, for example, Figures 16A-F. Also, the foam heat transfer units 114 can be
other than rectangular blocks, such as triangular or square blocks of formed and radiused to fit

between the tubes of the tube bundle as discussed below in Figures 9A, 9B, and 10. Any
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arrangement or configuration of foam material described herein that is in contact with the outer
surfaces of the tubes 106 to facilitate the transfer of heat energy from the first fluid into the
second fluid can be used.

Figure 3 also illustrates a foam heat transfer unit 118 adjacent the bottom of the chamber
110 that extends across the entire width of the chamber at that location. Additional similar heat
transfer units 118 would be axially spaced from one another along the axial length of the
chamber 110, or alternatively the foam heat transfer unit 118 could be a single body that extends
across the entire width and axial length of the chamber with openings provided in the body to
allow the second fluid to pass through the heat transfer unit 118. Any of the second fluid that
makes it down to the heat transfer unit(s) 118 without vaporizing impinges on the heat transfer
unit(s) 118 and/or any remaining tubes 106 to ensure maximum vaporization of the second fluid.

With reference to Figures 4-5, another example of an improved tube bundle 130 is
illustrated that can be used in a shell-and-tube heat exchange evaporator. However, unlike
Figure 3, the tube bundle 130 is configured to be in a vertical orientation, disposed within a shell
where the shell and the longitudinal axis thereof are arranged generally vertically.

The tube bundle 130 extends substantially the length of the shell and includes a plurality
of hollow heat exchange tubes 132 for conveying the first fluid through the heat exchanger. The
tubes 132 are arranged parallel to the longitudinal axis when mounted in the evaporator. The
tubes 132 are fixed at a first end 134 to a first tube sheet 136 and fixed at a second end 138 to a
second tube sheet 140. As would be understood by a person of ordinary skill in the art, the tube
sheets 136, 140 are sized to fit within the ends of the shell with a relatively close fit between the
outer surfaces of the tube sheets and the inner surface of the shell. When the tube bundle 130 is
installed inside the shell, the tube sheets of the tube bundle and the shell collectively define an
interior chamber that contains the tubes 132 of the tube bundle.

As shown in Figures 4-5, the ends of the tubes 132 penetrate through the tube sheets 136,
140 via holes in the tube sheets so that inlets/outlets of the tubes are provided on the sides of the
tube sheets facing away from the interior chamber of the shell. The ends of the tubes 132 may be
attached to the tube sheets in any manner to prevent fluid leakage between the tubes 132 and the
holes through the tube sheets. In example, the ends of the tubes are attached to the tube sheets
by friction stir welding (FSW).

10
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FSW is a known method for joining elements of the same material. Immense friction is
provided to the elements such that the immediate vicinity of the joining area is heated to
temperatures below the melting point. This softens the adjoining sections, but because the
material remains in a solid state, the original material properties are retained. Movement or
stirring along the weld line forces the softened material from the elements towards the trailing
edge, causing the adjacent regions to fuse, thereby forming a weld. FSW reduces or eliminates
galvanic corrosion due to contact between dissimilar metals at end joints. Furthermore, the
resultant weld retains the material properties of the material of the joined sections. Further
information on FSW is disclosed in U.S. Patent Application Publication Number 2009/0308582,
titled Heat Exchanger, filed on June 15, 2009, which is incorporated herein by reference.

The tubes and the tube sheets are preferably made of the same material, such as, for
example, aluminum, aluminum alloy, or marine-grade aluminum alloy. Aluminum and most of
its alloys, as well as high alloy stainless steels and titanium, are amenable to the use of the FSW
joining technique. The tubes and tube sheets can also be made from other materials such as
metals including, but not limited to, high alloy stainless steels, titanium, copper, and bronze, and
non-metal materials including, but not limited to, thermally enhanced polymers or thermoset
plastics.

Other joining techniques can be used to secure the tubes and the tube sheets, such as
expansion, press-fit, brazing, bonding, and welding (such as fusion welding and lap welding),
depending upon the application and needs of the heat exchanger and the user.

In the example illustrated in Figures 4-5 (as well Figure 3), the tubes 132 are substantially
round when viewed in cross-section or from either end, and are substantially linear from the end
134 to the end 138. However, the shape of the tubes, when viewed in cross-section, can be
square or rectangular, triangular, oval shaped, or any other shape, and combinations thereof, In
addition, the tubes need not be linear from end to end, but can instead be curved, helical, and
other shapes deviating from linear. In the illustrated example, the tubes 132 are configured for
single pass flow, however the tubes 132 can be configured to provide multi-pass flow. In
addition, it is to be realized that a smaller or larger number of tubes can be provided in the tube
bundle.

A plurality of foam heat transfer units 142 are connected to and in thermal contact with

the outer surfaces of the first plurality of tubes. As with the heat transfer units 114, the heat

11
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transfer units 142 include, consist essentially of, or consist entirely of a foam material, for
example graphite foam or metal foam. The heat transfer units 142 are axially spaced from one
another along the tube bundle.

Each of the heat transfer units 142 includes a body that has first and second major
surfaces 144, 146 and a perimeter edge 148, with the thickness of the body defined between the
major surfaces 144, 146. The perimeter edge 148 of each heat transfer unit 142 is preferably
radiused or otherwise shaped to match the inside shape of the heat-exchanger shell, and are sized
such that the perimeter edge 148 is positioned close to or in actual engagement with the interior
surface of the shell to minimize or prevent flow of the second fluid between the perimeter edge
148 of the heat transfer units 142 and the interior surface of the shell.

In an embodiment, the heat transfer units 142 can be strengthened by the use of solid or
perforated plates, made from a thermally conductive material such as aluminum, affixed to the
heat transfer units 142 by suitable techniques, for example by bonding using an adhesive or by
brazing. The plates can be used to assist in the assembly of the tube bundle and the heat
exchanger, and the spacing of the plates and the amount of the foam will help maximize strength
and minimize the pressure drop on the shell-side flow.

A plurality of tube openings 150 such as holes or cut-outs extend through the body from
the first major surface to the second major surface, with the tube openings having central axes
that are parallel to each other and parallel to the longitudinal axis of the shell. The tubes 132
extend through the tube openings 150 with a relatively tight fit to ensure that the body connects
to the outer surfaces of the tubes for establishing direct or indirect thermal contact between the
foam material and the heat exchange tubes 132, The tubes 132 can be connected to the heat
transfer units 142 by any means, including but not limited to a frictional engagement, bonding
with an adhesive, and/or other means, including combinations thereof.

If adhesive bonding is used, the adhesive can be thermally conductive. The thermal
conductivity of the adhesive can be increased by incorporating ligaments of highly conductive
graphite foam, with the ligaments in contact with the surfaces heat transfer unit(s) and the tubes,
and the adhesive forming a matrix around the ligaments to keep the ligaments in intimate contact
with the tubes and heat transfer units. The ligaments will also enhance bonding strength by

increasing resistance to shear, peel and tensile loads.
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The tube bundle 130 also includes one or more liquid distribution tubes 152 each of
which is configured to spray a second liquid within the shell. In the illustrated embodiment, a
plurality of the tubes 152 are utilized, spread within the tube bundle 130. However, a single tube
152 could be used if desired. The ends of the tubes 152 are fixed to the tube sheets 136, 140,
with inlet ends of the tubes 152 penetrating the tube sheet 136 via holes in the tube sheet so that
inlets of the tubes 152 are provided on the side of the tube sheet 136 facing away from the
interior chamber of the shell. The inlet ends of the tubes 152 may be attached to the tube sheet in
any manner to prevent fluid leakage between the inlet ends of the tubes 152 and the holes
through the tube sheet. For example, the inlet ends of the tubes 152 can be attached to the tube
sheet using FSW. The opposite ends of the tubes 152 can also be fixed to the tube sheet 140 by
FSW or other means. However, the opposite ends are closed ends so that all of the second fluid
that enters the tubes 152 is sprayed out.

The second fluid can be introduced into the tubes 152 in any suitable manner to prevent
mixing with the first fluid that is introduced into the tubes 132. For example, a plurality of
dedicated flow lines for the second fluid can be connected to the inlet ends of the tubes 152.

The tubes 152 extend through fluid conducting openings 154 such as holes or cut-outs
that extend through the body from the first major surface to the second major surface. The fluid
conducting openings 154 have central axes that are parallel to the central axes of the tube
openings 150. The fluid conducting openings are sized slightly larger than the size of the tubes
152 to permit fluid communication between opposite sides of the heat transfer units 142 via the
openings 154, To facilitate fluid flow through the openings 154 from one side of the heat
transfer units to the other, a funnel-shaped portion 156 generally surrounds at least one of the
openings 154 on at least one of the major surfaces 144, 146. The funnel-shaped portion 156
helps to direct flow of the second fluid and/or vapor into the opening 154, The term “funnel-
shape” is used herein to describe a shape that includes, but is not limited to, concave, a conical
shape with a wider and a narrower opening at each of the ends, and/or any other shapes that can
aid in flow of vapor through the hole 362 for conveying the second fluid and/or vapor.

The illustrated embodiment shows the funnel-shaped portion 156 on the first major
surface 144 of each heat transfer unit 142. However, other configurations of the funnel-shaped
portions are possible. For example, a corresponding funnel-shaped portion can be provided on

the second major surface 146 opposite the funnel-shaped portion 156 on the first major surface.
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Alternatively, the funnel-shaped portion can be provided just on the second major surface. A
funnel-shaped portion can be provided around each of the openings 154. Other arrangements
and configurations are possible including any configuration that facilitates fluid flow through the
openings 154,

The heat transfer units 142 separate the tube bundle into stages along an axial length
direction of the tubes 132, with the fluid conducting openings 154 facilitating axial flow of the
second fluid between the stages.

As shown in Figure 4, each of the tubes 152 includes a plurality of spray holes 158
formed therein through which the second fluid is sprayed 159 outward. Any number or
configuration of spray holes 158 can be used. Preferably, the spray holes 158 of at least some of
the tubes 152 are arranged so that the second fluid sprays 159 in substantially 360 degrees in all
directions. In this regard, and with reference to Figure 5, some of the tubes 132 are disposed so
as to substantially surround the tube 152 in for example a hexagonal pattern shown by the
hexagon in Figure 5. Other tube layouts having other tube pitch arrangements are possible. For
example, as shown in Figure 10, an equilateral triangular pitch (i.e. the space between the tubes
is generally an equilateral triangle), or a square pitch shown in Figure 9A, or a staggered square
pitch shown in Figure 9B, can be used.

As shown by the hexagonal line in Figure 5, the tubes 132 and the tubes 152 are arranged
so that, for a plurality of the spray tubes 152, six of the tubes 132 surround each of the spray
tubes 152. When the spray tubes 152 spray the second fluid in all directions as indicated by the
arrows 159, the second fluid impinges on the outer surfaces of the tubes 132 and on the surfaces
of the foam heat transfer units 142,

In use, a first fluid is introduced into the tubes 132 at a first temperature higher than the
temperature of a second fluid that is introduced into and sprayed from the tubes 152. The second
fluid is sprayed from the tubes 152 and onto the outer surfaces of the tubes 132 and onto the
foam heat transfer units 142. Because the first fluid is at a higher temperature than the second
fluid, heat is transferred from the first fluid into the second fluid through the walls of the tubes
132 and the foam heat transfer units 142. The second fluid can flow between the stages through
the openings 154, Preferably, the temperature of the first fluid is sufficient to cause the second
fluid contacting the outer surfaces of the tubes and/or the surfaces of the heat transfer units to

thin film boil and evaporate the second fluid into a vapor. The vapor then rises up in the
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chamber and exits the chamber via a vapor outlet (not shown in Figure 4). In the case of a
vertical shell, with the tube bundle 130 arranged vertically, the vapor outlet port can be adjacent
the top of the shell.

Turning to Figures 6-8, an improved tube bundle 200 for a shell-and-tube heat exchange
evaporator is illustrated. The tube bundle 200 can be arranged horizontally, vertically or any
angle therebetween in a corresponding horizontal, vertical, or other angle shell-and-tube heat
exchanger.

The tube bundle 200 includes a plurality of hollow tubes 202 for conveying the first fluid
through the heat exchanger disposed between tube sheets 204, 206. As shown in Figure 6, the
ends of the tubes 202 penetrate through the tube sheets 204, 206 via holes in the tube sheets so
that inlets/outlets of the tubes are provided on the sides of the tube sheets facing away from the
interior chamber of the shell. The ends of the tubes 202 may be attached to the tube sheets in
any manner to prevent fluid leakage between the tubes and the holes through the tube sheets,
such as by FSW,

The tubes 202 surround a liquid distribution tube 208 that is disposed centrally in the tube
bundle. As shown in Figure 7, the tube 208 is configured to spray 209 the second fluid
substantially 360 degrees in all directions in order to impinge on the tubes 202, The tube 208
can be connected to the tube sheets in the same or similar manner as the tubes 152 in Figure 4.

The tube bundle 200 also includes a baffle assembly 210 integrated therewith, In the
illustrated embodiment, the baffle assembly 210 is formed by a plurality of discrete (i.e. separate)
foam heat transfer units 212 that are connected to each other so that the baffle assembly 210 has
a substantially helix-shape that extends along the majority of the length of the tube bundle
around the longitudinal axis of the tube bundle. More preferably, the helix-shaped baffle
assembly formed by the heat transfer units 212 extends substantially the entire axial length of the
tube bundle.

In an embodiment, the heat transfer units 212 can be strengthened by the use of solid or
perforated plates, made from a thermally conductive material such as aluminum, affixed to the
heat transfer units. The plates can be affixed to the units 212 in a periodic pattern along the helix,
or they can be affixed to the units in any arrangement one finds provides a suitable strengthening
function. The plates can be used to assist in the assembly of the tube bundle and the heat

exchanger, and can assist with minimizing the pressure drop on the shell-side flow.
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The baffle assembly helps to increase the interaction time between the second fluid in the
interior chamber of the shell and the walls of the tubes 202 while minimizing pressure drop in
the system. Referring to Figure 8 together with Figures 6-7, each heat transfer unit 212
comprises a generally wedge-shaped, planar body having a generally triangular or pie-shape.
The units 212 include, consist essentially, or consist entirely of a foam material such as graphite
foam or metal foam. A support rod opening 214 such as a hole or a cut-out extends through the
body for receipt of a support rod 216 which is part of the tube bundle.

Figures 6 and 7 show the heat transfer units 212 mounted in position on the tube bundle
200. When mounted on the tube bundle, the heat transfer units 212 are connected to and in
thermal contact with the outer surfaces of the plurality of tubes 202.

Further information on the heat transfer units 212 and a tube bundle containing the heat
transfer units is disclosed in U.S. Patent Application Serial No. 61/439,564, filed on February 4,
2011 and titled Shell-and-Tube Heat Exchangers With Foam Heat Transfer Units, the entire
contents of which are incorporated by reference herein.

As indicated above, the first fluid is at a higher temperature than the second fluid, in
which case heat is transferred from the first fluid to the second fluid via the tubes and the heat
transfer units, with the temperature difference being sufficient to cause the second fluid to
vaporize. A vapor port would be provided adjacent the top of the heat exchanger through which
vapor would exit the shell. Alternatively, the temperature difference can be such that the second
fluid simply absorbs heat from the first fluid without vaporizing in which case a liquid outlet port
would be provided adjacent the bottom of the heat exchanger. Alternatively, in appropriate
circumstances, the second fluid can be at a higher temperature than the first fluid, in which case
heat is transferred from the second fluid to the first fluid via the tubes and the heat transfer units
and the second fluid is cooled.

Heat exchange efficiency can also be increased with other configurations of foam heat
exchange units, either in combination with or separate from the above described heat exchange
units. For example, foam heat exchange units can be shaped to fit in the pitch space between the
tubes of the tube bundle. In addition, the liquid distribution tubes and foam heat exchange units
can be used together or separately from one another.

For example, Figure 10 shows a tube bundle that has a plurality of tubes 250 arranged

with an equilateral triangular pitch (i.e. the space between the tubes is generally an equilateral
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triangle). Figure 10 shows the tube bundle without a liquid distribution tube that sprays liquid.
However, a plurality of foam heat transfer units 252 are shaped to fit in the pitch spaces between
the tubes 250 and have surfaces that are in thermal contact with the tubes. Each of the heat
transfer units 252 comprises a generally triangular body, that can be radiused to the curvature of
the tubes, with a generally triangular cross-section, and with the three surfaces of the triangular
body in thermal contact with, directly or indirectly, three separate tubes 250.

Figure 9A shows tubes 260 of a tube bundle arranged with a square pitch, while Figure
9B shows tubes 270 of a tube bundle arranged with a staggered square pitch. In each of Figures
9A and 9B, rectangular or square blocks of foam heat transfer units 252 are disposed in the pitch
spaces between the tubes 260, 270,

The heat transfer units in Figures 9A, 9B and 10 may be arranged as required for heat
transfer efficiency and/or providing directional flow of the fluid outside the tubes. For example,
the heat transfer units can be arranged in any configuration to mimic a helix, multiple helix,
offset baffle, offset blocks, or other patterns as shown in Figures 16A-F.

With reference to Figures 11-13, an embodiment of a tube bundle 300 that uses a liquid
distribution tube is illustrated. This embodiment can be used in combination with or separate
from the use of foam heat transfer units. The tube bundle 300 employs metal tubes that are
twisted helically around a metal liquid distribution tube along the length of the liquid distribution
tube. The helical arrangement of tubes enhances heat flow between the fluid flowing in the tubes
and the fluid flowing in the shell outside of the tubes, by breaking up boundary layers inside
and/or outside the tubes and combining axial and radial flow of the fluid along and around the
outer surface of the tubes. In addition, the use of a baffle can be eliminated if desired. Further,
the tubes could be twisted about their own axes as well.

Figure 11 illustrates two different exemplary implementations of the twisted or helical
tube concept. The triangle 302 in Figure 11 illustrates three tubes 304 helically twisted about a
central liquid distribution tube 306. This is illustrated more fully in Figure 12 which additionally
shows an optional sleeve 308 disposed around the assembly formed by the tubes 304 and the
liquid distribution tube 306 to form a tube-within-a-tube construction. In Figure 12, the liquid
distribution tube 306 is represented by the dashed line extending the length of the sleeve 308.
The dashed line is not intended to imply that the liquid distribution tube is broken into sections

or is discontinuous.
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The liquid distribution tube 306 includes a plurality of spray holes formed therein
through which the second fluid is sprayed 310 as shown by the arrows. Any number or
configuration of spray holes can be used. Preferably, the spray holes are arranged so that the
second fluid sprays 310 in substantially 360 degrees in all directions to impinge on the three
tubes 304. It is to be realized that more or less than three tubes 304 can be helically wound
around the liquid distribution tube 306.

Returning to Figure 11, a hexagonal arrangement 312 of the twisted tube concept is
illustrated and shown more fully in Figure 13. In the hexagonal arrangement 312, a tube within a
tube concept is provided similar to the single arrangement shown in Figure 12, wherein a
hexagonal pattern of six tubes-within-tubes assemblies 314 are used. Each assembly 314
includes a plurality of tubes 316, for example three tubes, helically twisted about a central liquid
distribution tube 318, with the tubes 316 and the tube 318 disposed within a larger fluid carrying
tube 320. The liquid distribution tube 316 includes a plurality of spray holes formed therein
through which the second fluid is sprayed 320 as shown by the arrows in Figure 13. Any
number or configuration of spray holes can be used. Preferably, the spray holes are arranged so
that the second fluid sprays 320 in substantially 360 degrees in all directions to impinge on the
three tubes 316. It is to be realized that more or less than three tubes 316 can be helically wound
around the liquid distribution tube 318.

Figures 14-15 illustrate another embodiment of the twisted tube concept, where a tube
bundle 350 is illustrated as including a hexagonal arrangement 352 of six tubes 354 helically
wound around a central liquid distribution tube 356 that is configured to spray 358 liquid
outwardly onto the tubes 354,

This twisted tube and liquid distribution tube concept can be used by itself or in
combination with any of the embodiments previously described herein. For example, with
reference to Figure 13, one or more of the liquid distribution tubes 318 can be replaced with a
solid body of foam 322 forming a heat transfer unit.

In addition, instead of being twisted helically around the liquid distribution tube, the
tubes 316, 354 can be straight and linear, but nonetheless disposed around the liquid distribution
tube so that the sprayed liquid impinges on the tubes. Further, whether helically twisted or

straight, each tube 316, 354 can be twisted about its own axis.

18



10

15

20

WO 2012/106605 PCT/US2012/023786

When foam heat transfer units are used, the heat transfer units can be arranged and
grouped in a number of different manners. Figures 16A-F illustrate examples of patterns formed
by different configurations of foam heat transfer units that can be utilized. For example, as
shown in Figure 16A, the heat transfer units can be arranged into a baffled “offset” configuration.
Figure 16B shows the heat transfer units arranged disposed in an offset configuration. When
viewed from the top, each of the heat transfer units may have the shape of, but not limited to,
square, rectangular, circular, elliptical, triangular, diamond, or any combination thereof. Figure
16C shows the heat transfer units arranged into a triangular-wave configuration. Other types of
wave configurations, such as for example, square waves, sinusoidal waves, sawtooth waves,
and/or combinations thereof are also possible. Figure 16D shows the heat transfer units
arranged into an offset chevron configuration. Figure 16E shows the heat transfer units arranged
into a large helical spiral. Figure 16F shows the heat transfer units arranged into a wavy
arrangement or individual helical spirals.

The first and second fluids can be either liquids, gases/vapor, or binary mixtures thereof.
One example of a first fluid is water, such as sea water, and one example of a second fluid is
ammonia in liquid form. An exemplary application of the heat exchange evaporators described
herein is in an Ocean Thermal Energy Conversion system.

The examples disclosed in this application are to be considered in all respects as
illustrative and not limitative. The scope of the invention is indicated by the appended claims
rather than by the foregoing description; and all changes which come within the meaning and

range of equivalency of the claims are intended to be embraced therein.
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CLAIMS

1. A heat exchange evaporator, comprising:

a shell having a longitudinal axis;

a tube bundle disposed within the shell, the tube bundle including a first plurality of tubes
configured to convey a first fluid, a first tube sheet and a second tube sheet;

the first plurality of tubes are arranged parallel to the longitudinal axis, and each of the
tubes includes an outer surface, a first end joined to the first tube sheet in a manner to prevent
fluid leakage between the first end and the first tube sheet and a second end joined to the second
tube sheet in a manner to prevent fluid leakage between the second end and the second tube sheet;

a first heat transfer unit connected to and in thermal contact with the outer surfaces of the
first plurality of tubes, and the first heat transfer unit includes graphite foam; and

a first liquid distribution tube disposed within the shell parallel to the longitudinal axis,

the liquid distribution tube is configured to spray a second liquid within the shell.

2. The heat exchange evaporator according to claim 1, wherein the first end and the second
end of each tube of the first plurality of tubes are joined to the first tube sheet and the second

tube sheet respectively by friction-stir welded joints.

3. The heat exchange evaporator according to claim 1, wherein the shell, the first tube sheet,
and the second tube sheet collectively define a chamber that contains the first plurality of tubes,

the first heat transfer unit and the first liquid distribution tube.

4, The heat exchange evaporator according to claim 1, wherein the first heat transfer unit

consists of graphite foam.

5. The heat exchange evaporator according to claim 1, further comprising a plurality of the
first heat transfer units connected to and in thermal contact with the outer surfaces of the first

plurality of tubes.

6. The heat exchange evaporator according to claim 5, wherein the first heat transfer units

are axially spaced from one another along the tube bundle.
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7. The heat exchange evaporator according to claim 6, wherein each of the first heat transfer
units includes a plurality of tube openings therethrough with the first plurality of tubes extending
through the tube opening, and each of the first heat transfer units further includes at least one
fluid conducting opening therethrough to permit fluid communication between opposite sides of
the first heat transfer unit, and the first liquid distribution tube extends through the fluid

conducting openings.

8. The heat exchange evaporator according to claim 7, wherein each of the first heat transfer

units includes a funnel-shaped, concave portion surrounding the fluid conducting opening.

9. The heat exchange evaporator according to claim 1, wherein the heat transfer unit is
bonded to the outer surfaces of the first plurality of tubes with a thermally conductive adhesive

or brazed to the outer surfaces of the first plurality of tubes.

10.  The heat exchange evaporator according to claim 9, comprising conductive ligaments
disposed within the thermally conductive adhesive, the conductive ligaments being in intimate

contact with the outer surfaces.

11, The heat exchange evaporator according to claim 1, further comprising additional liquid

distribution tubes disposed within the shell parallel to the longitudinal axis.

12, The heat exchange evaporator according to claim 11, wherein each additional liquid

distribution tube extends through openings in the first heat transfer unit.

13, The heat exchange evaporator according to claim 11, wherein the first liquid distribution
tube is disposed above the tube bundle, and the additional liquid distribution tubes are disposed

within the tube bundle,

14, The heat exchange evaporator according to claim 11, wherein the first liquid distribution

tube and the additional liquid distribution tubes are disposed within the tube bundle.

21



10

15

20

25

30

WO 2012/106605 PCT/US2012/023786

15.  The heat exchange evaporator according to claim 5, wherein each of the first heat transfer
units has a substantially wedge-shaped body, and the plurality of the first heat transfer units are

configured to form a baffle assembly around the first plurality of tubes.

16.  The heat exchange evaporator according to claim 15, further comprising a metal plate

joined to at least one of the heat transfer units.

17.  The heat exchange evaporator according to claim 15, wherein the baffle assembly forms a

substantially helix-shape.

18.  The heat exchange evaporator according to claim 1, wherein the tube bundle includes
additional pluralities of tubes configured to convey the first fluid, the additional pluralities of
tubes are arranged parallel to the longitudinal axis, and each of the tubes of the additional
pluralities of tubes includes an outer surface, a first end joined to the first tube sheet in a manner
to prevent fluid leakage between the first end and the first tube sheet and a second end joined to
the second tube sheet in a manner to prevent fluid leakage between the second end and the
second tube sheet;

additional heat transfer units connected to and in thermal contact with the outer surfaces
of the tubes of the additional pluralities of tubes, each additional heat transfer unit includes
graphite foam; and

each additional heat transfer unit is spaced from the first heat transfer unit and from each

other additional heat transfer unit,

19.  The heat exchange evaporator according to claim 1, wherein the tubes of the first
plurality of tubes are disposed so as to surround the first liquid distribution tube, and the first
liquid distribution tube sprays the second fluid therefrom in multiple directions so as to impinge

on the outer surfaces of the tubes of the first plurality of tubes.

20.  The heat exchange evaporator according to claim 1, wherein the longitudinal axis of the

shell and the first plurality of tubes are oriented horizontally or vertically.
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21. A heat exchanger tube bundle, comprising:

a fluid distribution tube that is configured to spray a fluid in multiple directions therefrom;

and

a plurality of fluid carrying tubes disposed around the fluid distribution tube so that fluid
sprayed from the fluid distribution tube impinges on outer surfaces of the plurality of fluid

carrying tubes.

22.  The heat exchanger tube bundle according to claim 21, wherein the plurality of fluid

carrying tubes are helically twisted about the fluid distribution tube.

23.  The heat exchanger tube bundle according to claim 21, further comprising a foam heat

transfer unit connected to and in thermal contact with the plurality of fluid carrying tubes.

24.  The heat exchanger tube bundle according to claim 21, wherein the fluid distribution tube

and the plurality of fluid carrying tubes are made of metal.

25.  The heat exchanger tube bundle according to claim 21, wherein the fluid sprayed by the
fluid distribution tube is a liquid, and the fluid carried by the fluid carrying tubes is a liquid.

26. A heat transfer unit for use in a heat exchanger, comprising:

a body that consists essentially of foam material, the body including first and second
major surfaces and a perimeter edge;

a plurality of tube openings extending through the body from the first major surface to
the second major surface, the tube openings having central axes that are parallel to each other,
and each tube opening being configured to connect to an outer surface of a heat exchange tube

for establishing thermal contact between the foam material and the heat exchange tube; and
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at least one fluid conducting opening extending through the body from the first major
surface to the second major surface, the fluid conducting opening having a central axis that is

parallel to the central axes of the tube openings.

27.  The heat transfer unit of claim 26, further comprising a funnel-shaped, concave portion
formed in the first major surface or the second major surface and surrounding the fluid

conducting opening.

28, The heat transfer unit of claim 26, further comprising a plurality of the fluid conducting
openings extending through the body from the first major surface to the second major surface,
each of the fluid conducting openings having a central axis that is parallel to the central axes of

the tube openings.

29.  The heat transfer unit according to claim 26, wherein the foam material is graphite foam.
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