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57 ABSTRACT

A low-cost, high-temperature heat exchanger is made from a
notched piece of metal, the metal being folded back and forth
upon itself to form a monolith. The notches in the metal piece
create openings, communicating with distinct sides of the
monolith. Ducts are attached to the openings. Cut pieces of
corrugated metal, which may have a catalyst coating, are
inserted between folds of the monolith. The heat exchanger
may be used as part of a fuel cell system, or in other industrial
applications, to recover waste heat, or to conduct various
catalytic and non-catalytic reactions. The invention also
includes an element, or building block, for a high-tempera-
ture heat exchanger, including a folded metal monolith with
metal combs inserted, the monolith and the combs defining
seams which are hermetically sealed.

11 Claims, 15 Drawing Sheets
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HIGH-TEMPERATURE HEAT EXCHANGER

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part of U.S. applica-
tion Ser. No. 11/225,771 filed Sep. 13, 2005, now U.S. Pat.
No. 7,594,326; and is also a continuation-in-part of U.S.
application Ser. No. 11/225,763 filed Sep. 13,2005, now U.S.
Pat. No. 7,591,301; and is also a continuation-in-part of U.S.
application Ser. No. 29/280,526 filed May 30, 2007, now U.S.
Pat. No. D 560,276, the entire contents of all of which are
hereby incorporated by reference.

BACKGROUND OF THE INVENTION

This invention relates to the field of heat exchange. The
invention provides a low-cost structure, capable of tolerating
high operating-temperatures, comprising a heat-exchanger or
reactor such as is typically used in fuel processing or heat
recovery for fuel cell systems.

In a fuel cell system, heat exchangers are typically pro-
vided to recover waste heat from a hot exhaust stream, typi-
cally 500-1000° C., and to transfer the recovered heat to one
of the inputs to the system, such as fuel, air, or steam. In
addition, heat exchangers that contain catalytic coatings are
used as fuel processing reactors. Each system may have a
unique configuration, but virtually all such systems can be
made more efficient by the appropriate use of heat exchang-
ers. In general, there is a need for a low-cost heat exchanger
that can tolerate the above-described high-temperature envi-
ronment, and which can be provided in large quantities, so
that heat exchangers can be installed at multiple locations
within a facility, at a reasonable cost. Such a heat exchanger
has even more utility if one or more catalytic coatings can
easily be applied to its working surfaces.

One way to limit the cost of a heat exchanger is to use a less
expensive material in the manufacturing process. The use of
metal foil materials, having a thickness in the range of about
0.001-0.010 inches, reduces expense by using less material
overall. However, foil materials are difficult to seal or weld
using conventional processes. Furnace brazing may be used
to join certain high-temperature foil materials that contain
nickel. Alloys that may be easily brazed include the 300 series
stainless steel family (i.e. alloys known by the designations
304,316, 321, etc.), the Inconel family (having designations
600, 601, 625, etc.), and other exotic alloys (Hastelloy-X and
Haynes 230, for example). (Inconel is a trademark of Hun-
tington Alloys Corp., of Huntington, W. Va.) These brazable
alloys are always expensive because they contain nickel. To
limit the cost of material, it is highly desirable to use a high-
temperature foil alloy that does not contain nickel.

A desirable choice is the product known as Fecralloy,
which contains iron, chromium, and aluminum (Fecralloy is
anow-cancelled trademark, formerly registered by the United
Kingdom Atomic Energy Authority). Fecralloy is quite inex-
pensive, relative to other high-temperature alloys, but it is
difficult to braze. Because Fecralloy contains aluminum, the
application of heat causes aluminum oxide to form, making it
difficult to seal the structure by brazing.

The above problem encountered with Fecralloy can be at
least partly overcome by choosing a thicker material, and
using a conventional welding process. But increasing the
thickness of the material increases the cost of the product, and
therefore offsets the cost advantage obtained by the choice of
Fecralloy.
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The heat exchanger of the present invention provides a
solution to the above-described problems, by providing a
high-temperature heat exchanger that is both effective and
inexpensive. The present invention makes it economically
feasible to place heat exchangers at multiple points in a fuel
cell system. The present invention could also be used in other
industrial applications, such as in chemical plants.

The heat exchanger of the present invention may also be
used in a steam reforming process, in which hydrocarbons are
converted to hydrogen, for use in operating a fuel cell. In this
process, the heat of catalytic combustion on one side drives
the catalytic reaction of steam and fuel on the other side. A
steam reforming process is described in US 2004/0060238
Al, US 2006/0008414 A1, and U.S. Pat. No. 7,179,313, the
disclosures of which are incorporated by reference herein.
The above-cited applications show various uses of heat
exchange, such as in conducting an endothermic steam
reforming reaction on one side of a metal strip and an exo-
thermic combustion reaction on the other side, or in conduct-
ing a water-gas shift reaction. In general, the operation of a
fuel cell presents many situations in which heat from an
exothermic reaction, or from a hot exhaust source, can be
used to heat some other fluid stream. In the reforming process,
a single catalyst can be used for both reactions. By switching
the routing of the fluids, each side of the heat exchanger can
alternate between the reforming and combustion reactions.
During reforming the catalyst is gradually deactivating by
coking and other mechanisms, but it is regularly regenerated
by the combustion duty. The heat exchanger can also be used
to support other endothermic or exothermic reactions, such as
water-gas shift, selective oxidation of carbon monoxide. It
may also be used to support adsorbing processes such as the
removal of sulfur from diesel or jet fuel.

The heat exchanger of the present invention is also com-
pact, making it convenient for use in systems where a large
amount of space is not available. The heat exchanger of the
present invention also has the advantage of being hermeti-
cally sealed, so thatthere is virtually no possibility of leakage.

SUMMARY OF THE INVENTION

One aspect of the present invention is an element, or build-
ing block, for a heat exchanger, comprising a monolith
formed of a piece of metal that has been folded back and forth
upon itself, and a comb inserted into folds of the monolith, at
or near the end of the monolith. The comb and the monolith
are in contact along a plurality of seams, and these seams are
hermetically sealed, preferably by laser welding. The heat
exchanger element can be used to form a complete heat
exchanger.

In another aspect, the present invention comprises a com-
plete heat exchanger formed of a monolith made of a piece of
metal, preferably a metal foil. The piece of metal foil has
notches or cut-outs at opposite ends, and is folded back and
forth upon itself to form the monolith, the notches or cut-outs
defining openings which provide access to two distinct inte-
rior regions of the monolith. A duct-defining means is affixed
to both ends of the monolith, at locations corresponding to the
openings. The duct-defining means may include a comb hav-
ing teeth which engage the folds of the monolith, a rectangu-
lar piece of metal, a duct collar, a u-shaped metal piece and a
duct box which is inserted over the end of the monolith, the
duct box including portions which, together with the rectan-
gular piece and a spine of the comb, define a duct. A plurality
of distinct cut pieces of corrugated metal, which may option-
ally be coated, or partially coated, with a catalyst or sorbent,
are inserted between folds or channels of the monolith. The
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duct may be made fluid-impervious by sealing its joints, such
as by brazing or by welding, and preferably by laser welding.

The monolith defines two sides, corresponding to the two
sides of the original piece of metal that is folded to form the
monolith. These sides define distinct fluid flow regions within
the monolith. The two ducts, described above, provide fluid
access to the two respective regions. Normally the metal
defining the monolith is not coated with a catalyst, as such
coating makes it difficult to weld or braze the structure. How-
ever, it is possible to coat the monolith, if necessary, such as
by dip coating after the heat exchanger has been assembled.

The catalyst coating on the corrugated pieces inserted into
one region of the monolith may be different from the coating
on the pieces inserted into the other region. Thus, two differ-
ent reactions can be conducted separately, in the two distinct
regions within the monolith. The fluids flowing through the
two ducts are not in direct fluid contact with each other, but
are in heat exchange relationship, these fluids being separated
by the folds of the monolith.

In another aspect, the invention comprises a heat exchanger
having a metal monolith with a plurality of channels through
which fluid flows, wherein said monolith has two ends. A
shell comprising two metal cover pieces surrounds the mono-
lith such that the shell is open on both ends to provide fluid
flow to the channels. The shell further comprises two fluid
openings adjacent the ends of said monolith and at least one
comb comprising a spine and a plurality of teeth is attached to
one end of the monolith. The teeth of the comb are aligned
with a portion of the channels to provide a fluid flow stop at
one end of said monolith. A duct collar is attached to one end
of said monolith, wherein the comb is positioned between
said duct collar and said monolith end. A u-shaped metal
piece is also attached to at least one shell fluid opening adja-
cent an end of the monolith, wherein the u-shaped metal piece
and the spine form a duct opening to provide fluid flow to the
channels.

The invention also includes a method of making a heat
exchanger in accordance with an aspect of the present inven-
tion. The method begins with cutting notches into a flat piece
of' metal, on opposite sides of the piece, and folding the piece
of metal back and forth to form a monolith. Next, one attaches
combs to the ends ofthe monolith, by inserting the teeth of the
combs into the monolith, so as to engage the folds. Next, one
affixes rectangular pieces of metal to the monolith, near the
ends. One then inserts duct boxes onto the ends of the mono-
lith. The duct boxes include metal portions which, together
with spines of the combs and the rectangular pieces, define
complete ducts which provide fluid communication with the
respective distinct interior regions of the monolith. A plurality
of distinct corrugated pieces of metal are inserted into the
spaces between folds of the monolith. The corrugated pieces
may be entirely or partly coated with a catalyst. The ducts are
preferably sealed by brazing or welding.

In another aspect, the invention includes a method of mak-
ing a heat exchanger in accordance with an aspect of the
present invention. The method comprises folding a piece of
metal back and forth upon itself to form a monolith having
channels through which fluid flows. Combs are attached to
the ends of the monolith, the combs having teeth which
engage the channels of the monolith, the combs also having
spine portions. Notches are cut into two flat cover pieces of
metal, the notches being cut on opposite sides of said flat
pieces. The two cover pieces are wrapped around said mono-
lith to form a shell. U-shaped pieces of metal are attached in
vicinity of the ends of the monolith such that said u-shaped
pieces of metal are in contact or attached to the spines of the
combs. Duct collars are inserted onto the ends of the mono-
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lith, wherein the duct collars, together with the u-shaped
pieces and the spines of the combs, define ducts connected to
the monolith for providing fluid flow to the channels.

The present invention therefore has the primary object of
providing a low-cost, high-temperature heat exchanger.

The invention has the further object of providing an ele-
ment, or building block, for a low-cost, high-temperature heat
exchanger.

The invention has the further object of providing a low-cost
means of transferring heat in a fuel cell system, in an indus-
trial plant or in small portable devices, such as oxygen enrich-
ment systems.

The invention has the further object of providing a high-
temperature heat exchanger which may be constructed of
relatively inexpensive materials, using simple and economi-
cal construction techniques.

The invention has the further object of providing a low-
cost, high-temperature heat exchanger which defines two dis-
tinct regions, wherein the heat exchanger can be used to
conduct separate reactions in such regions.

The invention has the further object of providing a heat
exchange structure which is easily coated with one or more
catalytic materials to form a heat exchanging reactor.

The invention has the further object of making it economi-
cal to provide multiple heat exchangers at multiple locations
in an industrial plant.

The invention has the further object of providing a method
of making a low-cost, high-temperature heat exchanger.

The invention has the further object of providing a method
of making an element, or building block, for a low-cost,
high-temperature heat exchanger.

The invention has the further object of reducing the cost of
providing heat exchange in a fuel cell system, or in an indus-
trial plant.

The reader skilled in the art will recognize other objects
and advantages of the invention, from a reading of the fol-
lowing brief description of the drawings, the detailed descrip-
tion of the invention, and the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 provides a plan view of a piece of metal foil that has
been prepared for fabrication into a heat exchanger of the
present invention.

FIG. 2 provides an end view of the foil of FIG. 1, after the
foil has been folded back and forth upon itself to define a
monolith.

FIG. 3 provides a perspective view of the folded foil of
FIG. 2.

FIG. 4 provides a plan view of a comb which is used in
making the heat exchanger of the present invention.

FIG. 5 provides a plan view of a rectangular piece of metal,
used in the manufacture of the heat exchanger of the present
invention.

FIG. 6a provides an elevational view of the folded foil
monolith of FIG. 3, and showing components forming ducts
at each end.

FIG. 65 provides an elevational view of the structure of
FIG. 6a, the monolith having been rotated by 90.degree.
relative to the structure of FIG. 6a.

FIG. 6c provides an end view of the monolith of FIG. 6a.

FIG. 7a provides an exploded perspective view showing a
duct box before it has been installed over an end of the
monolith forming the heat exchanger of the present invention.

FIG. 7b provides a perspective view of the structures
shown in FIG. 7a, showing the duct box installed over the end
of the monolith.
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FIG. 8a provides an elevational view of the structure shown
in FIG. 7b.

FIG. 8b provides an elevational view of the structure of
FIG. 8a, the monolith having been rotated by 90.degree.
relative to the structure of FIG. 8a.

FIG. 8¢ provides an end view of the monolith of FIG. 8a.

FIG. 9 provides an end view of the heat exchanger of the
present invention, including the cut pieces of corrugated foil
inserted within folds of the monolith.

FIG. 10 provides an exploded perspective view, showing
the various components of the heat exchanger of the present
invention.

FIG. 11 provides a perspective view of a comb which has
been inserted into the monolith of FIG. 3, and showing the
joints being sealed by a laser welder.

FIG. 12 provides a perspective view of an alternative
embodiment of the monolith, wherein a single cut is made in
each corner of the original piece of metal, and wherein wings
are folded from the monolith to define part of a duct.

FIG. 13 provides a perspective view of another alternative
embodiment, wherein the metal defining the monolith does
not have notches or cuts, and wherein a separate piece of
metal is used to cover the monolith and to define part of'a duct.

FIG. 14 provides an exploded perspective view, showing
the various components of a heat exchanger of the present
invention.

FIG. 15 provides a perspective view of an alternative
embodiment of a heat exchanger of the present invention.

FIG. 16 provides a perspective view of monolith and comb
wherein the monolith has end tabs extending beyond the
comb structure.

FIG. 17 provides a side cross-section view of a three-layer
seal formed by cover pieces and a tab of the monolith.

FIG. 18 provides a side cross-section view of two metal foil
sheets sealed together.

FIG. 19 provides a side cross-section view of two metal foil
sheets sealed together.

FIG. 20 provides a side cross-section view of a portionof a
duct of a heat exchanger of the present invention. The duct
portion is sealed to a cover piece forming the shell of the heat
exchanger.

FIG. 21 provides a perspective view of a unshaped piece of
metal used to form a duct of a heat exchanger of the present
invention.

FIG. 22 provides a perspective view of the monolith having
corrugated cut pieces inserted into the channels thereof.

FIG. 23 provides a top view of a fluid duct having flow
vanes inserted into the channels thereof.

FIG. 24 provides a side perspective view of a flow vane that
can be inserted into the channels of a fluid duct.

DETAILED DESCRIPTION OF THE INVENTION

In its most basic form, the present invention comprises a
heat exchanger which is constructed of relatively inexpen-
sive, thin metal foil, rated for high temperatures, and in which
the joints defined by the heat exchanger are sealed by laser
welding. Laser welding makes it possible to use inexpensive,
thin foil, while still providing a hermetically sealed structure.
The foil used in the present invention preferably has a thick-
ness in the range of about 0.001-0.010 inches, and a more
preferred range of about 0.002-0.005 inches.

The invention also includes an element, or building block,
for aheat exchanger, comprising a monolith formed of a piece
of metal that has been folded back and forth upon itself. A
comb is inserted into folds defined by the monolith, at or near
an end of the monolith. The comb and the monolith are in
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contact along a plurality of seams, and these seams are her-
metically sealed, preferably by laser welding or by other
means. The heat exchanger element can be combined with
other structures to form a complete heat exchanger, as will be
described below.

A first embodiment of a completed low-cost heat
exchanger of the present invention is manufactured in the
following way. First, as shown in FIG. 1, a flat, preferably
rectangular, piece of metal foil 1 is prepared. Notches or
cut-outs 2 and 3 are formed at opposite corners of the foil. The
foil is to be folded back and forth upon itself, in a zigzag
fashion, to form a monolith, the dashed lines indicating the
locations of the folds. End flaps 4 and 5 will serve as a shell for
the monolith, as will be described later.

The thickness of'the foilis preferably chosen to be less than
about 0.008 inches, so as to minimize the cost. The foil may
be nickel-based, which is somewhat more expensive, or more
preferably a lower-cost iron-based material such as that sold
under the name Fecralloy.

FIGS. 2 and 3 illustrate the monolith 6 that is formed by
folding the foil of FIG. 1. FIG. 2 shows an end view, and FIG.
3 shows a perspective view. FIGS. 2 and 3 clearly show the
end flaps 4 and 5. The end flaps, together with the first and last
folds 7 and 8, form a shell that encloses the monolith. The
shell, as described so far, is incomplete, insofar as the notches
orcut-outs 2 and 3 of FIG. 1 create openings which expose the
interior regions of the monolith, as illustrated in FIG. 3.

FIG. 4 shows a comb 13 which is to be inserted at the end
of the monolith. Each monolith requires two combs, one at
each end. The comb serves the purposes of anchoring the
folds of the monolith, and of defining part of a duct connected
to the monolith. The comb also holds the folds in spaced-apart
relationship, facilitating the insertion of cut pieces of corru-
gated metal foil, as will be described later.

As shown in FIG. 4, the comb includes teeth 10 and spine
11. The spine later becomes a wall of the duct. The comb is
preferably made of a material having a greater thickness than
that of the foil. For example, and without limitation, the comb
could be made of stainless steel, or other high-temperature
alloys, having a thickness in the range of about 0.03-0.12
inches, or preferably about 0.09 inches. The comb may be
laser-cut from a sheet of metal, or it may be prepared in other
ways.

FIG. 5 illustrates a rectangular piece of metal 12 which is
used to form the wall of the duct which is opposite the wall
defined by spine 11 of the comb. Each monolith requires two
such rectangular pieces, one for each end.

Depending on the manner of use of the heat exchanger, the
rectangular piece can be made of the same material, and
having the same thickness, as the comb, or it can be made of
thinner material. If the duct is to be welded to an external
component, it is preferred that the rectangular piece be as
thick as the spine of the comb. If the structure is to be brazed
only, the rectangular piece could be of the same thickness as
the body of the monolith, which is normally less than that of
the spine of the comb.

FIGS. 6a-6¢ illustrate the next step in the manufacture of a
heat exchanger according to the present invention. FIG. 6a
shows an elevational view of the monolith, with the combs
inserted at both ends, and showing rectangular pieces 12
attached. Each comb is inserted such that its teeth 10 fit
between alternate folds of the folded foil. The comb therefore
anchors the folds, holding them in the desired spaced-apart
position. FIG. 64 clearly shows how the rectangular piece 12
and the spine 11 of the comb together define opposing walls
of'a duct. The rectangular piece 12 is spaced from the end of
the monolith by a distance which corresponds to the depth of
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the notches or cut-outs originally formed in the foil. FIG. 65
shows the same structure as FIG. 6q, rotated by 90.degree.
FIG. 6c shows an end view, as seen from the bottom portion
of FIG. 64, illustrating the comb and also showing the rect-
angular piece 12 which is attached to the opposite end of the
monolith.

The next step in the manufacture of a heat exchanger of the
present invention is illustrated in FIGS. 7a and 76. A duct box
15 is inserted over the ends of the monolith, as described
below.

As shown in FIG. 7a, the duct box comprises a unitary
structure having two contiguous parts, the first part defining a
complete box with four walls, and the second part being open
and having only three walls. In other words, the first part has
portions 18 and 19 which are bent over to join each other, thus
forming a wall of the box, but the second part has portions 16
and 17 which are not folded over, and which leave the second
part of the box without a corresponding wall. The dimensions
of'the box are chosen such that the second part can snugly fit
over the end of the monolith.

As the box is inserted over the end of the monolith, the bent
portions 18 and 19 are stopped by the spine 11 of the comb, so
that the box can be pushed in no farther. FIG. 75 illustrates the
structure where the box has been fully inserted over the end of
the monolith. Note that in FIG. 75, the portions 16 and 17,
together with the spine 11 of the comb and the rectangular
piece 12, form a complete duct for providing fluid communi-
cation with an interior region of the monolith.

The thickness of the material used to make the ductbox can
be the same as the thickness of the spine of the comb, or it
could be less. If the duct box is to be welded to an external
component, it is more convenient to make it thicker, possibly
of'the same thickness as the spine of the comb. But if welding
to an external component is not required, the duct box could
be made of thinner metal.

FIGS. 8a-8¢ provide elevational and end views of the struc-
ture described with respect to FIGS. 7a and 7. Thus, FIG. 8a
shows duct boxes 15 installed at both ends of the monolith.
FIG. 8b shows an elevation that is rotated by 90.degree.
relative to FIG. 8a. F1G. 85 therefore provides a view as seen
when looking into the duct, and shows the exposed interior of
the monolith. FIG. 8¢ provides an end view, as seen from the
bottom of the structure of FIG. 8a.

FIG. 9 provides an end view of the monolith, showing a
plurality of cut pieces of corrugated foil 21 inserted within the
spaces defined by the folded foil. The insertion of cut pieces
21 is performed after the foil 1 has been folded into a mono-
lith, and preferably after the combs, rectangular pieces, and
duct boxes have been installed. The comb serves to facilitate
the insertion of the cut pieces of corrugated foil, as it main-
tains the spacing between adjacent folds of the foil 1. FIG. 9
clearly shows the teeth 10 of the comb, inserted into the folds
of the monolith. Note that half of the cut pieces must be
inserted at one end, and the other half must be inserted from
the other end. The reason for the latter is that the teeth of the
comb block half of the channels. The channels blocked at one
end are not blocked at the other end.

The cut pieces 21 can be inserted manually, one piece at a
time. Alternatively, the cut pieces can be stacked in a maga-
zine which holds them in the correct position, and the pieces
can then be pushed simultaneously into the monolith.

The cut pieces 21 may be coated with a suitable combus-
tion catalyst, or other catalyst, depending on the intended use
of the heat exchanger. The cut pieces may be wholly or
partially coated. However, the metal foil defining the mono-
lith is normally not coated, as a coating would make it difficult
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to weld or braze. But if it were desired to coat the monolith,
such coating could be done by dip coating the assembled
structure.

For convenience of illustration, the cut pieces of corrugated
foil are not shown, except in FIGS. 9, 10 and 22.

FIG. 10 provides an exploded perspective view which sum-
marizes the construction of the heat exchanger of the present
invention. The foil 1 is shown, after having been folded into a
monolith, leaving openings for the ducts, defined by the
notches or cut-outs described above. The figure clearly shows
the monolith shell, defined by the flaps in the original piece of
metal foil described above, and by the first and last folds of the
monolith. The comb 13 is to be initially affixed to the end of
the monolith, such as by laser welding or spot welding, to
hold the folds in spaced-apart relation, and to define a wall of
the duct. Brazing alloy is subsequently used to attach the
comb 13 to the monolith. The rectangular piece 12 is similarly
attached to the monolith, to define the opposite wall of the
duct. One then slides the duct box 15 onto the end of the
monolith, until stopped by the spine of the comb. Finally, the
cut pieces 21 of corrugated foil are inserted into the spaces
between adjacent folds.

It is understood that, for each monolith, there will be a pair
of combs, a pair of rectangular pieces, and a pair of duct
boxes. Also, one should preferably prepare a sufficient quan-
tity of cut pieces 21 to fill all of the available spaces in the
monolith.

The foil used to make the cut pieces 21 can be very low-cost
corrugated foil, which could be made of Fecralloy, having a
thickness ofthe order of about 0.002 inches. In the figures, the
cut pieces 21 are shown to define straight channels, but one
could instead use a variety of channel configurations, such as
wavy or skew corrugations, as are known in the heat exchange
industry, to promote heat transfer.

The cut pieces, if coated with catalyst, can be coated on one
side or both sides. As noted above, each side could be wholly
or partly coated. Because both sides of a given cut piece will
belong to the same fluid flow region of the monolith, it is
preferred that, if a catalyst coating is used, the same catalyst
should be used on both sides. But the invention is not limited
to this configuration, and it is conceivable that different cata-
lysts could be coated onto the two sides of the cut pieces.

The folded structure of the monolith inherently defines two
sides, each side corresponding to a respective side of the
original piece of metal foil. When the piece is folded to form
a monolith, the monolith therefore defines two distinct fluid
flow regions, corresponding to the two sides of the original
piece. These two regions are not in direct fluid communica-
tion with each other, but are in heat exchange relationship, as
heat can flow through the foil which separates the regions
from each other.

The two ducts provide access to the two respective fluid
flow regions of the monolith. It is clear, therefore, that by
placing a first catalyst on the cut pieces belonging to the first
region, and a second catalyst on the cut pieces belonging to
the second region, one can conduct two distinct reactions in
the two regions of the monolith.

A process for making the low-cost heat exchanger of the
present invention can be summarized as follows. First, one
prepares the flat foil, with notches or cut-outs at the corners,
and folds the foil back and forth upon itself to form the
monolith. Next, one forms the combs, such as by laser cutting,
and inserts a comb into each end of the monolith. Next, one
forms a duct box for each end, and a rectangular piece, and
one affixes the rectangular piece to the monolith, and one
slides the duct boxes onto the ends. Next, one applies a
brazing alloy to all joints on the resulting structure, and brazes
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the structure in a suitable furnace. Finally, one inserts the cut
pieces of corrugated foil, which may or may not have a
catalyst coating, into the spaces defined by the monolith.

For the above-described process to work most effectively,
the foil must be a nickel-based alloy. For a heat exchanger
rated up to about 700.degree. C., a 300 series stainless steel
alloy, which is of medium expense, is preferred. For higher
temperature ratings, the foil is preferably a relatively expen-
sive nickel-based alloy, typically the alloy sold under the
trademark Inconel. A preferred alternative, for all tempera-
ture ranges, is to use a relatively inexpensive iron-based foil,
such as that sold under the name Fecralloy. In the latter case,
before the duct boxes are installed, one would weld the joints
where the foil defining the monolith meets the combs. Laser
welding or spot welding can be used to hold the joints where
the monolith foil contacts the combs. Brazing alloy can later
be used to attach the comb to the monolith. After installation
of the duct boxes, the brazing alloy would be applied to the
duct joints, not to all joints.

The invention can be practiced with yet another process
which avoids brazing altogether. First, one prepares the foil,
forming the notches or cut-outs in the corners, and folds the
foil back and forth upon itself to define a monolith. Next, one
prepares the combs, preferably by laser cutting, and inserts
the combs into each end of the body. Next, using a laser
welder, one welds the joints where the foil defining the mono-
lith meets the combs. Next, one forms the duct boxes and
rectangles, and installs them as described above. Next, one
uses a laser welder to weld the duct joints. Finally, as
described above, one inserts the cut pieces of corrugated foil,
which may or may not be coated with a catalyst.

FIG. 11 shows the use of a laser welding device for sealing
the heat exchanger of the present invention. As shown in the
figure, metal foil 1 has been folded into a monolith, and comb
13 has been inserted at one end. A laser welding machine
includes computer-controlled device 26 which is pro-
grammed to control the orientation and power level of laser
head 25. The device 26 is preferably capable of precisely
positioning the laser beam with a multiple-axis control. A
laser beam 23 is traced across all of the seams where the
monolith meets the teeth of the comb. Heat from the laser
beam causes the metal to soften or melt locally, and to form a
fusion weld between the comb and the foil defining the mono-
lith. The precise positioning of the laser beam enables the
weld to be formed at all locations where the comb and the
monolith meet. The result is a strong mechanical joint which
also comprises a gas-tight seal.

The structure of the heat exchanger, as described above,
can be varied, as described below.

One alternative embodiment is illustrated in FIG. 12.
Unlike the previous embodiment in which rectangular
notches were formed by making two cuts at opposite corners
of the flat metal foil, the embodiment of FIG. 12 uses only a
single cut at such corners. The cut allows the formation of
flaps 27 and 28, which are folded along a line which would
have been the location of the other cut in the previous embodi-
ment. As shown, the flaps 27 and 28 are arranged to similarly
perform the function of the rectangular pieces 12 of the pre-
vious embodiment. That is, flaps 27 and 28 define a wall of'a
duct. The embodiment of FIG. 12 reduces the number of
seams to be sealed, because the flaps 27 and 28 are integrally
formed with the monolith.

FIG. 13 shows another alternative embodiment. In this
embodiment, no notches or cuts are made in the foil defining
the monolith 6. Instead, separate side cover pieces 30 are
made for each side of the monolith. The cover pieces are made
from foil, which may be the same as that used to make the
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monolith, or which may be made of thicker material. The
cover piece includes a side panel 31 and a flap 32. The side
panel is joined to the monolith, preferably by welding, and the
flap 32 performs the function of rectangular piece 12 of the
first embodiment.

For simplicity of illustration, FIGS. 12 and 13 do not show
the duct boxes or the cut corrugated pieces. It is understood
that such components, as described with respect to the previ-
ous embodiments, would be included in the complete heat
exchanger.

FIG. 14 shows an embodiment of the present invention. A
u-shaped piece of metal 36 can be used to form a portion of the
ducts or fluid openings adjacent the ends of the monolith. The
spine 11 of the comb 13 forms the remaining portion of the
fluid openings adjacent the ends of the monolith. As shown in
FIG. 15, the monolith requires two such u-shaped metal
pieces to form two fluid openings, each one adjacent an end of
the monolith. The u-shaped piece 36 can be made of the same
material and have the same thickness as the comb 13, or
alternatively the u-shaped piece 36 can be made of thinner or
thicker material. For example, the u-shaped piece can have a
thickness range of about 0.02 to about 0.12 inches, or about
0.06 inches. If the u-shaped piece forming that portion of the
duct is to be welded to the spine 11 and cover piece, such as
by a laser, the u-shaped piece 36 is preferably about the same
thickness as the spine 11 of the comb 13. If the duct is brazed
only, the u-shaped piece 36 can be about the same thickness as
the duct collar 38 as discussed below.

As shown in FIG. 14, the duct or fluid opening at each end
of'the monolith, which provide fluid flow to the channels, can
be formed by a duct collar 38. The duct collar 38 is made of
metal and can be folded to form a box and welded, or has a
unitary construction consisting of four side walls configured
to fit on the end of the monolith. The duct collar 38 forms the
walls of the duct at the end of the monolith in a similar manner
as the duct box 15 of FIG. 7. However, the duct collar 38 of
FIG. 14 does not have flaps that must be bent and welded in
order to form one wall of the duct. The perimeter lip of the
duct collar 38 mates with the flat face of the comb 13 such that
the collar 38 can be welded to the comb to provide fluid
communication with the interior flow channels of the mono-
lith. Preferably, the combs 13 are attached to each end of the
monolith. In this arrangement, the combs 13 are positioned
between the duct collars 38 and monolith ends.

The duct collar 38 can be made of the same material and
have the same thickness as the comb 13, or alternatively the
collar 38 can be made of thinner or thicker material. If the
collar 38 is welded to the comb 13 and/or cover piece tabs 37,
such as by alaser, the collar 38 is preferably as thick or thicker
than the comb 13.

As further shown in FIG. 14, cover pieces 30 can form a
protective shell around the monolith, with one cover piece 30
forming two sides of the monolith and the other cover piece
30 forming the other two sides of the monolith. The cover
pieces 30 can be two flat, rectangular foil pieces bent along
their center to form perpendicular faces that can be aligned
with the side walls of the monolith. Notches can be cut into
the flat cover piece 30 prior to bending to provide fluid open-
ings adjacent the ends of the monolith. Preferably, the flat
cover pieces 30 have notches cut on opposite side corners of
the flat piece. Following the bending of the flat cover pieces
30, the ends of the perpendicular faces can form tabs 37 that
extend past the comb 13 and ends of the monolith. The cover
pieces can also have tabs 37 that are flipped up in a parallel
position to the spines 11 of the combs 13. The duct collar 38
and/or u-shaped piece 36 fit around the tabs 37 such that the
tabs 37 overlie the inner face of the collar 38 and/or u-shaped
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piece 36 as shown in FIG. 15. The tabs 37 are preferably
formed by the cover pieces 30 in order to reduce manufactur-
ing time and costs. Alternatively, the tabs 37 can be incorpo-
rated into the design of the monolith. Thus, the cover pieces
30 forming the protective shell around the monolith can be
selectively with or without the tabs 37 depending on design
preference.

The use of cover pieces 30 to form the shell around the
monolith, rather than folding the ends of the monolith around
its accordion body to form a cover, allows for different thick-
nesses of metal to be used. For example, the shell around the
monolith can be formed from cover pieces 30 having a thick-
ness of 0.004 inches and the monolith can be formed from a
thinner metal foil of 0.002 inches. In another example, the
cover pieces 30 and monolith can be formed of a foil having
a thickness of 0.004 inches. The ability of using a thinner
metal foil to form the monolith can reduce the overall costs of
making the heat exchanger.

FIG. 15 provides a prospective view of the heat exchanger
according to an aspect of the present invention. The heat
exchanger can have dimensions, for example, measuring 1.5
inches wide, 1.5 inches high and 12 inches long. The heat
exchanger preferably weighs less than one pound and more
preferably about 0.75 pound. The heat exchanger can effec-
tively operate at temperatures up to 900° C. and can handle up
to a 2.5 kw heat load. Turning to the structure, FIG. 15
illustrates the heat exchanger having ducts formed by the duct
collar 38, the u-shaped piece 36 and the spine 11 of the comb
13. The duct collar 38 fits around the tabs 37 of the cover
pieces 30 extending past the comb 13. The duct collar 38 is
preferably welded or brazed to the tabs 37 of each cover piece
30 in order to form gas-tight seals. The two cover pieces 30
forming the shell around the monolith are joined together at
seam 40 and, at a similar second corresponding seam 40
located 180° from seam 40 as shown. Thus, there are two
seams 40 located 180° apart. As will be clear below, the seam
40 can be formed by various techniques such as welding or
brazing.

As shown in FIG. 16, the monolith 6 can have end flaps 4,
5. The end flaps 4, 5 can be joined with one or more cover
pieces 30 in order to form a seam 40 as shown in FIG. 15.
Prior to welding or brazing, the two cover pieces 30 are
positioned around the monolith such that the ends of the cover
pieces 30 align with the end flaps 4,5 of the monolith to form
a three-layer unsealed seam.

FIG. 17 illustrates a sealed three-layer seam 40. The three-
layer seam comprises the ends of the two cover pieces 30 and
one end flap (such as 4 or 5) of the monolith. In making the
seam, the end flap (such as 4 or 5) of the monolith is sand-
wiched between the ends of the cover pieces 30 to form an
unsealed three-layer seam; there is a corresponding seam on
the opposite side of the heat exchanger shell. Braze alloy can
be placed at the end of the three-layer seam. The three-layer
seam can also be tack welded at locations along the length of
the monolith in order to secure the layers together prior to
folding. Preferably, the layers are tack welded together below
the tip or end of the seam where the braze alloy is placed. Each
unsealed three-layer seam is folded over itself as shown in
FIG. 17 before being brazed. Alternatively, the three-layer
seam can be sealed by laser welding the end flap of the
monolith (4 or 5) to the ends of the two cover pieces 30. In
another alternative, the three-layer seam can be sealed by
seam-welding. For example, roller-shaped electrodes can lay
down a series of spot welds which can be spaced closely. By
spacing the spot welds close to one another, the three-layer
seam can be hermetically sealed. Transfer tape 42 can be
placed on the ends of the cover pieces 30 in order to create a
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gas-tight seal during brazing of the three-layer seam 40. As
shown, the transfer tape 42 is in contact with the ends of the
two cover pieces 30 and end flap (4 or 5) during brazing of the
seam 40. The transfer tape 42 is preferably made of powdered
braze alloy and adhesive binder.

The use of two cover pieces 30 to form the four sides of the
shell around the monolith allows for a three-layer fold to be
formed rather than having to make a lap seam that requires
tack welding of foil-to-foil (such as end flap 4 and 5 being
overlapped) as shown in FIG. 19. Tack welding as shown in
that figure involves one of the welding electrodes being
placed in the space that will eventually be pressurized. This
has the disadvantage of being susceptible to leaks in the seal
formed by the tack weld. Occasionally, tack welding can
create a hole through which fluid contained within the heat
exchanger can leak. Thus, it is desirable have the braze alloy
flow between the foil sheets and adequately seal the seam
formed by the foil sheets such that fluid from the pressurized
space does not leak through. Even if braze alloy flowed
around the tack weld of FIG. 19, the seam would still be
susceptible to leaks if the tack weld created a hole from which
fluid from the pressurized space could leak through. The
configuration shown in FIG. 18 however allows brazed alloy
to flow around the tack weld and seal the space between the
foil sheets in fluid contact with the pressurized space of the
heat exchanger. As such, even if a hole is created by an
imperfect tack weld, the braze alloy can adequately seal the
seam formed by the foil sheets. As shown in FIG. 18, a hole
created by an imperfect tack weld is not in fluid contact with
the pressurized space once the braze alloy seals space
between the foil sheets.

FIG. 16 illustrates an alternative embodiment of the comb
13. The comb 13 shown has eleven teeth 10 instead of ten
teeth 10 as shown in FIG. 4. The spacing of the teeth on the
eleven-tooth comb provides two end teeth 10a and 106 on
each end of the spine 11, which eliminates the one side of the
spine having a toothless end as with the ten-tooth comb of
FIG. 4. The eleven-tooth design gives end teeth 104, 10 b that
provide support for the outermost channels of the monolith 6.
That is, the end teeth 10a, 105 align with the outermost
channels of the monolith. The support provided by the end
teeth 10a, 105 prevent the walls of the outermost channels of
the monolith from collapsing during brazing, welding or
operation of the heat exchanger. The eleven-tooth comb fur-
ther provides an interface with the duct box 15 or duct collar
38. The duct box 15 or collar 38 can be welded or attached by
other means to the eleven-tooth comb along both end teeth
104, 104 in order to provide a rigid and strong structure.

FIG. 20 illustrates a cross-section view of the seal that is
formed between the duct box 15, u-shaped piece 36 or duct
collar 38 and at least one tab 37 of a cover piece 30. As
discussed above, the tab 37 of a cover piece 30 can overlie the
inner face of the duct component, such as 15, 36, 38, that
forms the duct providing fluid communication with the inte-
rior flow channels of the monolith. The overlap between the
tab 37 and a duct component (36 and 38) is illustrated in F1G.
15. The tab 37 of a cover piece 30 is tacked and/or brazed to
the inner face of a duct component (15, 36, 38). In this
arrangement, the brazed tab 37 is in contact with the channels
of the monolith. A brazing alloy satisfying the American
Welding Society (AWS) specifications of AWS AS5.8 BNi-2,
AWS A5.8 BNi-5 or AWS A5.8 BNi-9 can be used to secure
a tab 37 to a duct component (15, 36, 38) or the inner face
thereof. A brazing alloy might include, for example, a Nicro-
braz® alloy, such as Nicrobraz®-150, -LLM or -30, supplied
by Wall Colmonoy Limited located at Pontardawe, Swansea
SA8 4HL Great Britain. The brazing alloy melts during braz-
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ing and wicks along the interface of the tab 37 and the duct
component (15,36, 38) in order to form a seal. As used herein,
the technique of brazing consists of heating the braze alloy
and/or the parts and pieces of the heat exchanger above 425°
C.

The interface 48 between the tab 37 or cover piece 30 and
duct component (15, 36, 38) opposite the brazed seal dis-
cussed above can be imperfect, for example, there can be a
gap between a duct component (15, 36, 38) and a cover piece
30 because the cover piece 30 may not be in contact or flush
with the inner face of the duct component. Gaps or open
spaces in the interface 48 can allow fluid to leak into the
interior channels of the monolith. A filler material 46 can be
applied at the interface 48 opposite the brazed end in order to
seal the seam or fill the gap that is formed between the duct
components and cover pieces when the duct component is
fitted over the monolith ends. The filler material 46 can be a
nickel-based powder composition that does not melt during
brazing. The filler material 46 can further comprise iron,
chromium, silicon, boron, phosphorus, combinations thereof
and the like. The filler material 46 can comprise nickel in a
weight percent, based on the total weigh of the material 46, of
greater than 5, 10, 15, 50, 75, 80, 90, 95 or 99.5. The filler
material 46 might include, for example, a Nicrogap® alloy
supplied by Wall Colmonoy Limited noted above. The Nicro-
gap® alloy might include, for example, Nicrogap®-100,
-106, -108, -112, -114, -116 or -118. The filler material 46 is
preferably not mixed with a brazing alloy that melts prior to
being applied to the gap. Alternatively, a brazing alloy can be
used as filler material 46 to seal the gap. During brazing, the
brazing alloy used to seal the tab 37 to a duct component (15,
36, 38) can wick or flow along the interface 48 and come into
contact with the filler material 46. The braze alloy and filler
material 46 can fuse together and create a gas-tight seal
between the ducts and cover pieces of the heat exchanger.
Because the braze alloy wicks into the filler material 46, the
filler material 46 is not disturbed or generally dislodged or
repositioned during brazing.

The filler material 46 can create a smooth and attractive
fillet at the edge of a duct component (15, 36, 38) and tab 37
or cover piece 30 interface. The fillet created by the filler
material 46 can be a back-up or secondary seal to the brazed
seal between the tab 37 and duct component (15, 36, 38)
discussed above.

FIG. 21 shows another embodiment of the u-shaped metal
piece 36. The u-shaped piece 36 can have a plurality of teeth
44 spaced along its edge. The teeth 44 are spaced apart in
order to align and fit within the channels or available spaces of
the monolith. The teeth 44 provide a stop plate for the cut
pieces of corrugated foil 21 that can be inserted into the
channels of the monolith. That is, the corrugated foil pieces
21 are stopped from sliding into and past the duct space
formed by the u-shaped piece 36 and the spine 11 of the comb
13, as is shown in FIG. 15. Without the teeth 44, the pressure
and force of the fluid flowing through the heat exchanger can
move the corrugated foil 21 along the channels of the mono-
lith and into the duct space. In this case, the fluid flow in the
heat exchanger can be impeded by the corrugated foil pieces
21 extending into the fluid openings created by the ducts of
the heat exchanger.

In another embodiment, a plurality of cut pieces 21 can be
positioned and/or inserted within the channels of the mono-
lith. As discussed above, the cut pieces 21 can be coated with
a catalyst or sorbent, on one side or all sides, prior to being
inserted into at least one channel of the monolith. A cut piece
21 as shown in FIGS. 9 and 10 can be configured in various
ways in a channel of the monolith to provide enhanced struc-
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tural integrity to the heat exchanger. It is to be understood that
a cut piece 21 can have various face topographies, for
example, a wave pattern of corrugations in the lateral or
longitudinal direction or a series of spherical bumps. As used
herein, the lateral direction runs parallel with the teeth 10 of
the comb 13, as shown in FIGS. 16 and 22, and the longitu-
dinal direction runs perpendicular the teeth 10. As shown in
FIG. 9, the corrugated cut pieces 21 are in the longitudinal
direction as positioned in the channels of the monolith. As
shown in FIG. 22, cut pieces 21 configured to have lateral
corrugations can be inserted into the outermost flow channels
of'the monolith. In this arrangement, the cut pieces 21 can be
used to strengthen the outer walls of the monolith and provide
enhanced structural integrity and support to the shell of the
heat exchanger. The lateral corrugations can substantially
block the flow of fluid through the outermost channels of the
monolith or any channel that a laterally-corrugated cut piece
21 is inserted. The laterally-configured cut pieces 21 can
prevent collapse of the side walls of the monolith or cover
pieces 30 if low pressure is experienced within the flow chan-
nels of the heat exchanger.

The cut pieces 21 in the outermost channels of the monolith
can be attached, such as by brazing, therein so the pieces 21
do not move or slide during operation or fluid flow through the
channels. Such brazing of the cut pieces 21 to the monolith
channel walls and/or the cover pieces 30 can create rigid walls
in the outermost channels that prevent bending or twisting of
the heat exchanger. By being bonded to the channel walls
and/or the cover pieces 30, the cut pieces 21 can prevent the
walls of the monolith and cover pieces 30 from ballooning or
being deformed during pressure testing or from the high
operating temperature or internal pressure of the heat
exchanger. As shown in FIG. 22, cut pieces 21 having lateral
corrugations are preferably used in the outermost channels in
order to provide rigidity to the heat exchanger. Laterally-
corrugated cut pieces 21 in the outermost channels of the
monolith add strength to the channels and create stiff or
inflexible regions therein that resist bending and general oper-
ating stresses. Thus, brazing the cut pieces 21 to the channel
of a monolith, such as an outermost channel, can create a
durable heat exchanger structure capable of operating under
extreme conditions such as high temperatures or pressures.

FIG. 23 illustrates another embodiment of the present
invention. Flow vanes 50 can be inserted into fluid ducts
formed by duct components (15, 36, 38) to provide structural
integrity and rigidity to the heat exchanger. As shown, a
plurality of flow vanes 50 are inserted into a fluid duct formed
by the spine 11 of the comb 13 and the unshaped piece 36. The
flow vanes 50 can be positioned to fit within the channels of
the monolith that are exposed by the fluid ducts of the heat
exchanger. The flow vanes 50 can be configured in various
ways in a channel of the monolith to provide enhanced struc-
tural integrity to the heat exchanger near the fluid ducts. The
topographies of the flow vanes are configured so as to convey
the fluid from the longitudinal direction within the cut pieces
21 to the lateral direction within the duct formed by the
U-shaped piece 36. An example flow vane 50 is shown in FI1G.
24. As shown, the flow vane 50 can have corrugations
arranged at any angle ranging from the longitudinal or lateral
direction.

The flow vanes 50 can be attached, such as by brazing, to
the walls of channels of the monolith and/or cover pieces 30
to prevent the flow vanes 50 from moving or sliding during
operation or fluid flow through the ducts. Brazing of the flow
vanes 50 to the monolith channel walls and/or the cover
pieces 30 can create rigid walls in the fluid duct that prevent
deformation of the monolith 6 during operation or pressure
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testing. The flow vanes 50 positioned within the channels of
the monolith also prevent migration of the cut pieces 21 into
the fluid duct area. Thus, the flow vanes 50 act as stops for the
cut pieces of corrugated foil 21 that can be inserted into the
channels of the monolith.

The flow vanes 50 can be made of metal. For example, a
nickel-based alloy such as the Inconel, which is a trademark
of Huntington Alloys Corp., of Huntington, W. Va., can be
used to make the flow vanes 50. The flow vanes 50 can have
a thickness range of about 0.001 inches to about 0.01 inches,
or about 0.002 inches.

The invention can be modified in other ways, which will be
apparent to the reader skilled in the art. For example, the
construction of the ducts, at or near the ends of the monolith,
can be accomplished in different ways. In the above descrip-
tion, the duct boxes, collars, u-shaped pieces, combs, and
rectangular pieces comprise means for defining the ducts. The
components could be varied, as long as the ducts are con-
structed to convey fluid, sealed from the outside, into or out of
the appropriate portion of the monolith. The order of the steps
of'the assembly of the heat exchanger can also be varied. For
example, it is not necessary to prepare the combs 13 before
the rectangular pieces 12; instead, the order of these two steps
could be reversed.

The above and other modifications, which will be apparent
to the reader skilled in the art, should be considered within the
spirit and scope of the following claims.

The invention claimed is:

1. A heat exchanger comprising:

a metal monolith having two ends and a plurality of chan-
nels through which fluid flows, said plurality of channels
including two outermost channels;

a shell surrounding said monolith, wherein said shell is
open on both ends to provide fluid flow to said channels,
said shell further comprising two fluid openings adja-
cent said ends of said monolith;

at least one comb comprising a spine and a plurality of
teeth, wherein the comb is attached to one end of said
monolith and said teeth are aligned with a portion of said
channels to provide a fluid flow stop at one end of said
monolith;

at least one duct collar attached to one end of said monolith,
wherein said comb is positioned between said duct col-
lar and said monolith end;
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at least one u-shaped metal piece attached to at least one
said shell fluid opening adjacent said end of said mono-
lith, wherein said u-shaped metal piece and said spine
form a duct opening to provide fluid flow to said chan-
nels; and

said two outermost channels having cut pieces configured

such that the fluid flow through said two outermost chan-
nels is substantially blocked and said cut pieces provide
enhanced support to said shell of said heat exchanger.

2. The heat exchanger of claim 1, said cut pieces positioned
in said two outermost channels being laterally configured and
corrugated.

3. The heat exchanger of claim 2, wherein said u-shaped
metal has a plurality of teeth configured to fit in said channels,
wherein said teeth provide a stop plate for said laterally-
configured corrugated cut pieces.

4. The heat exchanger of claim 2, wherein said laterally-
configured corrugated cut pieces are replaceable.

5. The heat exchanger of claim 2, wherein said plurality of
channels other than said two outermost channels have longi-
tudinally-configured corrugated cut pieces for directing fluid
flow.

6. The heat exchanger of claim 5, wherein at least one of
said plurality of longitudinally-configured corrugated cut
pieces is coated with a catalyst.

7. The heat exchanger of claim 2, said laterally-configured
corrugated cut pieces being attached to said two outermost
channels.

8. The heat exchanger of claim 7, said laterally-configured
corrugated cut pieces being brazed to said two outermost
channels.

9. The heat exchanger of claim 7, wherein said laterally-
configured corrugated cut pieces provide enhanced structural
support to the heat exchanger to prevent deformation of said
shell of said heat exchanger in the presence of a pressure
differential.

10. The heat exchanger of claim 1, further comprising a
plurality of flow vanes positioned in said channels exposed by
at least one fluid opening adjacent an end of the monolith.

11. The heat exchanger of claim 1, further comprising a
plurality of flow vanes positioned in said channels exposed by
at least one fluid opening at an end of the monolith.
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