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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 de?ning 
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 US. applica 
tion Ser. No. 11/225,771 ?led Sep. 13, 2005, now US. Pat. 
No. 7,594,326; and is also a continuation-in-part of US. 
application Ser. No. 11/225,763 ?led Sep. 13, 2005, now US. 
Pat. No. 7,591,301; and is also a continuation-in-part ofU.S. 
application Ser. No. 29/280,526 ?led May 30, 2007, now US. 
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 ?eld 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 500-1000o 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 con?guration, but virtually all such systems can be 
made more e?icient 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 dif?cult 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 
a noW-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 
dif?cult to braZe. Because Fecralloy contains aluminum, the 
application of heat causes aluminum oxide to form, making it 
dif?cult 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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2 
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 
A1, US 2006/0008414 A1, and US. 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 ?uid stream. In the reforming process, 
a single catalyst can be used for both reactions. By sWitching 
the routing of the ?uids, 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 that there 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 
de?ning openings Which provide access to tWo distinct inte 
rior regions of the monolith. A duct-de?ning means is a?ixed 
to both ends of the monolith, at locations corresponding to the 
openings. The duct-de?ning 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, de?ne 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 ?uid-impervious by sealing its joints, such 
as by brazing or by Welding, and preferably by laser Welding. 

The monolith de?nes tWo sides, corresponding to the tWo 
sides of the original piece of metal that is folded to form the 
monolith. These sides de?ne distinct ?uid ?oW regions Within 
the monolith. The tWo ducts, described above, provide ?uid 
access to the tWo respective regions. Normally the metal 
de?ning the monolith is not coated With a catalyst, as such 
coating makes it di?icult 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 ?uids ?oWing through the 
tWo ducts are not in direct ?uid contact With each other, but 
are in heat exchange relationship, these ?uids 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 ?uid ?oWs, 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 ?uid 
?oW to the channels. The shell further comprises tWo ?uid 
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 ?uid ?oW 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 ?uid opening adja 
cent an end of the monolith, Wherein the u- shaped metal piece 
and the spine form a duct opening to provide ?uid ?oW 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 ?at 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 of the monolith, by inserting the teeth of the 
combs into the monolith, so as to engage the folds. Next, one 
a?ixes 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, de?ne 
complete ducts Which provide ?uid 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 ?uid ?oWs. 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 ?at cover pieces of 
metal, the notches being cut on opposite sides of said ?at 
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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4 
lith, Wherein the duct collars, together With the u-shaped 
pieces and the spines of the combs, de?ne ducts connected to 
the monolith for providing ?uid ?oW 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 de?nes 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 ofa piece ofmetal 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 de?ne 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. 611 provides an elevational vieW of the folded foil 
monolith of FIG. 3, and shoWing components forming ducts 
at each end. 

FIG. 6b 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. 60 provides an end vieW of the monolith of FIG. 6a. 
FIG. 711 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. 811 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. 80 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 de?ne part of a duct. 

FIG. 13 provides a perspective vieW of another alternative 
embodiment, Wherein the metal de?ning the monolith does 
not have notches or cuts, and Wherein a separate piece of 
metal is used to cover the monolith and to de?ne 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 portion of 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 ?uid duct having ?oW 
vanes inserted into the channels thereof. 

FIG. 24 provides a side perspective vieW of a How vane that 
can be inserted into the channels of a ?uid 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 de?ned 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 0.00l-0.0l0 inches, and a more 
preferred range of about 0.002-0.005 inches. 

The invention also includes an element, or building block, 
for a heat 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 de?ned by the monolith, at or near 
an end of the monolith. The comb and the monolith are in 
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6 
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 ?rst 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 ?at, 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 ?aps 4 and 5 Will serve as a shell for 
the monolith, as Will be described later. 
The thickness of the foil is 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 ofFIG. 1. FIG. 2 shoWs an end vieW, and FIG. 
3 shoWs a perspective vieW. FIGS. 2 and 3 clearly shoW the 
end ?aps 4 and 5. The end ?aps, together With the ?rst 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 
or cut-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 de?ning 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 
de?ned 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-6c 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 ?t 
betWeen alternate folds of the folded foil. The comb therefore 
anchors the folds, holding them in the desired spaced-apart 
position. FIG. 6a clearly shoWs hoW the rectangular piece 12 
and the spine 11 of the comb together de?ne 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 












