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ANNULAR FUEL PROCESSOR AND
METHODS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority under 35 U.S.C. §119(e)
from U.S. Provisional Patent Application No. 60/482,996
filed Jun. 27, 2003 entitled “Fuel cell system startup proce-
dure and self-heating apparatus™, which is incorporated by
reference for all purposes; and also claims priority under 35
U.S.C. §119(e) from U.S. Provisional Patent Application No.
60/483,416 filed Jun. 27, 2003 entitled “Fuel Preheat in Por-
table Electronics Powered by Fuel Cells”, which is incorpo-
rated by reference for all purposes.

BACKGROUND OF THE INVENTION

The present invention relates to fuel cell technology. In
particular, the invention relates to fuel processors that gener-
ate hydrogen and are suitable for use in portable applications.

A fuel cell electrochemically combines hydrogen and oxy-
gen to produce electricity. The ambient air readily supplies
oxygen. Hydrogen provision, however, calls for a working
supply. Gaseous hydrogen has a low energy density that
reduces its practicality as a portable fuel. Liquid hydrogen,
which has a suitable energy density, must be stored at
extremely low temperatures and high pressures, making stor-
ing and transporting liquid hydrogen burdensome.

A reformed hydrogen supply processes a fuel source to
produce hydrogen. The fuel source acts as a hydrogen carrier.
Currently available hydrocarbon fuel sources include metha-
nol, ethanol, gasoline, propane and natural gas. Liquid hydro-
carbon fuel sources offer high energy densities and the ability
to be readily stored and transported. A fuel processor reforms
the hydrocarbon fuel source and to produce hydrogen.

Fuel cell evolution so far has concentrated on large-scale
applications such as industrial size generators for electrical
power back-up. Consumer electronics devices and other por-
table electrical power applications currently rely on lithium
ion and similar battery technologies. Fuel processors for por-
table applications such as electronics would be desirable but
are not yet commercially available. In addition, techniques
that reduce fuel processor size or increase fuel processor
efficiency would be highly beneficial.

SUMMARY OF THE INVENTION

The present invention relates to a fuel processor that pro-
duces hydrogen from a fuel source. The fuel processor com-
prises a reformer and burner. The reformer includes a catalyst
that facilitates the production of hydrogen from the fuel
source. Voluminous reformer chamber designs are provided
that increase the amount of catalyst that can be used in a
reformer and increase hydrogen output for a given fuel pro-
cessor size. The burner provides heat to the reformer. One or
more burners may be configured to surround a reformer on
multiple sides to increase thermal transfer to the reformer.

Dewars are also described that improve thermal manage-
ment of a fuel processor by reducing heat loss and increasing
burner efficiency. A dewar includes one or more dewar cham-
bers that receive inlet process gases or liquids before a reactor
receives them. The dewar is arranged such that inlet process
gases or liquids passing through the dewar chamber intercepts
heat generated in the burner before the heat escapes the fuel
processor. Passing inlet process gases or liquids through a
dewar chamber in this manner performs three functions: a)
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active cooling of dissipation of heat generated in burner
before is reaches outer portions of the fuel processor, and b)
heating of the air before receipt by the burner, and ¢) absorb-
ing and recycling heat back into the burner increasing burner
efficiency. When the burner relies on catalytic combustion to
produce heat, heat generated in the burner warms cool process
gases or liquids in the burner according to the temperature of
the process gases or liquids. This steals heat from the
reformer, reduces heating efficiency of a burner and typically
results in greater consumption of the fuel source. The dewar
thus pre-heats the incoming process gases or liquids before
burner arrival so the burner passes less heat to the process
gases or liquids that would otherwise transfer to the reformer.

In one aspect, the present invention relates to a fuel pro-
cessor for producing hydrogen from a fuel source. The fuel
processor comprises a reformer configured to receive the fuel
source, configured to output hydrogen, and including a cata-
lyst that facilitates the production of hydrogen. The fuel pro-
cessor also comprises a boiler configured to heat the fuel
source before the reformer receives the fuel source. The fuel
processor further comprises at least one burner configured to
provide heat to the reformer and disposed annularly about the
reformer. The fuel processor may also comprise a boiler that
heats the burner liquid fuel feed.

In another aspect, the present invention relates to a fuel
processor for producing hydrogen from a fuel source. The
fuel processor comprises a reformer configured to receive the
fuel source, configured to output hydrogen, including a cata-
lyst that facilitates the production of hydrogen. The reformer
also includes a reformer chamber having a volume greater
than about 0.1 cubic centimeters and less than about 50 cubic
centimeters and is characterized by a cross sectional width
and a cross sectional height that is greater than one-third the
cross sectional width. The fuel processor also comprises a
boiler configured to heat the fuel source before the reformer
receives the fuel source. The fuel processor further comprises
at least one burner configured to provide heat to the reformer.

In yet another aspect, the present invention relates to a fuel
processor for producing hydrogen from a fuel source. The
fuel processor comprises a reformer configured to receive the
hydrogen fuel source, configured to output hydrogen, and
including a catalyst that facilitates the production of hydro-
gen. The fuel processor also comprises a burner that is con-
figured to provide heat to the reformer. The fuel processor
further comprises a dewar that at least partially contains the
reformer and the burner and includes a set of dewar walls that
form a dewar chamber that is configured to receive an inlet
process gas or liquid before the burner receives the inlet
process gas or liquid. The fuel processor additionally com-
prises a housing including a set of housing walls that at least
partially contain the dewar and provide external mechanical
protection for the reformer and the burner.

In still another aspect, the present invention relates to a
method for managing heat in a fuel processor. The fuel pro-
cessor comprises a burner, a reformer and a dewar that at least
partially contains the burner. The method comprises generat-
ing heat in the burner. The method also comprises passing an
inlet process gas or liquid through a dewar chamber. The
method further comprises heating the inlet process gas or
liquid in the dewar chamber using heat generated in the
burner.

In another aspect, the present invention relates to a method
for generating hydrogen in a fuel processor. The fuel proces-
sor comprises a burner, a reformer and a dewar that at least
partially contains the burner and reformer. The method com-
prises generating heat in the burner. The method also com-
prises passing an inlet process gas or liquid through a dewar
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chamber. The method further comprises heating the inlet
process gas or liquid in the dewar chamber using heat gener-
ated in the burner. The method additionally comprises sup-
plying the inlet process gas or liquid to the burner after it has
been heated in the dewar chamber. The method also com-
prises transferring heat generated in the burner to the
reformer. The method further comprises reforming a fuel
source to produce hydrogen.

These and other features and advantages of the present
invention will be described in the following description of the
invention and associated figures.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A illustrates a fuel cell system for producing elec-
trical energy in accordance with one embodiment of the
present invention.

FIG. 1B illustrates schematic operation for the fuel cell
system of FIG. 1A in accordance with a specific embodiment
of the present invention.

FIG. 1C illustrates an embodiment of the fuel cell system
of FIG. 1A that routes hydrogen from an anode exhaust of the
fuel cell back to a burner in the fuel processor.

FIG. 2A illustrates a cross-sectional side view of a fuel
processor used in the fuel cell system of FIG. 1A in accor-
dance with one embodiment of the present invention.

FIG. 2B illustrates a cross-sectional front view of the fuel
processor used in the fuel cell system of FIG. 1A taken
through a mid-plane of fuel processor.

FIG. 3A illustrates a cross-sectional front view of a mono-
lithic structure employed in the fuel processor of FIG. 2A in
accordance with one embodiment of the present invention.

FIG. 3B illustrates a cross-sectional layout of a tubular
design for use in a fuel processor in accordance with another
embodiment of the present invention.

FIG. 3C illustrates a cross-sectional front view of a mono-
lithic structure in a fuel processor that comprises a single
burner having an ‘O-shape’ that completely surrounds a
reformer chamber in accordance with one embodiment of the
present invention.

FIG. 3D illustrates an outside view of an end plate used in
the fuel processor of FIG. 2A.

FIG. 3E illustrates a fuel processor 15 in accordance with
another embodiment of the present invention.

FIG. 4A illustrates a side cross-sectional view of the fuel
processor of FIG. 2A and movement of air created by a dewar
in accordance with one embodiment of the present invention.

FIG. 4B illustrates a front cross-sectional view of the fuel
processor of FIG. 2A and demonstrates thermal management
benefits gained by the dewar.

FIG. 4C shows a thermal diagram of the heat path produced
by a dewar wall used in the fuel processor of FIG. 2A.

FIG. 4D illustrates a cross sectional view of a fuel proces-
sor that increases the convective path that air flows over a
dewar wall in accordance with another embodiment of the
present invention.

FIG. 4E illustrates a dewar in accordance with another
embodiment of the present invention.

FIGS. 4F and 4G illustrate a cross section of a fuel proces-
sor including a monolithic structure and multipass dewar in
accordance with another embodiment of the present inven-
tion.

FIG. 4H illustrates spiral dewar in an unrolled form during
initial construction in accordance with another embodiment
of the present invention.
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FIGS. 41 and 417 illustrate wash coatings on a wall of a
burner in accordance with two embodiments of the present
invention.

FIG. 5 illustrates a process flow for generating hydrogen in
a fuel processor in accordance with one embodiment of the
present invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The present invention is described in detail with reference
to a few preferred embodiments as illustrated in the accom-
panying drawings. In the following description, numerous
specific details are set forth in order to provide a thorough
understanding of the present invention. It will be apparent,
however, to one skilled in the art, that the present invention
may be practiced without some or all of these specific details.
In other instances, well known process steps and/or structures
have not been described in detail in order to not unnecessarily
obscure the present invention.

FIG. 1A illustrates a fuel cell system 10 for producing
electrical energy in accordance with one embodiment of the
present invention. Fuel cell system 10 comprises storage
device 16, fuel processor 15 and fuel cell 20.

A ‘reformed’ hydrogen supply processes a fuel source to
produce hydrogen. As shown, the reformed hydrogen supply
comprises a fuel processor 15 and a fuel source storage device
16. Storage device 16 stores fuel source 17, and may include
a portable and/or disposable fuel cartridge. A disposable car-
tridge offers instant recharging to a consumer. In one embodi-
ment, the cartridge includes a collapsible bladder within a
hard plastic dispenser case. A separate fuel pump typically
controls fuel source 17 flow from storage device 16. If system
10 is load following, then a control system meters fuel source
17 to deliver fuel source 17 to processor 15 at a flow rate
determined by the required power level output of fuel cell 20.

Fuel source 17 acts as a carrier for hydrogen and can be
processed to separate hydrogen. Fuel source 17 may include
any hydrogen bearing fuel stream, hydrocarbon fuel or other
hydrogen fuel source such as ammonia. Currently available
hydrocarbon fuel sources 17 suitable for use with the present
invention include gasoline, C, to C, hydrocarbons, their oxy-
genated analogues and/or their combinations, for example.
Several hydrocarbon and ammonia products may also pro-
duce a suitable fuel source 17. Liquid fuel sources 17 offer
high energy densities and the ability to be readily stored and
shipped. Storage device 16 may contain a fuel mixture. When
the fuel processor 15 comprises a steam reformer, storage
device 16 may contain a fuel mixture of a hydrocarbon fuel
source and water. Hydrocarbon fuel source/water fuel mix-
tures are frequently represented as a percentage fuel source in
water. In one embodiment, fuel source 17 comprises metha-
nol or ethanol concentrations in water in the range of
1%-99.9%. Other liquid fuels such as butane, propane, gaso-
line, military grade “JP8” etc. may also be contained in stor-
age device 16 with concentrations in water from 5-100%. In
a specific embodiment, fuel source 17 comprises 67% metha-
nol by volume.

Fuel processor 15 processes the hydrocarbon fuel source
17 and outputs hydrogen. A hydrocarbon fuel processor 15
heats and processes a hydrocarbon fuel source 17 in the
presence of a catalyst to produce hydrogen. Fuel processor 15
comprises areformer, which is a catalytic device that converts
a liquid or gaseous hydrocarbon fuel source 17 into hydrogen
and carbon dioxide. As the term is used herein, reforming
refers to the process of producing hydrogen from a fuel
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source. Fuel processor 15 may output either pure hydrogen or
ahydrogen bearing gas stream. Fuel processor 15 is described
in further detail below.

Fuel cell 20 electrochemically converts hydrogen and oxy-
gen to water, generating electricity and heat in the process.
Ambient air commonly supplies oxygen for fuel cell 20. A
pure or direct oxygen source may also be used for oxygen
supply. The water often forms as a vapor, depending on the
temperature of fuel cell 20 components. The electrochemical
reaction also produces carbon dioxide as a byproduct for
many fuel cells.

In one embodiment, fuel cell 20 is a low volume polymer
electrolyte membrane (PEM) fuel cell suitable for use with
portable applications such as consumer electronics. A poly-
mer electrolyte membrane fuel cell comprises a membrane
electrode assembly 40 that carries out the electrical energy
generating electrochemical reaction. The membrane elec-
trode assembly 40 includes a hydrogen catalyst, an oxygen
catalyst and an ion conductive membrane that a) selectively
conducts protons and b) electrically isolates the hydrogen
catalyst from the oxygen catalyst. A hydrogen gas distribu-
tion layer contains the hydrogen catalyst and allows the dif-
fusion of hydrogen therethrough. An oxygen gas distribution
layer contains the oxygen catalyst and allows the diffusion of
oxygen and hydrogen protons therethrough. The ion conduc-
tive membrane separates the hydrogen and oxygen gas distri-
bution layers. In chemical terms, the anode comprises the
hydrogen gas distribution layer and hydrogen catalyst, while
the cathode comprises the oxygen gas distribution layer and
oxygen catalyst.

A PEM fuel cell often includes a fuel cell stack having a set
of bi-polar plates. A membrane electrode assembly is dis-
posed between two bi-polar plates. Hydrogen distribution 43
occurs via a channel field on one plate while oxygen distri-
bution 45 occurs via a channel field on a second facing plate.
Specifically, a first channel field distributes hydrogen to the
hydrogen gas distribution layer, while a second channel field
distributes oxygen to the oxygen gas distribution layer. The
‘term ‘bi-polar’ refers electrically to a bi-polar plate (whether
comprised of one plate or two plates) sandwiched between
two membrane electrode assembly layers. In this case, the
bi-polar plate acts as both a negative terminal for one adjacent
membrane electrode assembly and a positive terminal for a
second adjacent membrane electrode assembly arranged on
the opposite face of the bi-polar plate.

In electrical terms, the anode includes the hydrogen gas
distribution layer, hydrogen catalyst and bi-polar plate. The
anode acts as the negative electrode for fuel cell 20 and
conducts electrons that are freed from hydrogen molecules so
that they can be used externally, e.g., to power an external
circuit. In a fuel cell stack, the bi-polar plates are connected in
series to add the potential gained in each layer of the stack. In
electrical terms, the cathode includes the oxygen gas distri-
bution layer, oxygen catalyst and bi-polar plate. The cathode
represents the positive electrode for fuel cell 20 and conducts
the electrons back from the external electrical circuit to the
oxygen catalyst, where they can recombine with hydrogen
ions and oxygen to form water.

The hydrogen catalyst separates the hydrogen into protons
and electrons. The ion conductive membrane blocks the elec-
trons, and electrically isolates the chemical anode (hydrogen
gas distribution layer and hydrogen catalyst) from the chemi-
cal cathode. The ion conductive membrane also selectively
conducts positively charged ions. Electrically, the anode con-
ducts electrons to a load (electricity is produced) or battery
(energy is stored). Meanwhile, protons move through the ion
conductive membrane, to combine with oxygen. The protons
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and used electrons subsequently meet on the cathode side,
and combine with oxygen to form water. The oxygen catalyst
in the oxygen gas distribution layer facilitates this reaction.
One common oxygen catalyst comprises platinum powder
very thinly coated onto a carbon paper or cloth. Many designs
employ arough and porous catalyst to increase surface area of
the platinum exposed to the hydrogen and oxygen.

In one embodiment, fuel cell 20 comprises a set of bi-polar
plates that each includes channel fields on opposite faces that
distribute the hydrogen and oxygen. One channel field dis-
tributes hydrogen while a channel field on the opposite face
distributes oxygen. Multiple bi-polar plates can be stacked to
produce a ‘fuel cell stack’ in which a membrane electrode
assembly is disposed between each pair of adjacent bi-polar
plates. Since the electrical generation process in fuel cell 20 is
exothermic, fuel cell 20 may implement a thermal manage-
ment system to dissipate heat from the fuel cell. Fuel cell 20
may also employ a number of humidification plates (HP) to
manage moisture levels in the fuel cell. Further description of
a fuel cell suitable for use with the present invention is
included in commonly owned co-pending patent application
entitled “Micro Fuel Cell Architecture” naming lan Kaye as
inventor and filed on the same day as this patent application.
This application is incorporated by reference for all purposes.

While the present invention will mainly be discussed with
respect to PEM fuel cells, it is understood that the present
invention may be practiced with other fuel cell architectures.
The main difference between fuel cell architectures is the type
of ion conductive membrane used. In one embodiment, fuel
cell 20 is phosphoric acid fuel cell that employs liquid phos-
phoric acid for ion exchange. Solid oxide fuel cells employ a
hard, non-porous ceramic compound for ion exchange and
may be suitable for use with the present invention. Generally,
any fuel cell architecture may benefit from fuel processor
improvements described herein. Other such fuel cell archi-
tectures include direct methanol, alkaline and molten carbon-
ate fuel cells.

Fuel cell 20 generates dc voltage that may be used in a wide
variety of applications. For example, electricity generated by
fuel cell 20 may be used to power a motor or light. In one
embodiment, the present invention provides ‘small’ fuel cells
that are designed to output less than 200 watts of power (net
or total). Fuel cells of this size are commonly referred to as
‘micro fuel cells’ and are well suited for use with portable
electronics. In one embodiment, fuel cell 20 is configured to
generate from about 1 milliwatt to about 200 watts. In another
embodiment, fuel cell 20 generates from about 3 W to about
20 W. Fuel cell 20 may also be a stand-alone fuel cell, which
is a single unit that produces power as long as it has an a)
oxygen and b) hydrogen or a hydrocarbon fuel supply. A fuel
cell 20 that outputs from about 40 W to about 100 W is well
suited to power a laptop computer.

FIG. 1B illustrates schematic operation for fuel cell system
10 in accordance with a specific embodiment of the present
invention. As shown, fuel cell system 10 comprises fuel con-
tainer 16, hydrogen fuel source 17, fuel processor 15, fuel cell
20, multiple pumps 21 and fans 35, fuel lines and gas lines,
and one or more valves 23. While the present invention will
now primarily be described with respect to methanol as fuel
source 17, it is understood that the present invention may
employ another fuel source 17 such as one provided above.

Fuel container 16 stores methanol as a hydrogen fuel
source 17. An outlet 26 of fuel container 16 provides metha-
nol 17 into hydrogen fuel source line 25. As shown, line 25
divides into two lines: a first line 27 that transports methanol
17 to a burner 30 for fuel processor 15 and a second line 29
that transports methanol 17 to reformer 32 in fuel processor






