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(57) Abstract: A dual utilization liquid and gaseous fuel CPOX reformer that includes reaction zones for the CPOX reforming of 1i-
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able reaction mixture comprising oxygen-containing gas and vaporized liquid fuel and before or after this step, reforming second
gaseous reformable reaction mixture comprising oxygen~containing gas and gaseous fuel to produce a hydrogen-rich reformate.
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DUAL UTILEZATION LIQUID AND GASEOUS FUEL
REFORMER AND METHOD OF REFORMING
CROSS REFERERCE TO RELATED APPLICATIONS
[B061] This utility application claims the benefit of Pinneriy et al. US,
provisional patent application Serial Nos, 61/900.510 and 61/900,343, filed

November 6, 2013, the entire contents of which are incorporated by reference herein.

BACKGROUND

[B082] The present tegchings relate to reformers and methods of reforming of
Hguid and gascous reformable fuels 1o produce hydrogen-rich reformates.

{1083 The conversion of a gaseons or iquid reformable fuel to a hvdrogen-rich
arbon monoxide-containing gas mixture, a produact commonly referred o as
“synthesis gas™ or “syngas.” can be caried out in secordance with any of sueh well
known fuel reforming eporations as steam reforming, dry reforming: autothermal
reforming, and catalvtic partial oxidation (CPOX) reforming. Each of these fuel
reforming operations has iis distinetive cheniatry and requirements and each is

marked by its advantages and disadvantages relative to the others,

| 6004} The development of improved fuel reformers, fuel reformer components,
and reforming processes continues {0 be the focus of considerable research due to the

poiential of fuct cells, Le., devices for the electrochemical conversion of
electrochentieally oxidizable fuels snch hivdrogen, mixtares of hydrogen and carbon
maonoxide, and the like, to electricity, to play a greatly expanded role for general
applications including main power anits (MPUs) and avxiliary power units (APUs).
Fuel cells also can be ased for specialived applications, for example, as on-board
electrical generating deviees for electrie vehieles, backup power sources for
residential-use devices, main power sourees for leisure-use, outdoor ad other power-
consuming devices in ont-ofegrid loeations, and Rgbter weight, higher power density,
ambient temperature-independent replacoments for portable battery packs.

{0085} Hecause large scale, economic praduction of hvdrogen, infrastracture

required for its distribution, and practical means for ils storage {especially as »

transportation fuel) are widely believed to be a long way off, mwch current research
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and development has been directed to improving both foel reformers as sources of
clectrochemically oxidizable fuels, notably mixtures of hydrogen and carbon
monoxide, and fuel cell assemblies, commonty referred e as fuel cell “stacks,”

convertors of such fuels {o electricity, and the integration of fuel reformers and fuel

cells into more eompact, reliable and efficient devices for the production of electrical
ERETEY.
{0106 In general, reformers are designed and constragcted 10 process either

gaseous or Hquid reformable fuel but not both, A reformer that was capable of
selectively processing one of these bypes of fuel and at some pont, switching over to
the processing of the other type of foel would have cousiderable advantages over
reformers that are capable of processing only one of these types of fuel. For example,
a dual utilization liquid and gas reformer would be able to switch from processing one
type of fuel to the other in response to a change in circumstances such as the altered
gconomics of operating the reformer with one or the other fuel or the relative
availability of the fuels at a particular thime andfor In a particular place

{007} Accordingly, there exists a need for g reformer capable of utilizing both
liquid and gascous reformable fuels and a method for the selective reforming of sueh

fuels within the same reformer.

SUMMARY
[0008] 1o accordance with the present diselosure, a dual utilization lquid and
gaseous fuel CPOX reformer is provided which comprises:

a hquid fuel gas phase reforming reaction zong

a gaseous fuel gas phase reforming reaction zone;

a gas flow condeit comprising an oxygen-containing gas infet, a lHguid
fuel inlet, a gascous fuel inlet or oxygen-containing gas and gaseous fuel reforming
regction minxture inlet, a first heating zone thermally coupled to g first heater, a second
heating zone thermally coupled to an internal andior external soarce of heat, a liquid
fuel vaporizer, and a gasecus reforming reaction misture outlet in gas-flow

communication with the hguid fuel and gaseous fuel reforming reaction zones;
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a gaseouns reforming reaction mixinre igniter w thermal

comnmnication with each of the Bguid and gaseous fuel reforming reaction xones:

and,
a hydroger-nich reformate outlet.
[{609] Further in accordance with the present disclosore, 2 method is provided for

reforming within a dual utilivation liquid and gascous fuel refonmer comprising a
first, or lguid foel, gas phase reforming resction zone, a second, or gaseons fuel, gas
phase reforming reaction zone, or a cormmmon, or hquid and gaseous fuel, reforming
reaction zone, the method comprising:
{a) reforming first gaseous reforming reaction mixtare comprising
oxygen-containing gas and vaporized Hguid fuel within the first or comumion

reforming reaction zone 10 produce hvdrogen-nich reformate;

{v) betore or after reforming step (g}, reforming second gaseons
reforming reaction mixiure comprising oxygen-containing gas and gascous
fuel within the sccond or common reforming reaction zone o produce

hydrogen-rich reformate; and.

{c) transitioning from reforming step (a) to reforming stepy (b} such
that heat recovered from reforming step (&), with or without additional heat, is
utilized lo initiate reforming step (b}, or transitioning from reforming step {b)

to reforming step (a3 sueh that heat reeovered from reforming step {b), with or
without additional hieat, s utilized 1o vaporize Hquid fuel and heat the second

or cornmon reforming reaction xone before the start of reforming step (a).

[6018] The dual utilization Hquid and gaseous fuel reformer and reforming
methods of this diselosare, given their capability for the selective reforming of liquid
and gaseous fuels, are ableto effectively and efficiently respond to circomstances that
would tent to temporarily favor the reforming of one of these types of fuel over the
ather. This capability for flexible and selective reforming of liguid and gaseous fuels,
whichever fuxl may have the advantage i view of current cirgumstances, can be

especially advantageous where the reformer naay be expected to operate in different
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locations as, for example, the case with a mobile or portable reformer in confrast to a

fixed-stie reformer.

[G011] Another major operational advantage of the reformesr and reforming
methods herein can be their capability for aclieving a cold start, 1.e., a start with litile
or no heat available from a previous reforming operation, with gaseous fuel which
requires no preheating procedure and afier only a relatively brief period of reforming
of gaseous fuel during which hot reformate heats up the vaporizer and CPOX reaction
zone, discontinuing reforming of the paseons fuel and quickly transitioning to a
steady-state mode of reforming of Hauid fuel, In wffect, heat of exothenn recovered
from the imtial reforming of gaseous fuel can be efficiently utilized by the reformer
upon switching over to reforming of liguid fuel to vaporize the fuel and preheat the
reaction xone. Operated in this manner, the reformer herein allows the sabsequent
reforming of Hquid fuel to dispense with a cold-starf mode of operation and

immediately enter into g steady-state mode of operation,

BRIEF BESCRIPTHIN OF THE DRAWINGS

[OU2] It should be understood that the drawings deseribed below are for
iHustration purposes only. The drawings are not necessarily to scale, with emphasis
generally being placed upon tlhostrating the principles of the present teachings. The
drawings are not wtended to limit the scope of the present feachings in any way. Like
numerals generally refer to like parts.

[8013] FIGS, 1A and 18 are schematio block dingrams of tiwo embodiment of
duat ntitization liquid and gaseouns fuel reformer, specifically, a CPOX reformer, in
accordance with the present teachings and an exemplary control system for managing
their operation.

{814 FIGS. 24 and 28 are floweharts of exemplary control routines executed
by a controller such as that illostrated in the embodiments of dual utilization Hauid
and gaseous fuel reformers of FIGE. 1A and 18 for managing the operation of the
reformers for reforming liguid fuel (FIG. 24 and pascous fued (FIG, 2B).

[B015] FIGS, 34 and 3B are Dowcharts of exemplary control routines executed

by a controller such as that tustrated in the embodimenis of dual utihization liguid

4
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and gaseons tuel reformers of FIGK. 1A and 18 for managing the operation of the
reformers when transitioned from reforming Hauid fuel o reforming gaseous fuel
{FI1G, 3A) and when transitioning from reforming gaseous fuel to reforming Hauid
fuel (F1G.3B).

[0 6] FIG. 44 s a longinwdinal cross section view of an embodiment of dual
utilization gaseous and lgquid fuel refermer in accordance with the present teachings.
FIG AR ilustrates a moadification of the reformer of FIG. A 1n accordance with the
present teschings whereby the moditied reactor comprises a single veactor having a
cominoin reaction zone for the reforming ot both Hauid and gascous faels,

{17} FIG. 8 is longitudingl cross section view of another embodiment of CPOX
reformer in gecordance with the present teachings featuring the use of heat recovered
from an eternal heat source w the operation of the reformer.

[3018) FIGS, 6A and 6B present graphicsl data showing the relationship between
the molar ratios of oxygen o carbon of Higoid fuel (diesel) and gaseous fued {propane)
reforming reaction mixtures within the respective Banid fuel and gascous fued
reforming reaction zone(s) of the dual utilization gaseous aud liguid Teel CPOX
reformer of the present teachings al varying percentages of magimum fuel conversion

capacity when the reformer s operating in a steady-state mode.

DETAILED DESCRIPTION
[0019] [t is to be umderstood that the present teachings herein are ot Himited 1o
the particular procedures, matorials and modifications described and as such can vary,
It 1s also 1o be anderatood that the terminology used is for purpases of deseribing
pm‘ticulm‘ embodiments only and is not intended to linit the scope of the present
achings which will be limited only by the appended claims.
{020] Forbrevity, the discussion and description heremn will mainly focus on
partial oxidation reforming reactions and reactants inclading catalytic partial
oxidation reforming reactions and reactants (a reformable fuel and an oxyien-
coptaining gash However, the devices, assemblics, systoms and methods deseribed
herein can apply to other reforming roactions such gs steam reforming and

autothermal reforming mnd their respective reactants (a reformable fuel and steam,

L6
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and a reformable fuel, steam and an oxygen-containing gas, reapectively).
Accordingly, where an oxygen-coniaining gas is referenced hereln in connection with
a device or method, the present teachings sheuld be cousidered as including steam in
combination or alone, L.e., an pxygen-containing gas amd/or steam, unless explicitly
stated otherwise or tndersioeod by the context, In addition, where o reformable foel is
referenced herein in conneetion with a device or method, the present teachings should
be considered as inclnding steam in combination or alone, 1., a reformable fuel
and/or steam, unless explicitly stated otherwise or as understood by the context,
{0621 in addition, the reformers and methods of the present teachings should be
understond to be suitable to carry ont steam reforming and auto thermal reforming,
for example, within the same structure and components andfor with the sanie general
methods as deseribed hoerein, That s, the reformers and methods of the present
teachings can deliver the appropriate Haguid reactants, for example, hquid reformable
fuel and/or liquid water, from a liquid reformable fuel reservorr to a vaporizer to
create a vaporized liquid reformable fuel and steam, respectively, and the appropriate
gascons reactants, for example, at least one of an oxygen-containing gas, 8 gaseons
reformable foel and steamy, from their respective sources to a desired component of @
fuel cell unit of system. In other words, varicus Hiquid reactants can be delivered
through the liquid delivery part of the systen and various gaseous reactants can be
dehivered throngh the gas delivery part of the system.

{00221 Where water is used in the delivery system, recveled heat from one or
more of a reformer, a fuel cell stack and an afterburner of a fuel cell unit or system

can be used to vaporize the water to ereate steam, which can be present in the
delivery system and/or futroduced into the delivery svstem from an independent
source

{0023 Throughout the application, where composiiions are deseribed as having,
including or comprising specific compeonents, or where methods are described as
having, including, or comprising specific nrethod steps, it is contomplated that such
compositions also consist essentially of, or consist of] the recited components and that

such methods also consist essentially of, or consist of, the recited method sieps

-y -
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[{(H124] I the application, where an element or component 1s said to be included
i anid/or selected from a hist of recited elements or components, it should be
understood that the element or component can be any one of the veetted elements or
components, o the element or component can be selected from a gronp consisting of
two or more of the recited elements or componenis, Further, it should be understood
that elements andfor featores of a composition, an apparatus, ora method described
herein can be combined in a variety of ways without departing from the focus and
scope of the present teachings whether explicit or umplicit theremn, For example,
where reference is made 1o a particelar structore, {hat structore can be used in various
enbodiments of the apparstus andfor method of the present teachings.

[0025] The ase of the tenms “include,” “inchudes,” “incloding,” “have,” “has”
“having,” “comtain,” “contains,” or “containing,” including grammatical equivalents
thereof. should be generally understoad as open-ended and non-limiting, for example,
not excluding additional unrecited elements or steps, unless otherwise speeifically
stated or understood from the context.

{026] The use of the singular herein, for example, “a.” “an,” and “the,” includes
the plural (and vice versa) unless specifically stated otherwise,

[00827] Where the use of the term “abouwt™ i3 before o quantitative value, the
present teachings also include the speeific quantitative value ftself, unless specifically
stated otherwise. As used herein, the term “about™ refers to a £10% variation from
the nominal value unless otherwise mdicated or mferved.

HHIZRY It should be understood that the order of steps or order for performing
certatn actions is immaterial o long as the present seachings remain operable. For
example, the methods desceribed hercin can be performed i any suitable order nnless
gtherwise indicated herein or otherwise clearly contradicted by context. Moreover,
two or more steps or actions can be conducted simultancousiy.

{0025} At various places in the present spectfication, values ave diselosed in
groups or in ranges. I s specifically intended that & rapge of numerical values
disclosed herein include each and every value within the range and any subrange
therenf. For example, a numerical value within the range of 0 to 40 is specifically

intended to individually disclose 0, 1,2, 3,4, 5,6, 7.8, 9, 10, 11, 12, 13,14, 15, 16,

1
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17,018, 19,20, 20, 22, 23, 24, 25,26, 27,28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39

and 40, and any subrange thereof, for example, from 0 to 20, from 10 1o 30, from 20

to 44, ete.

[B630] The use of any and all exanples, or exemplary language provided herein,
for example, “such as,” is mtended merely o better aminate the present wachings
and does not pose a limitation on the scope of the nvention unfess claimed, No
language in the specification should be construed as indicating any non~-claimed
element ag essential to the practice of the present teachings,

[0031] Terms and expressions indicating spatial onientation or attitade such as
“upper,” “lower,”™ “top,” “bottony” “horizontal,” “vertical,” and the like, unless their
contextual nsage indicates otherwise, are to be understood hereimn as having no
struetural, functional or operational significance and as merely reflecting the
arbitrarily chosen orientation of the various views of lignid fuel CPOX reformers of
the present teachings dlustrated in certan of the accompanying figur

{0033] As used herein, a “reformable fuel” refers toa ligud reformable fuel
andior a gaseous reformable fuel.

(6033 The term “coramie.” in addition to s att-recognized meaning, shall be
understond herein to fnclude glasses, glass-ceramics and cermets {Le., ceramic-metal
composites).

{034} The expression “gas permeable™ as it applies to g wall of a CPOX reactor
umt heretn shall be onderstood to mean a wall structure that is permeable {o gaseous
CPOX reaction maixtures and gaseons product reformate incleding, without himitation,
the vaporized hguid reformable fuel component of the gaseous UPOX reaction
nuixture and the hydrogen component of the product reformate,

[0035] The expression “ligud reformable fuel” shall be understood 1o include
retormable carbon~ mud b ydm gen-containing fuels that are a liguid ot standard
temperatore and pressure (STH) conditions. for example, methanol, ethanol, naphtha,
distillate, gasohine, kerosene, ;U fued, diesel, biodiesel, and the like, that when
subjected 1o reforming undergo conversion to hydrogen-rich refonmates, The
expression “liquid reformable fuel” shall be further understood 1o include such fuels

whether they are in the Hguid state or in the gaseous state, Lo, & vapor.

P
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[B036] As used herein, “gaseous relorming reaction mixtare™ refers to o mixture
mcluding a gaseous hiquid reformable fuel (e.g., a vaporized haguid reformable fuel), a
gaseous reformable fuel or combinations thereot, and an oxygen-containing gas {e.g.,
air) andfor water (e.g., in the form of steam). A gaseous reforming reaction nixture
can be subjected 0 a reforming reaction 1o oreate a hyvdrogen-rich produoct
(Mreformate™), which alse can contain carbon monoxide. Where g catalviic partial
oxidation reforming reaction is to be carried put, the gascous reforming reaction
mixiure can be referred to a “gascons CPOX reforming reaction mixture,” which
includes g reformable fuel and an oxyveernscontaining gas. Where g steam reforming
reaction is 10 be carried out, the gaseous reforming reaction mixture can be referred 1o
as a “pascous steam reforming reaction mibxture.” which ncludes i reformable fuel
and stearn. Where an antothermal reforming reaction is to be earried out. the gaseous
reforming reaction mixture can be veferred to as a “gascous AT reforming reaction
mixture,” which includes a refornsable fuel an osygen-containing gas and steam.
[0037]  The expression “gascous reformable fuel™ shall be understood to inclode
reformable carbon- and hydrogen-containing fuels that are a gas at STP conditions,
for example, methane, ethane, propane, butane, sobuotane, ethylene, propylens;
butylene, sobutylene, dimethyl ether, their mixtures, such a5 natural gas and Liquetied
nafural gas (LNG), which are mainly methane, and petroléwn gas and Hguetied
petroleum gas (LPG), which are mainly propane or butane but inelude all mixiures
made up primarity of propane and butane. ammonia, and the hike, that when subjected
to reforming underge conversion to hvdrogen-rich reformates.

10038) The term "reforming resction” shall be understood o include the
exothermic and/or endothermme reachion(s) that secur during the conversion of a
gaseous reaction medivm to a hydrogen-rich reformate. The expression “reforming
reaction” herein therefore includes, for example, CPOX, autothermal and steam
reforming.

[6039] The expression “CPOX reaction” shall be understood to include the
reaction{s} that occur during catabytic partial oxidation retorming or conversion of a

reformable fuel to a hydrogen-rich reformate.

-6
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1040} The expression “gaseous CPOX reaction mixture” refers to a mixiure of
gaseous reformable fuel or vaporized Hguid reformable fuel, and an oxygen-
containing gas, for example, ai

{0041] The expression “open gaseous flow passageway™ refers {0 a condait or
channel for the passage of gas therethrough where a solid, including a porous solid or
material, 1s not present across the entire cross-sectional plane of the conduit or
channel, i.e., a conduit or channel free of solids, including porous solids, For
example, in the case of a CPOX reactor unif, CPOX catalyst including a porogs
catalvst such as a monolith cannot be present goress the entive imternal cross-sectional
plane perpendicular to the longitudinal axis of & fubolar CPOX reactor unit, Such a
structure is distinet from passageways that are packed with a porous catalvst. An
apen gaseons flow passageway can also be present in a CPOX reactor unit which can
be defined as a tube which defines a hollow bore; or a eylindrical substrate defining a
hollow bore therethrough along its longitudinal axis. In these exemplary descriptions,
the hollow bore can be considered an open gaseous flow passageway, Althoogh an
open gaseous How passageway psually can extend along a longitudinal axis of a
CPOX reactor umit, a tortuous conduit or channel s also contemplated by the present
teachings and can be capable of having an open gaseous flow passageway provided
that the tortuous conduit or chamnel s free of solids across a cross-sectional plane of
the CPOX reactor anit, Tt should glso be anderstood that the cross-sectional
dimension(s) of an open gaseous flow passageway can vary along its longitudinal axis
or along the tortuous condwit or channel,

{00421 The expression “cold start-up mode of reforming™ shall be undersiood
herein o refer 10 a start-up mode of operation of the reformer wherein there is little or
no heat recoverable from a previous reforming operation. A reformer at essentially
ambient temperature reguires a cold start-up mode of operation before it can enter
inte a steady-state mode of reforming.

0043 The expression “hot start-up mode of operation of reforming™ shall be
undersiood herein 1o vefer to a start-up mode of operation of the reformer wherein
residual heat recovered from a previous exothermic reforming operation is effectively

afilized to facilitate transitioning from the processing of ligaid fuel to the provessing

~ 1~



WO 2015/069907 PCT/US2014/064362

of gaseous fuel and, conversely, transitioning from the processing of gascous tuel to
the processing of hiquid fuel.

[6044} Again, as stated previously for brevity, the discussion and deseription
herein will focus on partial oxidation reforming reactions and regctants including
catabytic partial oxidation reforming reactions and reactants {a reformable fuel and an
oxygen-containing gash. However, the devices, assemblies, systems and methods
deseribed herein can equally apply o other reforming reactions such s steam
reforming and sutothermal reforming and then respective reactants. For example, for
steam reforming steam can replace an oxygen-containng gas in the description
herein. Forautothermal reforming, steam can be tntreduced along with an
pxygen-containing gas and/or a reformable fuel in the description herein.

[D045] The dual ntihization Hauid and gaseous fuel reformer and method of
reforming herein are capable of processing either a liquad or gaseous fuel and after a
shut-down period during which beat of exotherms produced by reforming has largely
dissipated. for example, to such an extent that the reactor has reached ambient or
near~-ambient air temperature, and thereafier switching over to operating on the other
type of fuel.

{B046] The reformer and method of reformmg heretn are also capable of inttially
processing lquid fuel and thereafler transitioning to processing gaseous fuel, in this
way utilizing heat of exotherm recovered from the conversion of liquid fuel to
reformuate, possibly sugmented hy additional heat supplicd, for example, by an
electrical resistance heater unit, to initiate the conversion of gaseous fuel,

10047} The reactor and method of reformmng herein are also capable of initially
processing gaseous fuel and thereafior travsitioning 1o processing Heauid fuel, this time
utitizing heat of exotherm recovered from the conversion of gaseous fuel, with or
without additional heat, to vaporize the hqud fuel and heat the reforming reaction
zone prior to conducting the conversion of the Haguid fuel to reformate.

{0048} In particalar embodiments, a vaporizer tor vaporizing liqud reformable
fuebisin fuid flow commumcation wilh the et of the reforming reaction zone

wherein conversation of the liguid fugl to reformate 13 wade to take place. The



WO 2015/069907 PCT/US2014/064362

vaporizer can be operated to eliminate or reduce the risk of heating the foel to a
temperature at or above ity flash point and/or causing appreciable pyrolysis of fuel.
{8049} In various embodiments, an igailer for inifiating the reaction within a
reforming reaction zone, for example, during g start-up mode of operation of the
reformer, is in thermal conumumcation with a reforming reaction zone,

S The dual utilization lquid and gaseous fuel reformer herein can comprise
a single reaction zone, or i other entbodimients, g plurality, or array, of spaced-apart
tubular reforming reactor units, each reactor unit having its own reforming reaction
zone. A hydrogen barrier can be attached to the external surface of at least the wall
section of such tubular reforming reactor unit corresponding to its reformung reaction
zone in order to prevent orinhibil the loss of hydrogen therefrom.

[0051] The dual utilization Bguid and guseous fuel reformer of the present
teachings ean wclude a conduit tor managing the flow of gas(es) to its reforming
reaction zone(s). The conduit can include @y indet for the admission of oxygen-
containing gas, an infet for the sbmission of hguid Tuel, vaporized liguid fuel or both,
an milet for the admission of gaseous foel or mixture of oxygen-containing gas and
gaseous fuel, and ap outlet for pascous reforming reaction mixture. The conduit is
advantageously U-shaped for o more compact reformer configuration.

052} In certain embodiments, the reformer herein can have a split routing
system for divecting the flow of the oxygen-containing gas component of the gasecus
reforming reaction mixtwre where one portion of the oxygen-containing gas can be
combined with vaporized liquid i order to provide a relatively fuel-rich gaseous
regetion mixture which s resistant {o Hashing and another portion of the oxygen-
containing gas can be combined with the fuelrich reaction mixture such as to provide
a gaseous reforming reaction mixiure that contes within g preset molar ratio of
oxvgen 1o carbon for a desired CPOX refonming reaction.

6053} in some embodiments, a manifold, or plenwm, 1 fluid communmcation
with the inlets of veforming reactor units comprising the aforedeseribed plurality, or
array, of such units can be configured to provide a more uniform distribution of
gaseous reforming reaction mixture thereto, for example, at a substantially uniform

composition, at a substanttally uniform temperature andfor at a substantially untform

- 12 -
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rate. In certain embodiments, the mantfold can have a housing or enclosore that
defines s manifold chamber, The mantfold or manifold chamber can include a gas
distributor, for example, a gas digtributor disposed within the manifold chamber, for
more evenly disiributing gaseous reforming resction mixture to the inlets of the
reforming reactor units. The munifeld housing. or manifold enclosure, can be
fabricated from a relatively fow cost, readily moldable thermoplastic or thennosetting
resin andlor can feature “cold seal” connections between ifs outlets and the nlets of
the CPOX reactor units.

[H054] The reformer of the present teachings includes a first heating zone and
first heater thermally Hnked ihereto operable during a start-up mode of operation of
the reformer to heat oxygen-containing gas ntroduced wito the conduit within an
witial range of elevated temperature. The reformer also includes a second heating
zone and internal or external soarce of heat thermally linked thereto operable daring a
steady-state mode of operation of the reformer to heat oxygen-confaiming gas {o
within an initial range of elovated temperature.

0055} The reformer of the present teachings van also include a third heating zone
and second heater thormally linked therete operable during start-up and steady-state
modes of operation of the reformer to heat oxygen-containing gas to within a further
elevated range of elevated temperature,

J6036) The reformer of the present teachings can include a mixer, for example, a
static mixer, disposed within a mixing zone. in order to more uniformly mix oxygen-

containing gas and vaporized liquid reformable fuel.
{HIST) The reformer of the preseat teachings can mclide a reformate processing
uitit or device, for example, a carbon monoxade removal device 10 reduce the carbon
monoxide content of the prodoct reformate. A reformate processing unit or device
can include a water gas shift converter, a preferential oxidation reactor, and/or a
hydrogen-selective membrane for separating reformate into a hydrogen stream and o
carbon monoxide-containing streant.

{H058] in varous embodiments, the reformer of the present teachings can include
one or more outlets for hydrogen-rich reformate divectly connected to infet(s) of

ancther device, for example, a fuel cell.
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| 8039} A reformer of the present teachings can include thermal msalation for
reducing heat loss from the reforming reaction zone(s) and/or other heatradiating
components of the reformer.

juB60] The reformer of the present teachings can inchude 8 gascous stream driver

for driving gaseous flow to, within andior through the reformer, For example, the

gaseous stream driver can be a single centrifugal blower unit or a blower system
comprising a sevies of interconnected blower unis. A blower or blower unitin a

series can include @ casing having an axaal inlet and a radial optlet, an impeller
disposed within the casing for drawing in @ gas, for example, an oxygen-coniaming
gas such as air, in the axial inlet and expelling the gas through the radial outlet; and a
motor for driving the impelter. In certain embodiments, the blower can draw in a gas
at a first pressure and expel the gas at a second, for example, higher, pressure. A
hlower can also include 8 duct connecting the radial outlet of at least one blower unit
in the series with the axial infet of at least one other blower unit in the series,

0061 A reformer of the present teachings can include a Hauid fuel pump.
FExamples of switable Hquid fhel pumps include metering pumips, otary pumps,
impeller pamps, diaphragm pumps, peristaliic pamps, positive displacement pumps,
gear pumps, piezoclectric pumps, clectrokinetic pumps, electrousmotic pumps,
capillary pamps and the like,

{18621 A reformer of the present teachings can include one or more sensor
assemblies for monttoring and controlling reformer operation. Examples of sensor
assemblies mclade flow meters, thermocouples, thermustors and resistgnee
temperature detectors.

[0063] A reformer of the present teachings also can include a controller for
automalting the operation of the reformer in its start-op, steady-state andfor shut-down
modes. The controlier can include a plurslity of sensor sssemblies such as those
aforementioned in communication therewith,

{64 The dual utilization hguid and gascous fuel reformer and method of
reforming according to the present teachings are described generally above and
elsewhere herein. The following deseription wath reference to the figures of drawing

embellishes upon certain of these features and others of the reformer and reforming

~ 1 -
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method of the present teachings and should be anderstood to discuss various and
specific embodiments withowt Hmiting the essence of the invention and that can be
applicable to the discussion above.

{0065] Reforvng now to the drawings, FIGK 1A and 1B iHustrate embediments
of the dual utilization lguid and gaseeus fuel CPOX reformer in acgordance with the
present teachings.

U As shown in FIG 1A, dual ablization liguid and gaseous tuel CPOX
reformer 100 includes centrifugal blower 102 for introducing oxveen-containing gas,
exemplified here and in the other embodinents of the present teachings by air, into
condduit 103, and for diving this and other gaseous streams (inclusive of vaperized
fuel-air mixture(s) and hydrogen-rich reformates) through the various passageways,
including the open gaseous flow passagewsays of tubular CPQX reactor units 169 of
the reformer. Condwit 103 can molude flow meter 104 and thermocouple 105, These
and similar devices.can be placed at various locations within CPOX reformer 180 1n
order to measure, monttor and control the operation of the reformer as more fully
explatned below in connection with controller 126,

0067} In an ambient temperature, or "cold”, start-up mode of operation of CPOX
reformer 189 1n which a fust gaseous CPOX reaction miture (e, oxygen-containing
gas and vaporized Hguid fuel) is made to undergo conversion to hvdrogen-rich
rei’brmais, air at ambient temperature, introduced by blower 182 into conduit 183,
passes throagh first heating zone 106, where the air i initually heated by first heater
107, {or example, of the clectrical resistance type, 10 within a preset, or targeted, first
range of elevated temperature 4t @ given rate of How. The initally heated air then
passes through heal transier zone I8 which in the steady-state mode of operatien of
CPOX reformer 106 1s heated by heat of exotherm recovered from the CPOX reaction
cectrning within CPOX reaction zones 110 of tubalar CPOX reactor untts 188, Once
such steady-state operation of reformer 100 is achieved, i.e., npon the CPOX reaction
within CPOX reaction yones 118 becoming self-sustaining, the thermal output of first
heater 167 can be reduced or s operation discontinued since the incoming air will
have already been heated by passage through beat transfor one 108 1o within, or

approaching, its first range of elevated temperatare.
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| B08} Continwng further downstream within conduit 103, the atr which has
initially been hieated, either by passage through first heating zone 186 doring a start-

ae through heat tranafer zone 108 duning a steady-

pat

ap mode of operation or by passa
state mode of operation, passes through second heating zone 111 where it is further
heated by second heater 113, which cun also be of the electrical resistance type, to
within @ second range of elevated temperature. Second heater 112 operates o top-off
the temperature of the previousty heated air thereby satistyving several operational
requirements of CPOX reformer 1 when processing liquid fuel, nameldy, assisting in
the regulation and fine-tuning of the thermal requirements of the reformer on a rapid
response and as-needed basis, providing sufficient heat for the subsequent
vaporization of Hquid reformabde fugl introduced further downsiream into conduit
183 and providing heated gaseous CPOX reaction mixture.

jB06Y| Liquid reformable fuel, exemplified here and in other embodiments of the
present teachings by diesel, Is contingously infroduced from storage via pump 113
through fuel line 4, equipped with optional How meter 118 and optional flow
control valve 116, and into conduit T3 where the fuel 1s vaporized by vaporizer
systern 117 utilizing heat provided by heated ar flowing from second heating zone
111, The vaporized, i.e. gaseous, fuel combines with the stream of heated air in
mixing zene 118 of conduit 103, A& mixer, for example, a static mixer such as in-line
mixer 119, andfor vortex~creating helical grooves formed within the mternal surlace
of conduit 103, or an externally powered nuxer (not shown), arce disposed within
mixing zone 118 of conduit 103 in order to provide a more aniform vaporized ligeid
fuel-air gascous CPOX reaction mixture than would otherwise be the case,

{0070] The heated vaporized Hguid fusl-air CPOX reaction mixture enters
manifold, or plenun, 138 which functions to distribute the reaction mixture more
evenly and, for example, at & more umform temperature, into whlar CPOX reactor
units 109, While the conduit and the mamifold will ordinarily be surrounded by
thermal insulation (eug., Insulation 418 of CPOX reformer 404 illustrated in

FIG. 4A), the CPOX reaction misture can still undergo a drop in temperature due to
heat loss through the walls of the mangfold, which typcally has a greater volume, and

hience a greater wall surface area, than that of s comparable lenpth of conduit 183,

Dad
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Another factor that can cause a drop in the tempersture of the CPOX reaction mixture
within manifold 124 is the redoction i pressore and veloety which the reaction
mixture undergoes as it exits conduit 103 and enters the larger space of nanifold 120,
{0071} Reductions i the temperatare of a CPOX reaction mixture due to either of
these factors, pagticufarly those securring in regions of the reaction mixture that are
proximate to, or in contact with inferior walls, corners and/or other recesses of
manifold 128, ean induce localized condensation of vaporized fuel. To minimize the
possibility of such condensation, a manifold can be provided with means for
mamntaining the temperature of the gascons CPOX reaction mixture above the

condensation threshold of Hs vaporized foel component. For exarple, as shown in

probe 122 for purposes of temiperature control, are disposed within manifold 120 in
order to accomplish this objective. As un alternative to g heater or in addition thereto,
a reformer can be provided with thernally conductive structure(s), {(e.g., thermally
conductive elements 434 of the CPOX refopmer dlustrated in FEG. 440 for
transterring heat of exotherm recovered from the CPOX reaction occurring within
CPOX reaction zones 118 of tubulur CPOX reactor units 10% 1o such locations within
the manifold where the potential for condensation of fuel vapor can be greatest, for
example, wall surfaces w the vicinity of the fuehair outlets andfor other sites such as
corners and other recesses of the manifold that could cause localized condensation of
vaporized fuel.

[B072] From manifold 1268, the heated CPOX reaction mixture is introduced into
tubular CPOX reactor units 189, In g "eold” start-up mode of operation of CPOX
reformer 180, igniter 123 initiates the CTPOX reaction of the gaseous CPOX reaction
nixiure within CPOX reaction zones 116 of tubular CPOX réactor units 109 thereby
commencing the production of hydrogen-rich reformate. Onee steady-state CPOX
reaction temperatures have hoen achioved {e.p., 230 °C 1o 1,100 °C}, the reaction
becomes seli~sustaining and operation of the 1gaiter can be discontinued.
Thermoecouples 124 and 125 are provided to monitor the temperatures of]

respectively, the vaporization operation occurring within condait 183 and the CPQX
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reaction oceurring within CPOX reactor units 19, the temaperature measurements
being relayed as monitored parameters ¢ reformer control systam 120,

[B8073] As further shown in FIG, 1A, in an ambient temperature, or “eold"”, start-
up mode of operation of CPOX reformer in which a second OPOX reaction mixture
comprising exygen-containing gas and gaseous fuel is made to undergo conversion to
hydrogen-rich reformate, air introduced by blower 183 into conduit 103 combines
with gaseous reformable fucl, exemplified here and i the other embodiments of the
present teachings by propane, mtroduced into conduit 103 at a relatively low pressure
from gascous fuel storage tank 131 through gascous fuel line 132 equupped with
optional thermocounple 133, flow meter 134 and flow control valve 135, Air
tntraduced by blower 102 and propane introduced it conduii 183 through gaseous
fuel fine 132 into conduit 183 initially combine in mixing xone 136 oceupied by static
mixer 137 and emerge therefrom as a more unitor propane-aty CPOX reaction
mixture than would otherwise be the case, The propane-air mixture then enters first
heating zone 106 where it is heated to guseous fuel CPOX reaction temperature by
first heater 107, effectively functioning as an igniter for the CPOX reaction mixtare,
thereby commmencing the production of hydrogenerich reformade, First heating zone
106 may be disposed proxunate to gascous fued CPOX reaction zone 138 {as shown)
or be partly or completely comncident therewith, Gaseous fuel CPOX reaction zone
138 18 shown as coincident with heat transfer zone 18, Once a steady-state CPOX
reaction temperature has been achieved in CPOX reaction zone 138 (eg. 250 °C o
1,100 °C), the reaction becomes self-sustaining and operation of fivst heater 187 can
be discontinued.

{00744 When CPQX reactor 1 13 operated in such manner as to transition from

a steady-state mode of liguid fuel CPOX reforming 1o a "hot” start-up mode of

gascous fuel CPOX reforming. residuad heat recovered from CPOX reaction zones
118 ef tubular CPOX resctor units 109, with or without the input of additional heat, is
transferred © heat tranafer zone 168, and therefore CPOX reaction zone 138, where
such heat serves o igpite the air-propane mixture commencing the production of

hydrogen rich reformate.

~ 18 -
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{0075 Conversely, when CPOX reactor 1 18 operated in such manner as to
transition from a steady state mode of gaseous fael CPOX reforming to a "hot" start-

up mode of hguid fuel CPOX reforming. residual heat vecovered from CPOX reaction
zoue 138, with or witheut the input of additional heat, is transferred to air introduced
into conduit 163, the heated air then being alilized o vaporize hquid fuel as
previously explained in connection with hagud foel CPOX operation of the reactor,
and to preheat TPQX reaction zones 118 of CPOX réactor units 109,

{6076} Where, as shown in FIG. 14, heat transfer zong 108 of CPOX reactor 148
iy provided to transfer heat recovered from CPOX reaction taking place within CPOX
reaction zones 11 1o gas{es) flowing through zone 108, i1 is within the scope of the
present invention to omit gaseous CPOX catalyst 129 amd with or without the
operation of first heater 107, 1o process the gaseous fuel-air CPOX reaction mixture
in the same tubudar CPOX reactor units 109 used for processing a vaporized Hquid
fueleair CPOX reaction mixture, In this embodiment of the CPOX reactor (illustrated
i FIG, 483, CPOX reaction zones 118 of tubular CPOX veactor untis 189 function as
a single, shared or common CPOX reaction zone sclectively operable to process
Haguid or gaseous CPOX foel

(3677} CPOX reactor 158 tlustrated i FIG, 18 1s essentially identical to CPOX
regetor 100 shown in FEG. 1A except that in the former, gaseous foel line 132
conneets 1o indet 160 of duct 161 connecting centrifugal blower units 162 and 163 of
centrifugal blower system 104 whereas in the latter, gaseous fuel Hine 132 connects to
inlet 103 at mixing zone 136 occupied by static mixer 137, Iy the CPOX reaetor of
FIG, 1B, air drawn mito blower unit 162 on being expelled therefrom combines with
gaseous fuel infroduced throogh tnfet 160 mto duct 161, the gaseous fuelair stream
then entering blower unit 163 where it is expelied theretrom as a wellsmixed uniform
CPOX reaction mediurn. This arrangement advantageously dispenses with mixing
rone 136 and static mixer 137 of CPOX reactor 1850 of FIG. 1A while providing
perhaps an even more uniforn reaction mixture, one formed without an
accompanying inerease in back pressure:

{0078} I desived, product effluent or hydrogen-rich reformate from lguid CPOX

reformer Y00 can be introduced into one or more convenitonal or otherwise known
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carbon monoexide removal devices 138 for (he reduction of lis carbon monoxide (CO}
content, for example, whers the product effluent is o be introduced as fuel to a tuel
cell stack utilizing o catalyst that is particularly susceptible to poisoning by CO, for
exumple, a polymer electrolyvte membrane fuel cell, Thus, for example, the product
effluent can be infroduced into g water gas shift (WGS) converter wheretn CO s
converted to carbon dioxide {CO) while at the same time producing additional
hydrogen, or the product effinent can be introduced tite a reactor wherein CQO s
made to undergo preferential oxidation (PROX) to €Oy, CO reduction can also be
carried out employing a combination of these processes, fur example, WGS followed
by PROX and vice versa.

[6079} it is also within the scope of the present teachings to reduce the level of
CO in the product reformate by passage of the product reformate through a known or
conventional clean-up unit or device equuipped with a hvdrogen-selective membrane
providing separation of the product reformate into a hydrogen stream and a
CO~containing by-product stream.  Units‘devices of this Kind can also be combined
with one or more other CO-reduetion units such as the aforementioned WGS
converter andfor PROX reactor,

[B080] Reformer 108 can also include a source of eleetrical current, for example,
rechargeable Hthinm-ion battery system 127, to provide power for its electrically
driven components such as blower H3, How meters 104 and 1S, heaters 167, 112
and 121, liquid fuel pump 113, flow control valves 116 and 135, igniter 123, and
thermocouples 105, 122, 124, 128 and 133, and, 1if desired, to store surplus clectricity
for later use.

(G081} Controller 126 is provided for controlling the operations of a Hguid fuel
CPOX reformer 1 in its start-up, steady-state and shut-down modes, when
operation. The controfler can be sofhware operating on # processor. However, it is
within the scope of the present teachings to employ a controller that is implemented
with one or more digital or analog cirauts, or combinations thereof.

[0082] Controler 126 further includes o plurality of sensor assemblies, for

erample, Tow meters 104 and TIS, thermocouples 108, 122, 134, 128 and 133, and
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ihe like, in communication with the controtler and adapted to monitor selected
operating parameters of CPOX reformer 100,

6083} i response to mput signals from the sensor gssemblies, user commands
from a user-input device and/or programmied subroutines and command sequences,
controtler 126 can manage the operations of the CPOQX reformer i accordance with
the present teachings. More specifically, controller 126 can commmunicate with a
control signal-receiving portion of the desired section or component of CPOX
reformer 180 by sending command signals theveto directing a particular action. Thus,
for example, in response to Hquid fuel Jow rate input sigaals from flow meters 184
and 118 and/or teraperature tuput signals from thermocouples 108, 122, 124, 128 and
133, controtler 126 can, for example, send control signals to liguid fuel pump 113
and/or heud fuel flow control valve 118, o controf the How of Hauid fuel through
fuel line 114 to conduit 103, to centritugal blower 102 to control the How of air into
conduit 103 and drive the flow of heated gaseous CPOX reaction mixture within and
through CPOX reformer units 109, to first and second heater units 187 and 112 to
control their thermal ontput, 10 manifold heater 121 to control its thermal output, to
igniter 123 to control Hs on-off states, and to battery/hattery recharger systen 127 1o
manage its functions. Similarly, In response to gaseouns flow rate input sigoals from
flow meter 134 andfor temperatare input signals from thermocoaple 133, controller
126 can send controd signals to gaseons fuel How controd valve 136 to conirol the
flow of gaseons fuel threugh line 132, 10 contrifugal blower 182 to control the flow of
air into conduit 103, to first and second heater waits 107 and 132 and manifold heater
121 to control thewr on-off states { the off state when reformer T8 1s processing
gaseous fuel) and igmter 123 to control its on-oit state.

10084] The sensor asseniblies, control signal-receiving devices and
communication pathiways herein can be of any suitable construction such gs those
konown in the art. The sensor assemblics caninclude any suitable sensor devices for
the operating parameters being monitored. For example, fuel flow rates can be
monitored with any suitable flow meter, pressures can be monitored with any suitable
pressure-sensing or pressurce-regulating device, and the ke, The sensor assemblics

can also, but do net necessarily, include a transducer in commundcaiion with the
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controlier. The comaranication pathhways will ordinarily be wired electrical signals
but any other suitable form of communication pathway can alse be smploved.

HHBSS| In FIG, 1A, communication pathways are schematically illustrated as
single- or double-headed arrows, An arrow ferminaling at controlier 136
schematically represents an impui signal such as the value of & measured flow rate or
measured temperature. An arvow extending from controfler 126 schematically
represents a control sigual sent to divect a responsive action from the component at
which the arrow termmates, Dual-headed pathways schematically represent that
controller 126 not only sends command signals to corresponding components of
CPOX reformer 100 to provide a determined responsive action, but also recetves
operating inputs from CPOX reformier 100 and various components thereof
mechanical units such as Tuel pump 113 and carbon monoxide removal device §28.
|B086| FIGS. 2A and 2B present flow charts of excmiplary control routines that
can be executed by a controller such as controller 126 of FIGS. 1A and 1B o
autornaie the operations of dual utiization liquid and gaseous fuel CPOX reformer in
accordance with the present teachings when, respectively, processing liquid fuel and
gaseous fuel in accordance with the present teachimgs., Stmilarly, FIGS, 34 and 3B
present {low charts of exemplary control rontines than can be executed by a controller
such as controlier 126 of FIGS, 14 and 18 o automate the operations of a CPOX
reactor herein when, respectively, made to trausition from processing liquid foel to
gaseous fuel (FIG. 34) and transition frony processing gaseous fuel to liguid fuel
(FIG. 3B). The flow charts can be executed by a controller at a fixed interval, for
example, every 10 milliseconds orso, The control logie iHustrated in FIGS, 24, 2B.
3A and 3B perform several functions including the managemernt of gaseous flows,
heating and fuel vaporization in the case of Hid fuel reforming and reforming
reaction temperatures in start-up and steady-state mindes of operation and
management of the procedare for the shut-dewn mode of reformer operation.

[0087] As shown in the various views of exemplary dual utilization liguid and
gascous fuel CPOX refornier 400 illustrated in FIG, 44, which s further
representative of the present teachings, air as an oxygen-containing gas is introduced

at ambient temperature and at a preset mass flow rate via centrifugal blower system
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402 through inlet 403 of main condoit 404, which includes a generally U-shaped
conduit section favoring compactness. The ambient temperature air is initially heated
in the stari~op mode operation of the reformer to within a preset range of elevated
temperature by passage through first heating zone 408 supphied with heat frony first
heater untt 406, First heater unit 406 and second heater unit 413 downstream
therefrom can be of a conventional or otherwise known electrical resistance type
rated, for exanple, at from 10 to S0 watis or even grester depending upon the
designed range of hquid fuel processing capacity of the reformer. Such heaters are
capable of ralsing the temperature of ambient atr introduced into main conduit 404 to
a desired level for a relatively wide range of CFOX reformer configurations and
operating capacities. During the steady-state mode of operation of CPOX reformer
406, first heater w486 can be shut off) the air introduced into main: condnit 404
then being initially heated within heat transfer xone 407 by heat of exotherm
recovered from CPOX resction zones 409 of elongate tubular pas-permeable CPOX.
reactor units 408, In this manver, the temperature of the air introdueed into conduit
404 can be increased from ambient to within some preset elevated range of
temperature with the particular temperature bemng influenced by g variety of design,
Le., structural and operational, factors as those skitled 1 the art will readity
recOgnize,

{088} Thermal insulation 410, for example, of the microporous or alumina-hased
refractory type, swronnds most of main conduit 404 and those portions of CPOX
reactor units 408 correaponding to thelr CPOX reaction zones 409 in order to reduce
thermal fosses from these compénents.

|au8Yy As the heated aiv flows downstream within main conduit 404, it can be
split, or divided, into two streams with one stream continumg 10 eourse through main
congduit 404 and the other stream being diverted info branch conduit 411 from which
it exits to re-enter man conduwit 404 at merger zone 421 there 1o merge with
vaporized fuel-air mixing passing from firstmixing zone 420 (having a Hirst static
mixer andfor a helicalbv-grooved internal wall surface disposed therein), The merged
gases then enter second mixing zone 422 {similarly having a second static mixture

andfor a helically-grooved internal wall surface disposed therein} to provide o

ik
[
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gaseous CPOX reaction wixture of fuirly uniferm composition for introdaction
through outler 425 into zas distributor 427 of manifold 426, the structure and
operation of which are more tully desenibed herein.

{8090} By splitting the total amount of air for the desired CPOX veaction into two
streams, the amount of vaporized Hiquid fuel component contained in the fuel-air
mixture that starts to form as just-vaporized tuel and heated air begin o combine can
be kept higl in proportion to the oxygen content of the air component thas
eliminating or redoeing the possibility that some region(s) of this npon-uniform initial
fuel-air mixture will contain a concentration of oxygen that is sufficiently high to
support ignition with consequent coke formation. Onee the tmitial fuel-air mixiure
passes through the first static mixer disposed within a fivst mixing zone thereby
aftaining a degree of compositional uniformity that makes the presence of ignition-
inducing regions of relatively high oxygen concentration much less likely, the
somewhat more vmform fuel-air mixture can then merge with the second heated air
stream exiting branch conduit 411 at merger zone 421 thereby satisfying the preset O
to C molar ratio of the desired CPOX reaction nuxture.  This fuel-air mixture can then
flow through the second static mixer disposed within second mixing zone 422 o
provide a more compesittonally uniform gaseous CPOX reaction mixture just prior to
the mixiure entering gas distributor 427 of wmantfold 426,

{8091 Toraise the temperature of the air that had been initially heated hy
passage through frst heating zone 485 and/or hieat transter zone 407, as the initially
heated air continues to flow downstream in matn conduit 404, 1t is routed through
second heating zone 412 supplied with heat from secomd heater unit 413, Because
second heater unit 413 need only increase the temperature of the inttially heated air
by a refatively small extent, it can function as an incremental heater capable of
making the typically small adjustments in sir temperature that are conducive to
precise and rapid thernsal management of the reformer both with regard to the
functioning of ity fael vaporization systern, described herein, and #s tubvlar CPOX
reactor units 408,

{0093} A liquid reformable fuel such as any of those mentioned above, and

exemplified in this and the other embodiments of the present teachings by diesel fuel,
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is introduced via fuel ne 414 ternunating within main condoit 484 in hquid foel
spreader device 415, for example, wick 416 or spray device {(not shown).

{0093] Any conventional or otherwise known pump device 418 for introducing
liquid foel to CPOX reformer 400, for example, a metering pamp, rolary pamp,
impelier pump, diaphragm pump, pevistaltic pump, positive displacement pump such
as a gerotor, gear pump, piezoglectric pump, electrekinetic pump, electroosmotic
purap, capillary pump, and the like, can be utilized for this purpose. As indicated
above, the pressurized Liquud foel can be spread within main condunt 404 by a wick or
as 4 fine spray or otherwise in droplet formt by any ol sach conventional or otherwise
known spray devices as fuel injectors, pressurized nozzles, stomizers (including those
of the ultrasonic type), nebulizers, and the like, First and second heater unit 406 and
413 and fuel spreader device 418 can function in unison t¢ vaporize hquid fuel
introduced into main conduit 404 and together constitute the principal components of
the fuel vaporizer system of reformer 488 . In some embodiments, a pump or
equivalent device can deliver the foel on an intermittent or polsed flow hasis or
substantially continnous flow. In particular embodiments, & pomyp or equivalent
device can make rapid adjustments in fuel flow rate in response to changing CPOX
reformer operating requivements.

10094} Although CPOX reformer 400 can use any source of heat for driving
vaporization of the ligoid fuel doring the start-up mode of operation, for example, a
heater of the electrical vesistance type {as in the case of heaters 486 and 413),
especially where vaporization of the fuel is made lo take place outside main conduit
404, the embodiment of Hauid CPOX reformer illustrated 1n FIG. 4A employs heater
413 to not only incrementally raise the temperature of the initiglly heated ambient
temiperature air but to heat the liquid fuel prioy o1ts introduction into main conduit
404 and to provide sufficient heat for vaporizing the fuel once i1 enters the conduit,
This optional provision for heating Houid fuel prior to itg introduction ito main
condait 404 can make it possible 1o vaporize a given wmount of Hguid reformable fuel
faster, or a greater amount of Hquid fuel within a given time period, than the same
vaporizer system operating epoun reformable fuel which 1s at ambient temperature at

the time it enters condut 404,
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[0095] To provide for the heating of the haquid fuel before it enters main conduit
404 and as shown in the vaporizer system, or assembly, iHustrated in FIG, 44, fuel
line 414 traverses the wall of main conduit 404 with section 419 of the fuel Hine being
extended in length to prolong the residence time of tuel flowing therein where the
fuel line passes through, or 18 proximaie to, second heating wone 412 of main conduit
404, An extended fuel line section can assume a variety of configurations for this
purpose, for example, & coiled or helical winding (s shown) or a series of lengthwise
folds, disposed on, or proximate 1o, the exierior surface of main conduit 404
corresponding to second heating zone 412 or any similar such configuration disposed
within the interior of the conduit at or nearsecond heating zone 412, Regardless of
its exact configuration and/or disposition, extended fuel hine section 419 must be in
gffective heat transfer proximity to second heating zone 412 50 as to receive an
amount of heat suflicient o raise the temperature of the fuel therein 1o within some
preset range of temperature. Thus, a portion of the thermal output of heater 413
within second heating zone 412 of main conduit 404, in addition to further heating aje
flowing within this zene, will transfer to foel, for example, diesel fuel, lowmg within
the distal seetion 419 of fuel Hoe 414, which distal section of fuel ine 414 can be
lengthened or extended as shown by section 419, thereby raising s temperatare to
within the preset range. Whichever range of temiperature values is chosen for the
Hguoid fuel within the fuel line, it should not excend the boiling point of the fuel (from
150 °C to 350 °C in the case of diesel} if vapor lock and consequent shut-down of
reformer 408 are to be avorded.

[(096] In the Haguid fust vaporizer deseribed heren, there i3 hitle orno
opportunity for the hguwid fuel to come into direet comtact with a heated surface. for
example, that of an electrical resistance heater lement, that would pose a risk of
raising the temnperatore of the digsel fuel to or abosve s Hash point, to cause
spattering of the fuel rather than iis vaporization andfor cause pyrolysis of the fuel
resulting in coke formation. Thus, in the vaporizer systems ilfustrated in FIG, 44,
the temperature of the diesel fuel can be readily and relinbly maintaimed af a level

betow 1s flash pointand without sientficant incidents of spattering or coking.
& ol &
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09T} Ligoid fuel spreader 415 is disposed within main conduit 404 downstream
from second heating zone 412 and associated heater 413 and upstream from first
mixing zone 420, Thermocouple 423 is disposed within main condult 404
downstream from the vaporizes in order to monitor the temperature of the vaporized

foel-air mixture beginning to formy therein.

098] Following its passage through the second static mixer disposed within
second mixing zone 422, paseous CPOX reaction mixhure exits main conduit 484

through outlet 435 and enters gas distributor 427 of manifold 426 which is configured
to provide a more uniform distribution of the reaction mixture to, and within, tubular
CPOX reacior units 408, Such an arrangement or other arrangement withun the
present teachings can provide a distribution of gaseous CPOX reaction mixture where
the difference in flow rate of the gaseous CPOX reaction mixture within any two
CPOX reactor units 1s not greater thap aboui 20 pergent, for example, not greater than
about 10 pereent, or not grester than aboul 3 pereent,

[6099] Manifold 426 includes manifold houosing, or enclosure, 428 defining
manifold chamber 429 within which heated gaseous CPOX reaction mixture {gas)
distributor 427 Is conneeted fo ontlet 425 of mamn condoit 484, Heated gaseous
CPOX reaction mixture exiting main conduit 404 throngh outlet 425 enters gas
distributor 427 thereafier passing cutwardly through apertures {e.g., holes or slois)
430 located at the bottom or lower part of the pas distributor, the gas then flowing
around the exterior surface of the distributor 1o 1ts top or upper part and from there
into inlets 431 of tubulay CPOX reactor units 408,

[08108]  To eliminate or lessen the possibility that the temperature within some
region{s) andfor surface(s) of manifold chamber 429 will {all to or below the
condensation temperatare of the vaporized Hgaid reformable fuel of the gaseous
CPOX reaction mixture present theretn, electrical resistance heater 432 and
thermocouple 433 can be disposed within manifold chamber 429, tor example, on one
or more of 1ts internal surfaces or embedded within one or more of its walls, o
provide an active heater system for maintaining the temperature within the chamber
above the foel condensation lemperature. o addition to an active heater system, for

example, s described above, or as an aliernative thereto, a passive heat transfer
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system comprising thermally condoctive elements 434, for example, fabricated from a
good conductor of heat such as copper, thermally inking CPOX reaction zones 409
of tubular CPOX reactor units 408 with manifold chamber 428 can be arvanged
within reformer 408 (0 convey hegt of exctherm from CPOX reaction rones 409 o
regions and/or surfaces within manifold chamber 429 so as o maintain the
temperature of the vaporized fuel therain sbove its condensation temperature.

01811 In addition o thew function of preventing or minimizing the eeeurrence of
fuel comdensation, such active andfor passive heating systems can serve fo make the
temperature of the gaseous CPOX reaction mixture more aniform as it is ntroduced
o inlets of CPOX reactor nnits with consequent benehits for both reformer
operation and conirol. Thus. for example, one or both mawifold heating systems can
be operated to provide a gaseous CPOXN regetion mixture of consistently uniform
temperature thronghowt a manitold chamber such that there will be not more than
about a 10% difference, for example, notmore than about a 5% difference, in the
teraperature of gaseous CPOX reaction mixture entering any two tubular CPOX
reactor umts,

[HIE02]  Some specific factors that can bear upon the optintization of the design of
manifold 426 for accomplishing its function of promoting & mere uniform distribution
of gaseous CPOX reaction mixiore to CROX reactor units 408 melnde the
configuration of its housing 428, the volume of ity chamber 429 and the dimensions
of pas distributor 427 includimg the number, design and placement of 118 apertures
438, Such factors in twn depend on such reformer design and operational factors as
the target flow rates of gaseous CPOX reaction mixture within a conduit, the number
and arrangement of CPOX reactor units 408, the shape and dimensions of inlets 431
of CPOX reactor units 408, and similar considerations, A manttold of optimal fuel-
alr distribution performance for a particolar lguid fuel CPOX reformer in accordance
with the present teachings can be readily constracted by those skilled in the art
emploving routine testing methods,

{00103]  From manifold 426, heated gaseous CPOX reaction mixture enters infets
431 of CPOX reactor units 408 and into CPOX reaction zones 409 where the reaction

mixture undergoes a gas phase CPOX reaction to produce a hydrogen-rich, carbon
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monoxide-containimg reformate. In the start-up mode, one or more igniters 435
mitiates CPOX, After CPOX becomes setf-sustaining, for example, when the
temperature of the resction zone reaches from abowt 230 °C to about 1100 7°C, the
igniter(s) can be shut off as external ignition is no fonger required to maintain the
now set-sustaining CPOX reaction.

{08104 In addition to processing Hquid reformable fuels, dual utilization liguid
and gascous fuel reformer 400 includes structural eomponents that engble it io
selectively process gaseous reformable fuels, a capability that optimizes fuel
management where both types of reformable fuel are available, tor example, but not
necessarily at the same thme, or for facilitsting a subsequent hot start-up niode of
operation with liquid fuel. This, a relatively brief period of gaseous tuel CPOX
reforming car prepare the TPOX reactor for transitioning to a hot start-up mode of
liguid fuel CPOX reforming and s quick entry into the steady-state mode of hquid
fuel CPOX reforming,

[B0108]  As shown in FEG, 44, reformer 400 includes gaseous reformable fuel Hine
441 and gaseous fuel inlet 442 thropgh which a gaseous fuel such as methane or
natural gas or propang is infroduced nto main conduit 404 at & location therein which
is downstream from centrifugal Mower sysiom 402 and imlet 403 and opstream from
static mixer 436 disposed within mising zone 437, The gaseous fuel combines with
the previously introduced antbient temperature air by passing through mixing zone

gh first heating zone 408

&

437, the resalting gaseous fuelair mixture then passing throw
where it 18 heated to CPOX reaction temperature and then into CPOX reactor zone
443 (essentially comcident with heat transfer zone 407},

[80108]  Gas-permeable CPOX catalyst-containing support 444, for example, a
close-Hitting sleeve, insert, Hining or coating provided as a porous refractory metal
andfor ceramic material, is disposed within CPOX reactor zone 443 of main conduit
404 and extends for at least part of the leagth, or the foll Tength, of heat transter zone
407, The fuel-air mixture, heated within first heating zone 405 during a start-op
maode of operation o a temperature sutficient 1o inliate CPOX, or to a CPOX-

initiating temperature within heat transfer zone 487 durng a steady-state mode of
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operation, undergoes CPOX upon contact with CPOX catalyst-containing support 444
to provide hydregen-rich reformate.
180107 The provision of gas~permeable CPOX catalyst-containing support 444
within heat transfer zone 407 of main conduit 404 gllows CPOX reforming of
gaseous fuel to proceed therein under the milder temperature conditions that are
tvpical of the more efficient CPOX conversion of gaseous fuels (e.g., from about
600 °C to about 850 °C) in contrast to the higher temperature regimes of the less
efficient CPOX conversion of ligoid reformable fuels such as diesel (e.g., from about
630 °C o 1,100 °Ch. Conducting gascous fuel CPOX reforming within CPOX
catalyst-containing support 444 at the aforementioned lower femperatures has the
considerable advantage of reducing the risk of cracking of the fuel and consequent
coke formation on the swrfaces of the (man) conduit and CPOX veactor unifs. Such
events would be more likely to ovcur and fead 1o CPOX reformer failure were the
gaseous fuel 1o be added divectly to & CPOX reaction xone with or following the
introduction of vaporized fuel-air mixtures therein, Therefore, the CPOX reformers
herein, transitioning from the sole provessing of gaseous fuel and back again
following a period of Hguid reformable fuel CPOX copversion can be readily and
smoothly accomplished without nsk to the integrity of the CPOX reformer and its
proper functioning,
[00108]  An open gaseous flow passageway can allow for the substantially
unimpeded flow of gascous CPOX reaction mixture and hvdrogen-containing
reformaie therein, 8 structural feature of CPOX reactor units of the present teachings
that contributes fo the low back pressure which is characteristic of the operation of
Hauid fuel CPOX reformers of the present teachings. 1o the operation of a liquid fuel
CPOX reformer i accordance with the present teachings, back pressures of not more
than about 3 inches of water (0.0075 bar), for examiple, not more than about 2 inches
of water, or not more thast ahout 1 nch of water, are readily achievable,
J00109]  As previously mentioned, 1o prevent o inhibit the loss of hydrogen by
diffusion through and beyvond g gas-permeable wall of tubular CPOX reactor unit
408, a hvdrogen harrier s advaniageously attached to an outer surface of the wall for

at feast that portion of its length corresponding to CPOX reaction zone 409,
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Materials capable of functioning as effective hydrogen barriers must be thermally
stable gt the high temperatures typical of CPOX reactions and sutficiently dense so as
to prevent or deter permeation or diffision of reformate gases, particularly hydrogen,
bevond the external surface of the all corresponding to CPOX reaction xone 409,
OOT10] A vanely of ceramic materials (inclusive of glasses and glass-ceramics)
and metals meeting these requirements are known and are therefore suitable for
providing the hydrogen barrier. Specific materials for the hydrogen barrier include,
for example, aluminum, nickel, wolybdenum, tin, chromium, alumina, recrystallized
aluming, sluminides, shumino-silicates, titama, titantum carbide, titaniom nitnde,
boron nitride, magnesium oxide, chromiom oxide, zivconium phosphate, ceria,
#rconta, mulite and the like, admixtures thereof and lavered combinations thereof.
(00111}  Materials from which the catalvtically active wall strocture of a CPOX
reaction zone of a tubular CPOX reactor wait can be fabricated are those that enable
such wall structures to remamn stable under the high tomperatures and oxadative
environments characteristic of CPOX reactions, Conventional and otherwise known
refractory metals, refractory ceramics, and combinations thereof can be used for the
construction of the catalvtically active wall strocture of a CPOX reaction zone. Some
of these materials, for example, perovskites, can alse possess catalytic activity for
partial oxidation and therefore can be useful not only for the fabrication of the
catalvtically active wall structure of a CPOX reaction zone but can also supply part or
even all of the CPOX catalyst for such structure,

01121 Among the many known and conventionsl CPOX catalysts that can be
utilized herein are the metals, metal allovs, metal oxades, mixed metal oxides,
perovskites, pyrochlores, their mixtures and combinations, including various ones of
which are disclosed, for example, in 118, Patent Nos. 5,149,156; 5447 705;

6,379 586, 6,402,989 0,458,334, 6,488,907, 6,702,960, 6,726,853; 6,87R,667;
7.070.752; T000.826; 7,328,691, 7.5383,.810; 7.88%,278; §,062.800; and, §.241.,000,
the entire contents of which are incorporated by reference hegein,

[80113]  While numerous highly sctive noble mefal-containing CPOX catalysis are
known and as such can beuseful heretn, they are penerally less often employed than

L)

other known types of CPOX catalysts due to thetr high cost, their tendency to sinter at
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high temperatures and conseguently undergo a reduction in catalytic activity, and
their proneness to poisoning by salfur,

[60114]  Perovakite catalysts are a class of CPOX catalyst useful in the present
teachings as they are also suitable for the construction of the catalytically active wall
structures of a TPOX reactor unit. Perovakite catalysts are chivacterized by the
structure ABXsy where “A™ and "B are cations of very different sizes and "X is an
anion, generally oxXygen, that bonds to both cations.  Examples of suitable perovskite
CPOX catalysts include LaXNiQs, LaCoO;, LaCrQy, LaFeO: and LaMnO,,

[0115]  A-site modification of the perovskites generally affects their thermal
stability while B-site modification generally affects therr catalytic activity,
Perovskites can be tmlor-moedified for particular CPOX reaction conditions by doping
at their A andf/or B sites, Doping resolts i the atomic level dispersion of the aclive
dopant within the perovskiie lattice therehy inhibiting degradations in their catalytic
perfprmance. Perovskites can also exhibit excellent tolerance to sulfur at high
temperatures chargeteristic of CPOX reforming. Examples of doped perovsktes
pseful gs CPOX catalysts inclode LaCedFeOs, LaCri,Ru s, La Srdli Ru 05
and Lap St FeQy wheremn x and v are numbers ranging, for example, from 0.01 to
0.5, from 0.05 to 0.2, ¢te., depending on the solubility Hinut and cost of the dopants,
[00116]  Alternatively or in combination with the connection of the outlet of the
CPOX reformer. the outlets of two of more CPOX reactor units of & multitubular
CPOX reformer can be in flutd comnunication with each other (and with additional
outlets of CPOX regetor units) and the hvdrogen-rich reformate from the outlets can
be combined prior to mtroduction into a fuel cell. For example, the hydrogen-rich
reformate effleent from tyo or more CPONX reactor units can be combined in a
mantfold or similar device andfor one or more conduils and then introduced into a
fuel cell, which can be a multitubalar fuel cell or a single fuel cell unit. Accordingly,
a CPOX reformer of the present teachings canyhe adapted to various applications
depending on {ts end use, for example, providing hvdrogen-rich reformate to a single
or nieltitubudar fuel cell unit

{08117]  Multiple centrifugal blower systems 152 of CPOX reformer 158 shown i

FIG. 1B and 501 of CPOXN reformer 588 shown ia FIG. 48, Among its other
~ 32
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advantages, s multiple centrifugal blower system of this construction possesses the
ahility to make rapid adjustments in the volne of air introduced inte a conduit
andfor 1 the rate of flow of the pascous fuel-alr mixture te CPOX reactor units i
response to changes in the demand {or product hydrogen-rich reformate that single
centrifugal blowers of contparable air flow capacity are ncapable of providing, as
explained herein, without vesorting to blowers of relatively high power consumption.
{B0118]  CPOX roformier 560 of FIG, 8 differs from CPOX reformer 406 of

FIG. 4A primarily in the manner in which the sir component and/or hquid reformable
fuel component of the gaseous CPOX reaction mixture are heated during the
steady-state mode of operation of the reformer. In CPOX reformer 560, a pressurized
flow of ambient temperature alr provided by centrifugal Mower system 581 s
introduced inte, and passes through, heat exchanger $02 through which 1s circulated a
flow of heat exchange fluid, for example, hol gases from an external heat-producing
sonree such as the afterbumier section of g fuel cell stack (not shown). This
arrangement differs from the provision for heating air in CPOX reformer 406 of FIG.
44 in which ambient air entering the reformer during the steady-state mode of
operation of the reformer passes through heat transter xone 407 of main conduit 404,
the air being heated within zone 407 by heal recovered from the exotherm of the
CPOX reaction ocenrring within CPOX reaction zones 409 of CPOX reactor units
408, In addition, in contrast to the fuel heating system shown in FIG, 44 in which
fuel flowing within fuel Hne section 14 is heated by heater 413, in CPOX reformer
306, a section of fuel line can be routed throngh heat exchanger 802 {o similarly
provide heating of the fuel prior to its vaporization. Tn all other respects, CPOX
reformer 308 can operate in essentially the same way as CPOX reformer 400,

{119]  FIGK. 64 and 6B prosent graphical data demonstrating the relationship
between the oxveen (O} to carbon {C) miolar ratio of vaporized diesel fuel-ane CPOX
reaction mixtures and CPOX reaction temperature, As the data show, asthe O to T
molar ratio of the CPOX reaction mixture is gradualty reduced, 1.¢., as the reaction
mixture is adjusted from a relatively carbon-lean one to a relatively carbon-tich one,

CPOX reaction temperature declines, These data hold several implications for

X
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optimized operations of the dual utihzation liquid and gaseous fuel CPOX reformer in
accordance with the present feachings.

[00120]  To promote rapid heating of CPOX catalyst and. consequently, the onset
of the gaseous phase CPOX reaction, gaseous CPOX reaction mixtures having higher
O to C molar ratios (1.e., fuel-lean reaction mixtures) can be wtilized during the start-
up mode of operation of the reformer. The hgher operating temperatures associated
with fuel-lean CPOX regetion mixtures can facilitate a more rapid increase in CPOX
catalyst temperature and reduced time o steady-stale operation. Additionally, a
foel-lean ratio tends to help inhibit coke formation before the CPOX catalyst has
attained its optinum {emperature and become fully activated. Once the CPOX
catalyst has reached a temperature of ghout 630 °C and above, the O to € molar ratio
can be redoced as fuel fow is inereased, Redueing the € to C molar ratio lowers the
catalystiemperatore and can enable wmore fuel to be processed without losing thermal
control of the CPOX renctor units and in tum, the foel vaporizer unit. The opposite
action can be taken for the shut-down operation, Le., fuel flow 1s reduced at a
maintained O 10 € molar ratio. As the temperature of the CPOX regetion zonels) of
the reformer begin o approach or fall below a temperature resuliing w coke
formation, for example, below about 650 °C, the O to € molar ratio can be increased
to prevent or minimize coking as the CPOX eatalyst deactivates. Typically, the
CPOX reformer can be shut down when the temperature of the CPOX reaction
mixture talls below about 300°C, The flow of oxveen-containing gas can be
continued for up to wbont 18 to 20 seconds or so after fuel flow has beon
discontinued. Such a shut-down procedure can allow for vaporization and removal of
fuel from the reformer that can be contained within a conduit or & section of fuel line
hetween a fuel contrel valve and lecus of introduchion of the tuel iInto the condut.
This conirel characteristic can be influenced by various reformer components
including the particular vaporizer system and eoniroller unit components utilized ina
specific reformer design.

(0121 The O to C molar ratio of the fuel-air CPOX reaction mixture can be
controlted during the operation to tailor fts output thermal conditions, with the

understanding that changing the O 1o C molar ratio can reselt in changes to the

T
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quality and/or composition of the reformate. There 1s 1 range of O to C molar ratio
that shifls from fuel-lean to fuel-rich ay CPOX temperature increases above about
630 °C. Different CPOX catalyvsts can atfeet the operstional windows and CPOX
temperatures.  Additionally, different Tuels {gaseous or liquid) can change the CPOX
temperatures depending upon the efficiency of the reforming reactions,

100122] Those skilled in the ard, taking into account the varions embodiments of
the Haquid fuel CPOX reformers deseribed bereint and the principles of operation of
the same, by employing routine experimental procedares can readily optimize the
design of & particular reformer of desired hquid reformable fuel conversion capacity,
structoral characteristics and mechanical propetties in accordance with the present
teachings.

[(06123]  Furtherin accordance with the present tegchings, steam can be introduced
mto the reformer 3o that the reformer may be operated 1o carry out autothermal andfor
steam reforniing reaction(s).

{00124]  In one embodiment, the reformer can be imtially operated {o perform
CPOX conversion of a liquid or gaseous reformable fuel thereby providing heat of
exotherm that, with or without additional heat, for example, supplied by an electric
heater, can be recovered to produce steam in a steam generator, The thus-generated
steam can be mtrodoced into the reformer in one or more locations therein, One
suttgble location 1 the vaporizer where the steam can provide heat to vaporize lguid
fuel. For exarnple: steam introduced info wick 415 in veformer 400 illustrated in FIG,
4 can provide heat for vaporizing Heguid fuel on wick swrfaces gt the same time
helping to eliminate or suppress clogging of such surfaces,

[60125]  In another embodiment, a veformer i accordance with the present
teachings can be connected to a fuel cell stack in which bydrogen-rich reformate from
the reformer is convertad (o electrical current. QOperation of the fucl cell stack, and
where present an assoctated afterburner unit, can provide source(s) of waste heat that
can be recovered and wilized for the operation of o slean generator, again, with or
without additional heat such as that supplicd by an electric heater. The steam from the
steam generator can then be introduced into the reformer, for example, through wick

415 of reformer 408 of FIG. 4, to support autothermal or steam reforming. In this
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grrangement of integrated reformer and fuel cell stack, the source(s) of waste heat
referved to can supply the necessary heat o drive endothermic reaction{(s) that are
involved fn autothermal and steary reforming processes.

[B0128]  Inswm, it should be understood that the delivery systems of the present
teachings can deliver the appropriate reactants for carrving out reforming reactions
including partial exidation ("POX") reforming sueh as catalytie partial oxidation
(OPOXT) refarming. steany reforming, and autothermal (AT reforming. The
Heuid reactants such as Hguid reformable fuels and water can be delivered from and
through the “Hguid reformable foel™ delivery components, condudis, and assemblies
of the delivery system, The gaseous reactants such as gaseous reformable fuels,
steam, and an oxXygen-contaning gas such as air can be debivered from and through
the “gaseous reformable fuel™ delivery components, conduils, and asseniblies of the
delivery system. Certain gaseous reactants such as steam and an oxygen-containing
gas can be delivered from and throogh compenents and assemblies that are peripheral
ar secondary to the delivery systems of the present teachings, for example, an
gxygen-containing gas can be delivered from a source of oxygen-contaimng gas that
is independently in operable fluid cormmumication with at least one of a vaporizer, a
reformer, and a fuel cell stack of a fuel cell unit or systeny, for example. to nux with a
Hquid reformable fuel and/or a vaportzed liquid reformable foel prior to reforming.
[00127]  The present teachings encompass embodunents in other specific forms
without departing from the spirit or essential characteristics thereof. The foregoing
embodiments ave therefore to be constdered iy all respects Hustrative rather than
limiting on the present teachings desceribed herein. Scope of the present invention is
thus indicated by the appended claims rather than by the foregoing description, and
all changes that come within the meaning and range of equivalency of the claims are

intended to be embraced therein,
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CLAIMS
1. A dual utilization liquid and gaseous fuel reformer which comprises:

a liquid fuel gas phase reforming reaction zone and a gaseous fuel gas phase
reforming reaction zone, or a common liquid fuel and gaseous fuel gas phase reforming reaction

Zone;

a gas flow conduit including external and internal walls and comprising an
oxygen-containing gas inlet, a gaseous fuel inlet positioned downstream from the oxygen-
containing gas inlet or an oxygen-containing gas and gaseous fuel reforming reaction mixture
inlet positioned coincident with, proximate to or downstream from the oxygen-containing gas
inlet, a first heating zone thermally coupled to a first heater and positioned downstream from the
oxygen-containing gas inlet, a second heating zone thermally coupled to an internal and/or
external source of heat and positioned downstream from the oxygen-containing gas inlet and first
heating zone, a liquid fuel vaporizer positioned downstream from the first and second heating
zones, the vaporizer having a liquid fuel inlet and vaporized liquid fuel outlet, and a gaseous
reforming reaction mixture outlet in gas-flow communication with at least one of the liquid fuel
and gaseous fuel gas phase reforming reaction zones or common liquid fuel and gaseous fuel gas

phase reforming reaction zone;

a gaseous reforming reaction mixture igniter system in thermal communication
with each of the liquid and gaseous fuel gas phase reforming reaction zones or common liquid

fuel and gaseous fuel gas phase reforming reaction zone; and,

a hydrogen-rich reformate outlet in fluid communication with each of the liquid
and gaseous fuel gas phase reforming reaction zones or common liquid fuel and gaseous fuel gas

phase reforming reaction zone.

2. The reformer of Claim 1 wherein the gas flow conduit further comprises a third

heating zone thermally coupled to a second heater.
3. The reformer of Claim 2 wherein the first and second heaters are electric heaters.

4. The reformer of Claim 2 wherein the first and second heaters are electrical

resistance heaters.

-37-
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5. The reformer of any of Claims 1-4 wherein the second heating zone is thermally
coupled to an internal source of heat comprising the liquid fuel and/or gaseous fuel gas phase
reforming reaction zones or common liquid fuel and gaseous fuel gas phase reforming reaction

zone.

6. The reformers of any of Claims 1-5 wherein the second heating zone is thermally
coupled to at least one external source of heat selected from the group consisting of fuel cell and

fuel cell afterburner.

7. The reformer of any of Claims 1-6 wherein an oxygen-containing gas inlet and
gaseous fuel inlet together form the oxygen-containing gaseous fuel reforming reaction mixture

inlet.

8. The reformer of any of Claims 1-7 wherein the liquid fuel and gaseous fuel gas
phase reforming reaction zones together form the common liquid fuel and gaseous fuel gas phase

reforming reaction zone.

9. The reformer of any of Claims 1-7 wherein the gaseous reforming reaction
mixture outlet of the conduit is in gas-flow communication with the liquid fuel gas phase
reforming reaction zone and the gaseous fuel gas phase reforming reaction zone is disposed

within the conduit proximate to, or at least in part coincident with, the second heating zone.

10.  The reformer of any of Claims 2-7 wherein the gas flow conduit comprises
upstream and downstream sections and disposed within the conduit from the upstream to
downstream sections, in order, are the oxygen gas-containing inlet, gaseous fuel inlet or oxygen-
containing gas and gaseous fuel reforming reaction mixture inlet, first heating zone, second
heating zone, third heating zone, liquid fuel vaporizer, and gaseous reforming reaction mixture

outlet.

11.  The reformer of any of Claims 2-7 wherein the gas flow conduit comprises
upstream and downstream sections and disposed therein from the upstream to downstream
sections, in order, are the oxygen gas-containing inlet, first heating zone, second heating zone,
third heating zone, liquid fuel vaporizer, gaseous fuel inlet or oxygen-containing gas and gaseous

fuel inlet, and gaseous reforming reaction mixture outlet.
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12.  The reformer of Claim 9 wherein the gas flow conduit comprises upstream and
downstream sections and disposed within the conduit from its upstream to downstream sections,
in order, are the oxygen-containing gas inlet, gaseous fuel inlet or oxygen-containing gas and
gaseous fuel reforming reaction mixture inlet, gaseous fuel reforming reaction zone proximate to,
or at least in part coincident with, the second heating zone, third heating zone, liquid fuel

vaporizer, and gaseous reforming reaction mixture outlet.

13.  The reformer of Claim 8 wherein the gas flow conduit comprises upstream and
downstream sections and disposed within the conduit from its upstream to downstream sections,
in order, are the oxygen gas-containing inlet, gaseous fuel inlet or oxygen-containing gas and
gaseous fuel reforming reaction mixture inlet, first heating zone, second heating zone, third
heating zone, liquid fuel vaporizer, and gaseous reforming reaction mixture outlet in gas flow

communication with the common liquid fuel and gaseous fuel gas phase reforming reaction zone.

14.  The reformer of Claim 8 wherein the gas flow conduit comprises upstream and
downstream sections and disposed within the conduit from its upstream to downstream sections,
in order, are the oxygen gas-containing inlet, first heating zone, second heating zone, third
heating zone, liquid fuel vaporizer, gaseous fuel inlet or oxygen-containing gas and gaseous fuel
reforming reaction mixture inlet, and gaseous reforming reaction mixture outlet in gas ﬂdw

communication with the common liquid fuel and gaseous fuel gas phase reforming reaction zone.

15.  The reformer of any of Claims 1-14 wherein a gas phase reforming reaction zone

contains a CPOX catalyst.
16.  The reformer of any of Claims 1-15 comprising a controller.

17.  The reformer of any of Claims 1-16, wherein the gaseous reforming reaction

mixture igniter system includes an electric igniter.

18.  The reformer of Claim 17 wherein the electric igniter is an electric resistance
igniter.
19.  The reformer of any of Claims 1-7, 9-12 and 15-18 comprising separate liquid

fuel and gaseous fuel gas phase reforming reaction zones.

20.  The reformer of Claim 19 wherein the gaseous fuel gas phase reforming reaction
zone comprises a lengthwise section of gas flow conduit bound by the corresponding section of
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its internal wall, at least a portion of such section of internal wall and/or surface thereof

comprising reforming catalyst.
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