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DUAL UTILIZATION LIQUID AND GASEOUS FUEL 
REFORMER AND M11ET HOD OF REFORMING 

CROSS REFE RENCE TO RELATED APPLICATIONS 

100011 This utility application claims the benefit of Finnerty et al. U.S.  

provisional patent application Serial Nos. 61,/900,5 10 and 61 /900,543, filed 

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

BACKGROUND 

[00021 The present teachings relate to reformers and methods of refoning of 

liquid and gaseous reformable fuels to produce hydrogen-rich reformates.  

100031 The conversion of a gaseous or liquid reformable fuel to a hydrogen-rich 

carbon monoxide-containing gas mixture, a product commonly referred to as 

"synthesis gas" or "syngas can be carried out in accordance with any of such well 

known fuel refoning operations as steam mining, dry reforming; autothermal 

reforming and catalic parti al oxidation (CPFOX)4 eforming; [ach of these fuel 

reforming operations has its distinctive chenistr and requirements and each is 

marked by its advantages and disadvantages relative to the others.  

100041 The development of improved fuel reformers, filel reformer components, 

and reforinng processes continues to be the focus of considerable research due to the 

potential of fuel cells. ., devices for the electrochemical conversion of 

electrochemically oxidizable fuels such hydrogen, mixtures of hydrogen and carbon 

monoxide, and the like. to electricity to Play a greatly expanded role for general 

applications includig main power units (M'P! and auxilia'ry power units (APlis).  

Fuel cells also cm be used lor specimized ipplications, for example, as on-board 

electrical. generaing devices for electric v nbles, backup power sources for 

residential-tse devices min power sources or leisure-use, outdoor and other power

consumning devices in out-of-grid ocations and lighter weight higher power density, 

ambient temperature-ndpendent replacements for portable battery packs.  

100051 Because large scale, economic. production of hydrogen infrastructure 

required for its distribution, and practical ineans for its storage (especially as a 

transportation fuel) are widely believed to be a long way off much current research 
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and development has been directed to improving both fuel reformers as sources of 

electrochemi call oxidizable fuels, notably mixtures of hydrogen and carbon 

monoxide and fue] cell assemblies, commonly referred to as fiel cell "stacks? as 

convertors of such fuels to electricity, and ti integration of foi reformers and fbel 

cells into more compact reliable and efficient devices for the production of electrical 

energy.  

100061 In general, reformers are designed and constructed to process either 

gaseous or liquid reformable fuel but not both. A reformer that was capable of 

selectively processing one of these vypes of fuel and at some point, switching over to 

the processing of the other type of fuel would have considerable advantages over 

refonners that are capable of processing only one of these types of fuel0I 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 cir cumstances such as the altered 

economics of operating dhe reformer with one or the other fuel or the relative 

availability of the fuels at a particular tie and/or in a particular place.  

100071 Accordingly there exists a need for a reformer capable of utilizing both 

liquid and gaseous refonable tIcls and a method for tne selective reforming of such 

fuels within the same reformer, 

SUMMARY 

100081 In accordance with the present disclosure, a dual utilization liquid and 

gaseous fuel CPOX reformer is provided which comprise 

a liquid fuel gas phasc reforming reaction zone: 

a gaseous 1fuel gas phase reforming reaction Zone; 

a gas flow conduit coising an oky'encontaining gas inlet, a liqud 

fue iinlet, a gaseous fuel inlet or oxygcnaiing gas and gaseous fuel refornming 

reaction mixture inlet a first heating zone thermally coupled to a first heater, a second 

heatim Zone thennally coupled to an inieral and/or external source of heat, a liquid 

fuel vaporier. and a gaseous reloraming reaction mixture outlet in gas-flow 

communication with the liquid fuel and gaseous tfuel reforming reaction zones

- 2-
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a gaseous reforming reaction mixture igniter in thermal 

connunication with each of the liquid and gaseous fuel reforming reaction zones.  

and.  

a hydrogenrih refo 'ate outlet.  

10009] Further in accordance wih the present disclosure, a method is provided for 

refonning within a dual utilization liquid and gaseous fuel reformer comprising a 

firs or liquid fuel, gas phase reforming reaction zone a second, or gaseous fuel, gas 

phase reofrming reaction zone, or a common, or liqUid and gaseous fuel, reforming 

reaction zone, the method comprising 

(a) reforming first gaeNous reforming reaction mixture comlprising 

oxygen-containing gas and vaporized liquid fuel winiin the first. or connon 

reforming reacrot zone to produce hydrogenrich reformate: 

(b) before or after refonng step (a) refbriing second gaseous 

refonning reaction mixture comprising oxygen-containing gas and gaseous 

fuel Within the second or common reforming reaction zone to produce 

hydrogen rich reformate: and, 

(C) transitioning from reforming step (a) toreforning step (b) such 

that heat recovered from reforin step la), wth or without additional heat, is 

utilized to initiate reforming step (b), or transitioning from reformning tep (b) 

to reforning step (a) such that heat recovered front reforming step (b) with or 

without additional heat, is utilized to vaporize liquid fuel and heat the second 

or common reforming reaction zone before the start of reforming step (a) 

100101 The dual utilization liquid and gaseous fuel reformer and reform ing 

methods of this disclosure, given their capability for the selcetive reforming of liquid 

and gaseous fuels, are able to effectively and elciently respond to circumstances tiat 

would tent to temporarily favor the refornling of one of these typeS of fuel over the 

other. This capability for flexible and selective refonnng of liquid and gaseous fuels, 

wX hichever fuel may have tie advantage In vi ew of current circumstances, can be 

especially advantageous where the refrber may be expected to operate in different
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locations as, for example, the cae with a mobile or portable reformer in contrast to a 

fixed-site reformer 

100111 Another major operational advantage of the refobrnesr and refioming 

methods herein can be their capability for achieving a cold start, i.e. a start with little 

or no heat available from a previous reforming operationwith gaseous fuel which 

requires no preheating procedure and after only a relatively brief period of reforming 

of gaseous fuel during whih hot refornate heats up the vaporiz cand CPOX reaction 

zofne discontining reforming of the gaseous Fuel and quickly transitloning to a 

stcady-state mode of re forming of liquid ftwl. In cffcct, iecat o f exothern recovered 

from the initial reforming ofgaseous fuel can be efficiently utilized by the reformer 

upon switching over to reforming of liquid fuel to vaporize the fuel and preheat the 

reaction z Operated in this man ner. the refor herein allows the subsequent 

reforming of liquid fuel to dispense with a cold-start mode of operation and 

immediately enter into a steady-state mode cooperation, 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012 It should be understood that the drawings described below arefor 

illustration purposes only, The drawings are not necessarily to scale with emphasis 

general being placed upon illusitating the principles of the present teachings. The 

drmvings are not intended to limit the scope of the present teachings in any way. Like 

numerals generally refer to like parts.  

[0013] FIGS.IA and I B are schemnailc block diagrams of two embodiment of 

dual utilization liquid and gaseous fuel refirmer, specificalIy a CPOX reformer, in 

accordance with the present teachings and an exemplary control system for managing 

their operation.  

100141 FIGS. 2A and 213 are flowcharts of exNempliry control. routines executed 

by a controller sueh as that illustrated in the embodiments of dual utilization liquid 

and gaseous fuel reformers of FIGS. 1A and 18 for nmaong the operation of the 

reformers for re1fring Iiquid foci (FIG. 2A) and 0aseous fuel (FIG. 2B), 

[00151 FIGS. 3A and 3B are flowcharts of cxemplary control routines executed 

by a controller such as that illustrated in the enbodinents of dual utilization liquid 

-4-
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and gaseOUS fuel refonners of FIGS. IA and 1B for maanLging the operation of the 

reformers when transitioned front refornmug liquid fadi to reforming gaseous fuel 

(FIG, 3A) and when transitioning from refornng gaseous fuel to reforming liquid 

fuel (FIG. 33) 

i00161 IG 4A is a longitudinal cross section view of an embodiment of dual 

utilization gaseous and liquid fuel reformer in accordance wi ti the present teachings.  

FIG4B illustrates a modification of the reformer of FIG. 4.A in accordance with the 

present teachings whereby the modified reactor comprises a single reacto r having a 

common reaction zone for the reforming of both liquid and gaseous fuels.  

100171 FIG. 5 is longitudinal cross section view of another embodiment of CPOX 

reormer in accordance with the present tochings featuri;ng the use of heat recovered 

froi an eternal heat source in the operation of the reformer.  

100181 FIGS. 6A and 611 present graphical data showing the relationship between 

tie molar ratios of oxygen to carbon of liquid fuel (diesel) and gaseous fuel (propane) 

reforming reaction mixtures within the respetiv L ful mand gaseous fuel 

reforming reaction zon(s) of the dual utilization gaseous and liquid fuel CPOX 

reformer ofthe present teachings at varying percentages of mimnum fuel conversion 

capacity when the reforner is operating ni a steady-state mode 

DETAILED DESCRIPTION 

[00191 It is to be understood that the present teachings herein are not limited to 

the particular procedures, materials n modifications descdbed and as such can vary.  

It is also to be understood that the teminology used is purposes of describing 

particular embodiments only and is not intended to limit the scope of the present 

teachings which will he limited only by the appended claims.  

100201 For brevity, the discussion and description herein will mainly focus on 

partial oxidation reform reactions and reactants including catalytic partial 

oxidation reforing reactions and reacirmtas (a reformable fuel and an oxven

containing gas), However the devices, assemblies systems and methods described 

herein can apply to other reforming reactions such as steam reforming and 

autothermal reforming and their respective reactants (a reformable fuel and steam.  

- 5-
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and a reformable fuel, steam and an oxygen-containing gasrespectivcly), 

According lv, where an oxygen-containig gas is referenced herein in conn a section With 

a device or method, the present teachings should be considered as including steam in 

combination or alone, ixe, an oxygen-containing gas and/or steam. unless explicitly 

stated othcrngise or understood by the context, in addition, where a reformable fuel is 

referenced herein in coniection with a dex.ice or method, the present teachIngs should 

be considered as including steam in conibination or alone ie, a refrmable fuel 

and/or steam. unless explicitly stated otherwise or as understood by the context.  

10021 In addition, the reformers and methods of the present teachings should be 

understood to be suitable to carry out steam reforming and auto thermal reforming, 

for example, within the same struture and components and/tor with the same general 

methods as described herein. That is, the reformers and methods of the present 

teachings can deliver the appropriate liquid reactants, for example, liquid refonmable 

fuel and/or liquid water, front a liquid reform nble fucl reservoir to a vaponrer to 

create a vaporized liquid refornable fuel and steam respectively, and the appropriate 

gaseous reactants -for exaple, at least one of an oxygen containing gas a gaseous 

reforrhable fbel and steam, fror their respective sources to a desired component ofa 

fuel cell unit or system, bi other words, various liquid reactants can be delivered 

through the liquid delivery part of the system and various gaseous reaetants can be 

delivered through the gas delivery pIna of the systent.  

[00221 Where water is used in the delivery system, recycled heat from one or 

more of a reformer, a fuel cell stack. and an aer bumer of a fuel cell unit or system 

can be used to vaporize the water to create steam, Ich Can be present in the 

delivery system and/or introduced into the delivery system. trom an independent 

source 

100231 Throughout the applications where compositions are described as having.  

including or comprising specific components; or where methods are described as 

having, including or comprising specific method steps, it is contemplated that such 

compositions also consist essentially of o, consist Of the recited components and that 

such methods also consist essentially of. or consist of the recited method steps.  

-6
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100241 In the application, where an element or component is said to be included 

in and/or selected from a list of recited elements or components, it should be 

understood that the element or component can he any one of the recited elements or 

components. or the element or component can be selected from a group consisting of 

two or more of the recited elements or components. Further, it should be understood 

that elements and/or features of a composition an apparatus, or a 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 implicit therein. For example; 

where reference is made to a particular structure, that structure can be used in various 

embodiments of the apparatus and/or i mthod of the present teachings.  

100251 The use of [he terns indude includes" "inluding have" has,' 

"having "contain "contains or contaig including grammatical equivalents 

thereof. should be generally understood as openended and non-limiting, for example, 

not excluding additional unrecited elements or steps, unless otherwise specifically 

stated or understood from the Context.  

10026] T be use of the singular herein, for example, "aP "an," and "the" includes 

the plural (and vice versa) unless specifically stated otherwise.  

0027J Where the use of the term "about" is efore a quantitative value, the 

present teachings also include the specific quantitative value itself, uiless specifically 

stated otherwise. As used here the term "about" refers to a -± 0% variation from 

the nominal value unless otherwise indicated or inferred, 

[00281 It should be understood that the order of steps or Order for performing 

certain actions is immaterial so long as the present teachings remain operable. For 

example, the methods described herein can be perf'or-med in any stable order unless 

otherwise indicated herein or otherwise clearly contradicted by eootext t Moreover, 

two or more steps or actions can. be conducted siinultaneously.  

100291 At various places in the pie.sent specification. values are disclosed in 

groups or in ranges. I is specifically intended that a range of numerical values 

disclosed here i Include each and every value within tie range and any subrange 

thereof For example, a numerical valIe within the range of 0 to 40 is specifically 

intended to individually disclose 0, , 2, 4, 5, 6, 7, 8, 9, 10, 11 12,13, 14, 15; 16,



WO 2015/069907 PCT/US2014/064362 

17, 18, 192 0, 2 1 22, 23,24 25, 26 2 728, 29, 30,3 1 .32, 33, 34 35, 36 37 38, 39 

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

to 40, etc.  

[0030] The use of any and all examples. or exemplary language provided herein.  

for example, "such as) is intended merely to better illuminate the present teachings 

and does not pose a limitation on the scope of the in.vention unless claimed. No 

language in the specification should be construed as indicating any non-claimed 

element as essential to the practice of the present teachings 

100311 Terms and expressions indicating spatial oientation or attitude such as 

"upper lowere" "top, '"bottom,' "horizontal," verticali and the like, unless their 

contextual usage indicates otherwise, are to be understood herein as having no 

structural, functional or operational significance and as merely reflecting the 

arbitrarily chosen orientation of the various views of liquid fuel CPON reformers of 

the present teachings illustrated in certain of the accompanying figures.  

[0032j As used herein, a "rfornable fuel" refers to a liquid reformable fuel.  

and/or a gaseous reformable fuel 

[0033] The tern "cerameri in addition to its art-recognized meaning, shall be 

understood herein to include glasses. glass-ceramics and cermets (i.e. ceramic-metal 

composites).  

10034] The expression "gas perneable" as i. applies to a wall of a Cf.POX reactor 

unit herein shall be understood to mean a Vall structure that is permeable to gaseous 

CPOX reaction nmixtures and gaseous product refornmate including. without limitation, 

the vaporized liquid reformable fuel component of the gaseous CPOX reaction 

mixture and the hydrogen component of the product reformIate.  

100351 The expression liquid reformable fuel" shal be understood to include 

reformable carbon- and hydrogen-containing fuels that are a liquid at standard 

temperature and pressure (STP) conditions, for example, methanol, ethanol, naphtha.  

distillate, gasoline! kerosene; jet fuel diesel, biodiesel. and the like, that when 

subjected to reforming undergo conversion to hydrogen-rich reformates. The 

expression "liquid reformable fuel" shall be further understood to include such fuels 

whether they are in the liquid state or in the gaseous state. i. a vapor, 

8is
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10036] As used herein, "gaseous reforining reaction mixture" refers to a mixture 

including a gaseous Hquid reformale fuel (eg, a vaporized liquid reiformable fuel 1 a 

gaseous reformable fuel or combinations thereof and an oxygen-containing gas (e.g., 

air) and/or water e g, in the form of stem) A gaseous reforrin reaction mixture 

can be subjected to a reforming reaction to create a hydrogen rich product 

("reformate" )which also can contain carbon monoxide, Where a catalytic partial 

oxidation reforming reaction is to be carried out the gaseous reforming reaction 

mixture can be referred to a "gaseous CPON reforming reaction mixture" which 

inciides a reormble fuel and an oxyge ncontaining gas, Where a steam refornming 

reaction is to be carried out, the gaseous reforming reaction m-ixture can be referred to 

as a "gaseous steam reforming reaction mixture. which includes a reforniable fuel 

and steam. Where an. autothermal reforming reaction is to be carried out the gaseous 

refornnng reaction mixture can be refenrd toas a gaseouss K reforming reaction 

mixture' which includes a eformable fuCl an oxygen-containing gas and steam.  

10037] I Li expression "gaseous reformable fel" shall be understood to include 

reformable carbon- and hydrogen-contain fucl that ire a gas at STP71l conditions, 

for ex ample, methane eCthant propane, butane, isobutane ethylene propylene.  

butylene isobutylene, dinthyl cther, icir mixtures such as natural gas and liquefied 

miturIl gas (LNG), whichare mainly ethane, and petroleum aris 'and liquefied 

petroleum gas (LPG), w bich are mainly propane or butane but include all imxtures 

made up priimarily of propane and butane; ammonia and the like that wvhen subjected 

to reforming undergo conversion to hydrogen-rich reforiates.  

100381 The tenm "refonning reaction" shall be understood to include the 

exothermic and/or endotherniC reaction(s) thait OCcur d during the conversion of a 

gaseous reaction n medium to a hydrogen-rich refornnatc The expression "reforming 

reaction" herein therefore includes. for example. POX. autothermal and steam 

ref'orning.  

10039.1 The expression "C POX reaction" shall be understood to incIude the 

reaction(s) that occur during catalytic partial oxidation reforming or conversion of a 

reformable fuel to a hydrogen-rich refornate, 

9-



WO 2015/069907 PCT/US2014/064362 

[00401 The expression "gaseous CPOX reaction mixture" refers to a mixture of 

gaseous refonmable fuel or vaporized liquid reformable fuel, and an oxygen

containing gas, for example, ir 

100411 The expression 'open gaseous How passageway" refers to a conduit or 

channel for the passage of gas therethrough where a solid, including a porous solid or 

material is not present across the entire cross sectional plane of the conduit or 

channel i.e., a conduit or chanml free of solik includim porous solids. For 

example, in the case of a CPOX reactor unit; CPOX catalyst including a porous 

catalyst such as a monolith cannot be present cross the entire internal cross-sectional 

plane perpendicular to the longitudinal axis of a tubular CPOX reactor unit Such a 

structure is distinct from passageways that are packed with a porous catalyst. An 

open gaseous 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 cylindrical 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, Although an 

open gaseoas flow passageway usually can extend along a longitudmal axis of a 

CPOX reactor unit. a tortuous conduit or channel is also contemplated by the present 

teachings and can be capable of having an open gaseous .ow passageway provided 

that the tortuous conduit or channel is ftee of solids across a cross-sectional plane of 

the CPOX reactor unit. It should also be understood that the cross-sectional 

dimension(s) of an open gaseous flow passagevay c.an vary along its longitudinal. axis 

or along the tortuous conduit or channel, 

[0042] The expression "cold start-up mode of reotriing" shall be understood 

herein to refer to a start-up mode of operation of the refoner wherein there is little or 

no heat recoverable fronm a previous reforming operation. A reformer at essentially 

ambient temperature requires a cold st'art-up mode of operation before it can enter 

into a steady-state mode of reforming, 

t00431 TFhe expression "hot start-up mode of operation of reforming' shall be 

understood herein to refer to a start-up mode of operation of the reformer wherein 

residual heat recovered from a previous exothermic refornning operation is effectively 

atilized to facilitate transitioning from tie processing of liquid fuel to the processing 

- 10
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of gaseous fuel and, conversely, transitioning from the processing of gaseous fuel to 

the processing of liquid fueL 

[00441 Again, as stated previously for brevity, the discussion and description 

herein will focus on partial oxidation reforming reactions and reactants including 

catalytic partialroxidation refomng actions and reactants (a reformable fuel and an 

oxygen containing gash Howeer, the devices assemblies, systems and methods 

described herein can equally apply to other reforming reactions such as steam 

reforming and autothermal reforming and theirrespective reactants. For example, for 

steam reforming steam can replace amn oxygen-containing gas in the description 

herein. For autothernmal reforminga, steam can be introduced along with an 

oxytgen-containing gas and/or a reformable fuel in the description herein.  

100451 The dual utilization liquid and gaseous fuel reformer and metlod of 

reforming herein are capable of processing either a liquid or gaseous fuel and after a 

shut-down. perod during which heat of exothermo produced by reforming has largely 

dissipated, for example; to such an extent that the reactor has reached ambient or 

near-ambiet air temperature. and thereafter switchIng over to Operating on the other 

type of fuel 

[00461 The refOrmer and method of refbrning herein are also capable of initially 

processing liquid fuel and thereafter transhioning to processing taseous fuel, in this 

way utilizing heat of exotherm recovered from the tnversion of liquid fuel to 

reformate, possibly augmented ly additional heat supplied for exaniple, by an 

electrical resistance heater unit, to initiate the conversion of gaseous fuel.  

10047] The reactor and method of reforinng herein are also capable of initially 

processing gaseous fuel and thereafter transitioning to processin liquid fuel, this time 

utilizing heat of exotherm recovered from the conversion of gaseous fuel, wih or 

without additional heat, to vaporize the liquid fuel and heat the reforming reaction 

zone prior to conductiing the conversion of the liquid fuel to reftormae.  

100481 In particular embodiments, a vaporizer or vaporizing liquid reformable 

fuel is in fluid flow cmmunicatio with the inlet of the reforingin reaction zone 

wherein conversaMtion of the liquid fuel to refornate is made o t ake place. The 

-I I -
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vaporizer can be operated to eliminate or reduce the risk of heating the fuel to a 

temperature at or above its flash point and/or Causing appreciable pvrolysis of fuel.  

{00491 hi various embodi ments, an ig niter foi initiating the reaction within a 

reforming reaction zone, for example, during a start-up mode of operation of the 

reformer, is in thermal communication With a reforming reaction Zone, 

10050] The dual utilization liquid and gaseous fuel reformer herein can comprise 

a single reaction Zone, or in other embodiments, a plurality, or arrav, of spaced-apart 

tubular reforming reactor units., each reactor unit having its own reforming reaction 

zone. A hydrogen barrier can be attached to the extemal surface of at least the wall 

section of such tubular reforming reactor unit corre sponding to its reforming reaction 

zone in order to prevent or inhibit the loss of hydrogen therefrom.  

[0051] The dual utilization liquid and gaseous fuel reformer of the present 

teachings can include a conduit for nmanagng the flow of gas(es) to its reforming 

reaction zone(s). The conduit can include an inlet for the admission of oxygen

containing gas, an inlet for the admission of lquid fuel Vaporized liquid fuel or both, 

an inlet for the admission of gaseous fuel or mixture of oxVgen-contanning gas and 

gaseous fuel and an outlet for gaseous reforming reaction mixture. e nduit is 

advantageously U-shaped for a niore compict reformer configuration 

100521 In certain embodinmets, the reformer herein can have a split routing 

system for directing the flow of the oxygen-containing gas component of the gaseous 

reforming reaction mixture where one portion of the oxygencontaining gas can he 

combined with vaporized liquid in order to provide a relativCly fuel-rich gaseous 

reaction mixture which is resistant to flashing and another portion of the oxygen

containing gas can be combined with the fuel-rich reaction mixture such as to provide 

a gaseous reiorminw reaction mixture that comes within preset molar ratio of 

oxven to carbon for a desired CPOX reforming reaction 

[00531 In some embodiments. a manifold or plenum in fluid communication 

with the inlets of reforming reactor units comprising the aloredescribed plurality, or 

array, of such units can be configured to provide a inoire uniform distribution of 

gaseous refbrining reaction nixture thereto, for example. at a substantially uniformi 

composition., at a substantially unitbrm temperature and/or at a substantially uniform
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rat. In certain embodiments, the manifold can ive a housing or enclosure that 

defines a manifold chamber. The manifold or nmanifold chamber can include a gas 

distributor for example; a gas distributor disposed within the manifold chamber. for 

more evenly distributing gaseous reforming reaction mixture to the inlets of the 

reforming reactor units. The manifold housing or manfold enclosure, can be 

fabricated from a relatively low cost, readily moldable thermoplastic or thermosetting 

resin and/or can feature "cold seal" connections between its outlets and the infets of 

the CPOX reactor units 

100541 The reformer of the present teachings includes a first heating zone and 

first heater themally linked thereto operable during a start-up mode of operation of 

the reforner to heat oxyger-ontaining gas introduced into the conduit within an 

initial range of elevated temperature. The reformer a l ues a second heating 

zone and internal or external source of heat thermally linked thereto operable during a 

steady-state mode of operation of the reformer to heat oxyCen-Containin g gas to 

within an initial range of elevated temperature.  

[0055] The reformer of the present teachings can also include a third heating zone 

and second heater thermally linked thereto 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 

[0056] The reforier of the present teachings can include a mixer, for example. a 

static mixer, disposed within a mixing zone-in order to more unifonrly mix oxygen

containing gas and vaporized liquid reformable fuel.  

10057] The reforner of the present teachings can include a refbrmate processing 

unit or device for example a carbon monoxide removal device to reduce the carbon 

monoxide content of the product reforniate, A refomite 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 a 

carbon monoxide-containingstream, 

(00581 In various embodiments the reformer of the present teachings can include 

one or more outlets for hvdrogen-rich relfrrnate directly v connected to inlet(s) of 

another device. for example, a fuel cell.  
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100591 A reforner of the present teachiigs can Iclude thennal insulation for 

reducing heat loss from the reforming reaction zone(s) and/or other heat-radiating 

Components of the reforir, 

[00601 The reformer of the present teachinigs can include a gaseous stream driver 

for driving gaseous flow to. within and/or through the reformer, For example, the 

gaseous stream driver can be a single centrifugal blower unit or a blower system 

comprising a series of interconnected blmoer units. A blower or blower unit in a 

series can include a casing having an axial inlet and a radial outlet, an impeller 

disposed within the casing for during in a gas, for example, an oxygen-containing 

gas such as air, in the axial inlet and upecling the gas through the radial outlet and a 

motor for driving the impeller. In certain embodiments, the blower can draw in a gas 

at a first pressure and expel the gas at a second, fi example, higher pressure. A 

blower can also include a duct connecting the radial outlet of at least one blower unit 

in the series with the axial inlet of at least one other blower unit in the series.  

10061j A reformer of the present teachings can include a liquid fuel pump.  

Examples of suitable liquid fuel pumps Include metering pumps. rotary purmps, 

impeller pumps, diaphragm pumps, peristalic pumps, positive displacement pumps, 

g'ear pumps, piezoelectrie pumps. electrokinetic pumps. electroosmotic pumps, 

capillary pumps and the like.  

[00621 A reformer of the present teachings can include one or more sensor 

assenblies for monitoring and controlling reformer operation. Examples of sensor 

assemblies include flow meters, thenmocouples, thermistors and resistance 

temperature detectors.  

[00631 A reformer of the present teachings also can, include a controller for 

automiating the operation of Ohe reformer in its startup, steady-state and/Or shut-down 

modes. The controller can include a plurality of sensor assemblies such as those 

aforementioned in communication therewith' 

10064) The dual utilization liquid arid gaseous fuel reformer and method of 

reforming according to the present teachings are described ;generally above and 

elsewhere herein. The following description with reference to the figures of drawing 

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

- 14-
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method of the present teachings and should be understood to discuss various and 

specific eibodiments -withoit limiting the essence of the invention and that can be 

applicable to the discussion above.  

100651 Referring now to the drawings, FIGS. IA and Ili illustrate embodiments 

of the dual utilization liquid and gaseous fuel CPOX reformer in accordance wifi the 

present teachings.  

100661 As shown in FIG. IA. dural utilization liquid and gaseous ftel CPOX 

reformer 100 includes centritgal blo wer 102 for introducing oxygen-contaiing gas.  

exemplified here and in the other embodiments of the present teachings by air, into 

conduit 103, and for driving this and other gaseous streams (inclusive of vaporized 

fuel air mixture(s) and hydrogen-rich refornates) through the various passageways.  

including the open gaseous flow passageways of tubular CPOX reactor units 109 of 

the reformer. Conduit 103 can inclde flow meter 104 and thermocouple 105, These 

and similar dev ices can be placed at various locations within CPOX reformer 100 in 

order to measure, monitor and control the operation of the reformer as more fully 

explained below in connection with controller 126, 

10067] In an anbient temperature, or "cold "sart-up mode of operation of CPOX 

reforer 100 in which a first gascous C POX reaction mixture (i e oxygen-containing 

gas and vapoized liquid fuel) is made to undergo conversion to hydr ogenr-Yich 

reformate. air at ambient temperature introduced by blower 102 into conduit 103, 

passes through first heating zone 106, where the air is initially heated by first heater 

107, fi example of the electrical resistance type. to within a preset or targeted, first 

range of elevated temperature at a given rate of flow. The initially heated air thlen 

passes through heat transfci zone 108 which in the steady-stae mock of operation of 

CPOX reformer 100 Is heated by heat of exotherm recovered from the C(POX reaction 

occurring within CPOX reaction zones 110 of tubular CPOX reactor units 109. Once 

such steady-state operation of refbriner 100 is achieved, i e, upon the CPOX reaction 

within CPOX reaction zones 110 becoming Fi ustatning the thermal output of first 

heater 107 tan be reduced or its operation discontinued since the incoming air will 

have already been heated by passage through heat transfer zone 108 to within, or 

approaching its first range of elevated temperature.  
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10068 Continuing further downstream within conduit 103, the air which has 

initially been heated either by passage through first heating zone 106 during star 

up mode of operation or by passage through heat transfer zone 1.08 during a steady

state mode of operation, passes through second heating zone 111 where it is further 

heated by second heter 112, which can also be of the electrical resistance type, to 

within a second range of elevated tenperature. Second heter 112 operates to top-off 

the temperature of the previously heated air thereby satisfying several operational 

requirements of CPOX rdoirmer 100 when processing liquid fuel namely. assisting Inl 

the regulation and fine-tuning of the thermal requironments of the reformer on a rapid 

response and as-needed basis providing sufficient Wat for the subsequent 

vaporization of liquid reformable e fhel introduced further downstream into conduit 

103 and providing heated gaseous CPOX reaction mixture 

100691 Liquid reformable ftic exemplified here and ii other embodiments of the 

present teachings by diesel, is continuously introduced from storage via pump 113 

through fuel ine 114 equipped with optional flow meter 1.15 and optional flowx 

control valve 116, and into conduilt 103 where the fuel is vaporized by vaporizer 

system 117 uilizing heat provided by heated air flowing from second heating zone 

111, The vaporized i.e., gaseous, fuel combines wvithx the stream of heated air in 

mixing zone 118 of conduit 103. A mixer, for example; a staie mixer such as in-line 

mixer 119, and/or ortex-creating helical grooves formed within the intemal surface 

of conduit 103 or an externally powered miner (not shown), are disposed within 

mixing zone 118 of conduit 103 in order to provide a more uniform vaporized liquid 

fucI-air gaseous CPOX reaction mixmrc thin would otherwise be the case.  

100701 The heated vaporized liquid fuelair CPOX reaction mixture enters 

manifold, or plenum, 120 which functions to distribute thi eaction mixture more 

evenly ad, for example at a more urniform temperature into tubular CPOX reactor 

units 109. While the conduit and the manifold will ordinarily be surrounded by 

thernai insulation (e,g, insulation 410 of CPX reformer 400 illustrated in 

FIG 4A) the CPOX reaction mixture can still undergo a drop in temperature due to 

heat loss through the walls of the manifold, which typically has a greater volume and 

hence a greater wall surface area, than that of a comparable length of conduit 103.  
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Another factor that can cause a drop in The temperature of the CPOX reaction mixture 

within manifold 120 is the reduction in pressure and velocity which the reaction 

mixture undergoes is it exits conduit 103 and enters the larger space of manifold 120, 

[0071] Reductions in the temperatures of a CTOX reaction rnixture due to either of 

these factors. particularly those occurring in regions of tie reaction mixture that are 

proximate to, or in contact with interor wallscorners and/or other recesses of 

manifold 120, can induce localized condeisation of vaporized field To minimize the 

possibility of such condensation a manifold can be provided with means for 

maintaining the temperature of the gaseous CPON reaction mixture above the 

condensaion threshold of its vaporized fuiel component For example as shown in 

FIG. TA, heater 121 of the electrical resistance type, and thermocouple or thenistor 

probe 122 for purposes of teniperature control, are disposed within mnanifold 120 in 

order to accomplish this objetve. As an alternative to a heater or in addition thereto, 

a reformer can be provided with therInnaly condutive s, structures) (e7g, thermally 

conductive elements 434 of the CPOX reformie illustrated in IG 4A) for 

transferring heat of exothern recovered from the C POX reaction occurrwag within 

C POX reaction zones 110 of tubular CPOX reactor units 109 to such location ns within 

the manifold where the potential for condensation of fuel vapor can be greatest, for 

example, wall surfhees in the vicinity of the fuel-air outlets and/or other sites such as 

corners and other recesses of the manifold that could cause localized condensation of 

vaporized fuel.  

100721 From manifold 120, the heated CPOX reaction mixture is introduced into 

tubular CPOX reactor units 109. In a "told" start-up mode of operation of CPOX 

relorier 100, igniter 1.23 initiates the C POX reaction of the gaseous CPOX reaction 

mixture within CPOX reaction zonus 110 of tubular CPOX reactor units 109 thereby 

commencing the production of hydrogn-rich retormate. Once steady-state CP OX 

reaction temperatures have been achieved (e 250C to I ,100 "C) the reaction 

becomes selfsustaining and operation of the igniter can he (lisconinued.  

Themocoupes 124 and 125 are provided to monitor the temperatures of 

respectively, the vaporization operation occurring wi thin conduit 103 and the CPOX 

- I
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reaction occurring within CPOX reactor units 109, the temperature measurements 

being relayed as monitored paranneters to reformer control system 126 

100731 As further shown in FG, IA, in an ambient temperature, or "cold", start

up mode of operation of CPOX reformer in which a second CPOX reaction mixture 

comprising oxygen-containing gas and gaseous fuel is made to undergo conversion to 

hydrogen-rich refiormate air introduced by bloer 102 into conduit 103 combines 

with gaseous refornmble fel exemplified here and in the other embodinients of the 

present teachings by propane, introduced into conduit 103 at a relatively low pressure 

ftom gaseous fuel storage tank 131 through gaseous fuel line 132 equipped with 

optional thermiocouple 133, flow meter 134 and flow control valve 135 Air 

introduced by blower 102 and propane introduced into conduit 103 through gaseous 

fuel ine 132 into conduit 103 initially combine in mixing zone 136 occnpied by static 

nixer 137 and emerge therefrom as a more unifonm propane-air CPOX reaction 

mixture than would otherwise be the case. The propane-air mixture then enters first 

heating zone 106 where it is heated to gaseous fuel CPOX reaction temperature by 

first heater 107, effectively functioning as an igniter fr the CPOX reaction mixture, 

thereby commencing the production ofhydrogen-rich reionmak t First heating Zone 

106 may be disposed proximate to gaseous fuel CPOfX reaction zone 138 (as shown) 

or be partly or completely coincident therewith, Gaseous fuel CPOX reaction zone 

138 is shown as coincident with heat transfer zone 108. Once a steadv-state CPOX 

reaction temperature has been achieved in C 10X reaction zone 138 (eg.50 *T to 

1,100 'C) the reaction becomes self-sustaining and operation of first heater 107 can 

be discontinued.  

10074 Whten CPOX reactor 100 is operated in such manner as to transition from 

a steady-state mode of liquid fuel CPOX reforming to a "hot" start-up mode of 

gaseous fuel CPOX reforming, residual heat recovered from CPOX reaction zones 

1.10 of tubular CPOX reactor units 109 with or without the input ofaddntional heat. is 

transferred to heat transfer Zone 108; and therefore CPOX action zone 138, where 

such heat serves to ignite the airupropanc mixture commencing the production of 

hydrogen rich refrmate 
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100751 Conversely, when CPOX reactor 100 is operated in such manner as to 

transition from a steady state mode of gaseous fuel CIPOX reforming to a "hot" start

up mode of liquid fuel C POX reforming, residual leat recovered firon CIOX reaction 

zone 1.38, with or without the input of additional hiat, is transferred to air introduced 

into conduit 103, the heated air then heing utilized to vaporize liquid fuel as 

previously explam ecd in connection with liquid fiel C POX operation of the reactor, 

and to preheat (CPOX reaction zones 11.0 off POX rectoMr units 109.  

100761 Where as shown in FIG. IA, heat transfer zone 108 of CPOX reactor 100 

is provided to transfer heat recovered from CPOX action taking place within CPOX 

reaction zones 110 to gas(es) flowing through zone 10 ,it is within te scope of the 

present invention to omit gaseous CPOX catalyst 129 and with or without the 

operation of first heater 107, to process the gascous fuelair CPOX reaction mixture 

in the same tubular CPOX reactor units 109 used for processing a vaporized liquid 

fueiair CPOX reaction mixture, In this embodimnt of the CPOX reactor (illustrated 

in F IG 4B), CPOX reaction zones 1.10 of tubular CPOX reactor units 109 function as 

a single. shared or common CPOX reaction zone selectively operable to process 

liquid or gaseous CPOX fuel 

[00771 CPOX reactor 150 illustrated in FIG. 1B is essentially identical to CPOX 

reactor 100 shown in FIG. IA except that in the former, gaseous fuel line 132 

connects to inlet 160 of duct 161 connecting centrifugal blower units 162 and 163 of 

centrifugal blower system 164 wA-hereas in the atter, gaseous fuel line 132 connects to 

inlei l03 at mixing zone 136 occupied b static mixer 137. In th. CPOX reactor of 

FIG 1B, air drawn into blower unit 162 on being expelled therefrom combines with 

g1aseous fuel introduced through inlet 160 nito duct 161, the gaseous fuel-air stream 

theMn entenng blower unit 163 where it is expelled therefrom as a wel-mixed uniform 

CPOX reaction nediun This arrangement ad vantageously dispenses With mixing 

zone 136 and static nixer 137 of GPOX reactor 100 of FIG. I A while providing 

perhaps an even more uniformi reaction mixture. one firned without an 

accompanying increase in back pressure 

[00781 If desired, product effluent or hydrogen-rich reflirmate from liquid CPOX 

refornier 100 can be introduced into one or more conventional or otherwise known 
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carbon monoxide removal devices 128 for the reducuon of its carbon monoxide (jCO) 

content; for example, where the product effluent is to be introduced as fuel to a fuel 

cell stack utilizing a catalyst that is particularly susceptible to poisoning by CO, for 

example, a polymTer electrolyte membrane fue cell, Thus, for example the product 

effluent can be introduced into a water gaS shid (\VGS) converter wherein CO is 

converted to carbon dioxide (CU) while at the same time producing additional 

hydrogen, or the product effluent can be introduced into a reactor wherein CO is 

made to undergo preferentid oxidation (PROX) to CO. CO reduction can also be 

carried out employing a combination of these Processes tfor example, WGS followed 

by PROX and vie versa.  

{00791 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 equipped with a hydrogen-selective membrane 

providing separation of the product reformate into a hydrogen stream and a 

CO containing lw-product stream. Units/devices of this kind can also be combined 

with one or more other CO-reduction units such as the aifbrementioned WGS 

converter and/or PROX reactor, 

[00801 Reformer 100 can also include a source of electrical current, for example, 

rechargeable lithium-ion battery system 127, to provide power for its electrical 

driven components such as blower 102, flow meters 1.04 and 15 heaters 107, 112 

and 121.. liquid fuel pump 113, flow control valves 16 and 135, igiter 13, and 

thermocouples 105, 122, 124, 125 and 133, and.. if desired, to store surplus electricity 

for later use.  

(100811 Controller 126 is provided for controlling the operations of a liquid fuel 

CPOX reformer 100 in its start-up, steady-state and shut-down modes, when 

operation. The controller can be software operating on a processor. however, it is 

within the scope of the presenrt teachings to employ a controller that isimplemented 

with one or more digital or analog circuits, or combinations thereof.  

100821 Controller 126 uiflher includes a plurality of sensor assemblies, for 

example, flow meters 104 and 115. thermocouples 105, 122., 124, 125 and 133, and 
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the like, in communication with fhc controller and adapted to monitor selected 

operating parameters of CPOX reformer 100.  

[00831 In response to input signals from the sensor assemblies, user commands 

from a user-input device and/or programmed subroutines and command sequences, 

controller 126 can manage the operations of the CPOX reforner in accordance with 

the present teachings More specificaly, controller 126 can communicate with a 

control signal-receiving portion of the desired section or component of CPOX 

reformer 100 by sending command signals thereto directing a particular action. Thus, 

for example, in rsponse to liquid fuiel flow rate input signals from flow meters 104 

and 115 and/or temperature input signals from thermocouples 105, 122, 124, 125 and 

133 controller 126 can, for example, send control signals to liquid fuel pump 113 

and/or liquid fuel flow control valve 16i, to control the fliow of liquid fuel through 

fuel line 114 to conduit 103, to centrifuwal blower 102 to control the flow of air into 

conduit 103 and drive the floxw of heated gaseous CPX reaction mixture within and 

through[ CPOX reformer units 1.09, to first and second heater units 107 and 112 to 

control their thermal output, to manifold heater 121 to control its thermal output, to 

igniter 123 to control its on-off states and to battey/hattery recharger system 127 to 

manage its Functions. Similarly in response to gaseous flow rate input signals I'on 

flow meter 134 and/or temperature input signals from thermocouple 133, controller 

126 can send control signas to gaseous fiel flow control. valve 136 to control the 

flow of gaseous fuel through line 132, to centrifugal blower 102 to control the flow of 

air into conduit 1.03 to first ard second heater units 107 and 112 and manifold heater 

1.21 to control their onioff states ( the off state when relomer 100 is processing 

gaseous fuel) and igniter 123 to control its on-off state.  

[0084I The sensor assemblies, control sign-ilreceiving devices and 

communication patways herein can be of any suitable conructon such as those 

known in the art. The sensor assemblies can include any suitable sensor devices for 

the operating parameters being monitored. For example, fuel flow rates can he 

monitored with any suitable flow meter; pressures can be monitored with any suitable 

pressure-sensing or pressure-regulating device, and the like. The sensor assemblies 

can also, but do not necessarily, include a transducer in communication with the
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controller. The communication pathways will ordinarily lbe wired electrical signals 

but any other suitable form of communication pathway can also be employed, 

[00851 In FIQ IA. communication pathways are schematically illustrated as 

single- or double-headed arrows, An arrow ternuating at controller 126 

schematically represents an input signal such as the value of a measured flowr rate or 

measured temperature. An arrow extending nom controller 126 schematically 

represents a Control signal sent to direct a responsive action from the component at 

wx hieb tie arrow terminates Dual-headed pathiwiys schematicilly represent that 

controller 126 not only sends command signals to corresponding components of 

CPOX reformer 100 to provide a determined responsive action but also receives 

operating inputs from C POX refirIner 100 and various components thereof 

niechanical units such as fuel pump 113 and carbon monoxidt moval device.128.  

100861 FIGS. 2 and 2B present flow charts of exemplary control routines that 

can be executed by a controller such as controller 1.26 of FIGS. I A and IB to 

automate the operations of dual utilization 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 teachings Similarly FIGS. 3A and 3B 

present flow charts of exemplary control routines than can be executed by a controller 

such as controller 126 of FICS. 1A and 1B to automate the operations of a CPOX 

reactor herein when, respectively, iade to transition from processing liquid fuel to 

gaseous fuel (FIG 3A) and transition fhom processing gaseous fuel to liquid fuel 

(FIG. 3B). The flow charts can be executed by a controller at a fixed interval, for 

example, every 10 milliseconds or so. The control Iogic illustrated in FIGS. 2A, 213, 

3A and 3B perform several functions including the management Of gaseous flows.  

heating and fuel vaporization in. the case of liquid fuel refomng and reforming 

reaction teiperatures in start-up and steady-state modes of operation and 

management ofthe procedure for the shut -down inode of reorner operation.  

[00871 As shmwn in the various views of exemplary dual utilization liquid and 

gaseous fuel CPOX reforiner 400 illustrated in FGt 4A, which is 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 conduli 404. which includes a generally U-shaped 

conduit section favor ing compac tIn The ambient temperature air is initially cheated 

in the start-up moIde operation of the rfornmer to within a preset range of elevated 

temperature by passage through first heating zone 405 supplied with heat from first 

heater unit 406. First heater unit 406 and second heater unit 413 downstream 

therefrom ncal be of a conventional or otherwise known electrical resistance type 

rated, for example, at front 10 to 80 watts or een greater depending upon the 

designed range of liquid fuel processing capacity of h reformeru Such heaters are 

capable of raising the temperature of ambient air intmduced into main conduit 404 to 

a desired level for a relatively wide range of CPOX refoimer configurations and 

operating capacities. During the steady-state mode of operation of CPOX reformer 

400, first heater unit 406 can be shut off, the air introduced into main conduit 404 

then gem" initially heated within heat transfer zone 407 by heat of exotherm 

recovered fhom CPOX reaction zones 409 of elongate tubular ga- pe nable CPOX 

reactor units 408 In this manner the temperature of the air Introduced into conduit 

404 can be increased from ambient to i thin some preset elevated range of 

temperatture with the particular temperature being influenced by a variety of design, 

i.e., structural and operational, factors as those skilled in the art will readily 

recog"nize.  

0088] Thermal insulation 410, for example, of the mi croporous or alumina-based 

refractory type, surrounds most of mam conduit. 404 and those portions of CPOX 

reactor units 408 corresponding to their CPOX reaction zones 409 in order to reduce 

thermal losses from these components 

[0089j As the heated air flows downstream within main conduit 404, it can be 

split, or divided, into two streams with one stream continuing to course through main 

conduit 404 and the other stream being diverted into branch conduit 411 from which 

it exits to reenter main conduit 404 at merger zone 421 there to merge with 

vaporized fuel-air nixing passing from fist inn zone 420 (having a first static 

mixer and/or a helically-grooved internal wall surface disposed therein), The merged 

gases then enter second mixing zone 422 (similarly having: a second static mixture 

and/or a helical Iy-grooved internal wNal surface disposed therein) to provide a 
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gaseous CPOX reaction mixture of fairly uniform composition lor introduction 

through outlet 425 into gas distributor 427 of munifbld 426. the structure and 

operation of which are nore fully derlibed herein., 

[00901 By splitting the total amount of air for the desired CPOX reaction into two 

streams, the amount of vaporized liquid fuel component contained in the fuel-air 

mixture that starts to form as just-vaporized fuel and heated air begin to combine can 

be kept high in proportion to the oxygen content of the air component thus 

eliminating or reducing the possibility that some region(s) of this non-uniform initial 

feel-air rixture will contain a concentration of oxygen that is sufficiently high to 

support ignition with consequent coke formation Once the initial fuel air mixture 

passes through the first static mixer disposed within a frst mixing zone thereby 

attaining a degree of compositional uniformity that makcs the presence of ignition 

inducing regions of relatively high oxygen concentration much less likely the 

somewhat more uniform ifolair msixturc can lt en merge with the second heated air 

stream exiting branch conduit 411 al merger zone 421 thereby satisfiing the preset 0 

to C molar ratio of the desired CPOX reaction inixture. This fueair inixture can then 

flow through the second static imixer disposed within second nixing zone 422 to 

provide a more compositionally uniftnnm gaseous CPOX reaction mixture just prior to 

the mixture entering gas distributor 427 of mani fold 426 

1009,1] To raise the temperature ofthe air that had been initially heated by 

Passage through first heating zone 405 and/or heat tinuisfer zone 407, as the initially 

heated air Continues to flow downstreamt in main conduit 404, it is routed through 

second heating zone 412 supplied vith hat fom second heater unit 413 Because 

second heater unit 413 need only iicreas. the temperature of the initially heated air 

by a relatively sall extent, it can function as an incmental heater capable of 

making the typically small adjustments in air temperature that are conducive to 

precise and rapid thermal management of the reformer both with regard to the 

functioning of its fuel vaporization system, described herein, and its tubular CPOX 

reactor units 408, 

100921 A liquid reformable fuel such as any of those mentioned above, and 

exemplified in this and tile other embodiments of the present teachings by diesel fuel, 
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is Introduced via fuel line 414 terminating within main conduit 404 in liquid fuel 

spreader device 415, for example, wick 416 or spray device (not shown).  

100931 Any conventional or otherwise known pump device 418 for introducirno 

liquid fuel to CPOX reforiner 400,.for example, a metering pumnp, rolar pump, 

impeller pump diaphragmi pump, peristaltic pump, positive displaceuent pump such 

as a gerotor, gear pump piezoeectric punp clectrokinetic pump electroosmotic 

pump, capi lary pump and the like can be uti lized for this purpose, As indicated 

abo ve, the pressurized liquid fuel can be spread within main conduit 404 by a wick or 

as a fine spray or otherwise in droplet. fom by any of such conventional or otherwise 

known spray devices as fuel injectors. pressurized nozzles, atomizers (inl uding those 

of the tltrasonic type), nebulizers, and the like. First and second heater umit 406 and 

413 and fuel spreader device 41$ can flention in unison to vaporize liquid fuel 

introduced into main conduit 404 and together constitute the principal components of 

the fuel vaporizer system of reformer 400, In some embediments. a pump or 

equivalent device can deliver the fuel on an intermittent oi pulsed flow basis or 

substantially continuous fOW. In paricular embodints pa p p or equivalent 

device can make rapid adjustment in fuel flow rate in response to changing CPOX 

reformer operating requirements.  

100941 Althovugh CPOX refiomer 400 can use any source of heat for driving 

vaporization of the liquid fuel during the start-up mode of operation, for example, a 

heater of the electrical resistance type (as in the case of heaters 406 and 413), 

especially where vaporization of the fuel is made to take place outside maln conduit 

404, the embodinent of liquid CPOX reformer illustrated In. FIG. 4A employs heater 

413 to not only inemen-entally raise the teiperatuire of the initially heated ambient 

temperature air but to heat the liquid fiel prior to its introduction into main conduit 

404 and to provide sufficient liea for vaporizing the fuel once it entershe dconduit, 

This optional provision 11r heating liquid fuel prior to its introduction into main 

conduit 404 can make it possible to vaponiZe a IVOen amount of liquid reformable fuel 

faste or a greater amount of liquid fuel within a given time period, than the same 

vaporizer system operating upon reformable fuel which is at ant ir temperature at 

the time it enters conduit 404.  

-25



WO 2015/069907 PCT/US2014/064362 

[00951 To provide for the heating of the liquid fuel before it enters main conduit 

404 and as shown in the v'aporizer system, or assembly, illustrated in FIG. 4A. fuel 

line 414 traverses the wall of main conduit 404 whihi section 419 of the fuel line being 

extended in length to prolong the residence time of fuel flowing therein where the 

fuel line Passes through, or is proximate to second heating zone 412 of? main conduit 

404, An extended fuel line section can assume a vadety of confi'urations for this 

purpose, for example, a coiled or helical winding (as shown) or a series of lengthwise 

folds disposed on, or proximate to, the exterior surface of in n conduit 404 

corresponding to second heating zone 412 or any similar such configuration disposed 

within the interior of the conduit at or near second heating zone 412, Regardless of 

its exact configurati on and/or disposition, extended fuel line section 419 must be in 

effective hcat transfer proximity to second heating zone 412 so as to receive an 

amount of heat sufficient to raise the temperature of the fuel therein to 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 air 

flowing within this zone, will transfer to fuel. for example, diesel fuel, flowing within 

the distal section 419 of ful line 414, which distal section of fuel line 414 can be 

lengthened or extended as shown by section 419. thereby raising its teiperature to 

within the preset range. Wichever range of temperature va1 uCs is chosen for the 

liquid fuel within the fuel line, it should not exceed the boiling point of the fuel (from 

150 " to 350 *C in the case of diesel) if vapor lock and consequent shutdown of 

reformer 400 are to be avoided, 

10096] In the liquid fuel vaporizer described herein there is little or no 

opportunity for the liquid fue to come into direct contact with a heated surface, for 

example, that of an electrical resistance heater elemnt that would pose a risk of 

raising the temperature of the diesel fuel to or above its flash point, to cause 

spattering of the fuel rather than its vaporization and/or cause pyrolysis of the foel 

resulting in coke formation. Thys in the vaporizer systeins illustrated in FG. 4A, 

the temperature of the diesel fuel can be ready and re hlIb maintained at a level 

below its flash point and without significant incidents of spattering or coking.  
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100971 Liquid fuel spreader 415 is disposed within main conduit 404 downstream 

irom second heating zone 412 and associated heater 413 and upstream from first 

mixing zone 420, Thermocouple 423 is disposed within ma in conduit 404 

downstream from the vaporizer in order to monitor the temperature of the vaporized 

fuel-air in mixture beginning to form therein, 

[00981[Flowing its passage tirozugh the second static mixer disposed within 

second miing zone 422. gaseous CPOX reaction mixture exits main conduit 404 

through outlet 425 and enters gas distributor 427 of manifold 426 which is configured 

to provide a more uniforni distribution of the reaction. mixture to. and within, tubular 

CPOX reactor units 408. Such in arangement or othe arrangement within the 

present teachings can provide distribution of gaseous CIOX reaction mixture where 

the difference in flow rate of the gaseous CPOX reaction nixture within any two 

CPOX reactor units is not greater than about 20 percent for example, not greater than 

about 10 percent, or not greater than about 5 percent.  

100991 Maniffold 426 includes nianifold housing, or enclosure, 428 define 

manifold chamber 429 within which heated gaseous CPOX reaction mixture (gas) 

distributor 427 is connected to outlet 425 of main conduit 404. Heated gaseous 

CPOX eaction mixture exiting main conduit 404 through outlet 425 enters gas 

distributor 427 thereafter passing outwardly through apertures (e,g holes or slots) 

430 located at the bottom or lower part of the gas distributor, the gas then flowing 

around the exterior surface of the distributor to its top or upper part and from there 

into inlets 431 of tubular CPOX reactor units 408 

[00100] 10 eliniate or essen the possibility that the temperature within some 

region(s) and/or sui ce( s) of manifold chamber 429 will fall to or below the 

condensation temperature of the vaporied liquid refbrynable fuel of the gaseous 

CPOX reachon mixture present therein, electrical resistance: heater 432 and 

thermocouple 433 can be disposed within mai old chamber 429, for example, on one 

or more of its intema surfaces or embedded iithin one or more of its walls to 

provide an active heater system for maintaining the temperature within the chamber 

above the fuel condensation temperature. Ir addition to an active heater system for 

example, as described above, or as an alternative thereto, a passive heat transfer 
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system comprising thermally conductive elements 434, fo example, fabricated from a 

good conductor of heat such as copper, thermal linking CPOX reaction zones 409 

of tubular CPOX reactor units 408 with manifold chanibcr 429 can bc arraTged 

within reformer 400 to convey heat of exotherm fm CPOX reaction zones 409 to 

emions and/or surfaces within manifold chamber 429 so as to maintain the 

temperature of the vaporized funiel therein above its condensation temperature.  

1001011 In addition to their Funetion of preventing or minimizing the occurrence of 

fuel condensation, such active and/or passive icating systems can serve to make the 

temperature of the gaseous CPOX rection mixture more uniform as it is introduced 

into inlets of CPOX reactor units with consequient benefits for both reformer 

operation and control. Thus, for example one or both mainfold heating systems can 

be operated to provide a gaseous CPOX reaction mixture of consistently uniform 

temperature throughout a manifold chamber such that there will be not more than 

about a. 10% difference, for example, not more than about a 5% difference, in the 

temperature of gaseous CPOX reaction mixture entering any two tubular CPOX 

reactor units 

100102j Some specific factors that can bear upon the optimization of the design of 

mn aniifold 426 for accomplishino its function of promoting a more uniform distribution 

of gaseous CP1\X reactionniIxture to CPOX reactor units 408 include the 

coigiuration of its housing 428, the volume of its chamber 429 and the dimensions 

of gas distributor 427 include ing the number, design and placement of its apertures 

430. Such factors in turn depend on such rcfornmer design and operational factors as 

the target flow rates of gaseous CPOX reaction mixture within a conduit, the number 

and arrangement of COX reactor units 408; the shape and dimensions of inlets 431 

of CPOX reactor units 408 and similar considerations. A manifold of optimal fiuek 

air distribution perfonnance for a particular liquid fuel CPOX reformer in accordance 

with the present teaching gs can be readily constructed by those skilled in the art 

employing routine testing methods 

1001031 From ranifold 426t heated gaseous CPOX reaction mixture enters inlets 

431 of (POX reactor units 408 and into CPOX reaction zones 409 where the reaction 

mixture undergoes a gas phase CPO:X reaction to produce a hydrogen-rich, Carbon 
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mnonoxide-containg £ reformate. In the start-up mode, one or more Igniters 435 

initiates CPOX. After COX becomes self-sustaininig fbr example. when the 

temperature of the reaction zone reaches from about 250 C to about I100 C, tihe 

igniter(s) cal be shut off is extemal ignition is no longer required to maintain the 

now self-sustaining CPOX reaction.  

[001041 hn addition to processing liquid reformable fuels, dual utilization liquid 

and gaseous fuel reformer 400 includes structural coiponents that enable it to 

selectively process gaseo us reformable fuels a capabi lity that optiiizes fuel 

management where both types of reformable ftel are available, for example, but not 

necessarily at the same time, or for facilitating a subsequent hot start-up mode of 

operation with liquid fuel This, a relatively brief period of gaseous fuel CPOX 

reforming can prepare the CPOX reactor for transitioning to a hot start-up mode of 

liquid fuel CPOX reforming and a quick entry into the steady-state node of liquid 

fuel CPOX reforming.  

[001051 As shown in FIG. 4A, reformer 400 includes gaseous refomable fuel line 

441 and gaseous fuel inlet 442 through which a gaseous fuel such as methane or 

natural gas or propane is introduced into main conduit 404 at a location tIereiin which 

is downstream fr-om centrifugal blower svstem 402 and inlet 403 and. upstream from 

static mixer 436 disposed within mixing zone 437 The gaseous fuel combines with 

the previously introduced ambient temperature air by passing through Ixim zone 

437. the resulting gaseous fuelair inmixture then passion ihrougjh first heating zone 405 

where it is heated to CPOX reaction temperature and then into CPOX reactor zone 

443 (essentially coincident ith heat iransfer zone 407), 

1001061 Gasperneable CPOX c talvst-containing support 444, for example, a 

close-tfiting sleeve insert 1mnn or coatling provided as a porous refractory metal 

and/or ceramic material is disposed within CPOX reactor zone 443 of main conduit 

404 and extends for at least part of the length, or the full length. ot heat tansfer zone 

407. The fuchair mixture heated within first heating zone 405 during a start-tip 

mode of operation to a temperature sufficient to Initiate CPOX, or to a CPOX

initiating temperature within heat transfer zone 407 during a steadv-state mode of 
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operation, undergoes CPOX upon contact with CPOX catalyst-containing support 444 

to provide hydrogen-rich reformate.  

1001071 The provision of gas-permeable CPOX catalys t-containing support 444 

within heat transfer zone 407 of main conduit 404 allows CPOX reforming of 

gaseous fuel to proceed therein under the milder temperature conditions that are 

typical of the more efficient CPOX conversion of gaseous fuels (e g., from about 

600'C to about 850 T) in contrast to the higher temperature regimes of the less 

efficient CPOX conversion of liquid reformable fuels such as diesel (e g from about 

050 C if 1,100 "C). Conducting "s.ous fuel (CP X reforming within ClPOX 

catalyst-containing support 444 at the aforementioned Iower temperatures has the 

considerable advantage of reducing the risk of cracking of the fuel and consequent 

coke formation on the surfaces of the (in) conduit Md (POX reactor units. Such 

evn ts would be more likely to occur and lead to CPOX reformer failure were the 

gascous fuel to be added direcly to a C POX reaction zone with or following the 

introduction of vaporized fuelaJlr mDixtures therein, ThereIfre, the C POX reformers 

heren, transitioning from the sole processing of gaseous fUel and back again 

following a period of liquid reformable fuel CPOX conversion can be readlly and 

smoothly accomplished without risk to the integrity of the CPOX reformer and its 

proper function ing, 

[001081 An open gaseous flow passageway can allow for the substantially 

unimpeded flow of gaseous CPOX reaction mixture and hydrogen-containing 

rermate therein a structural feature of C PDX reactor units of thme present teachings 

that contributes to the low back pressure which is characteristic of the operation of 

liquid fuel CPOX reformers of the present teachings, In he operation of a liquid fuel 

CPOX reformer in accordance e with the present teachings. back pressures of not more 

than about 3 Inches of water (0.0075 bar), for example. not more than about 2 inches 

of water, or not more than about 1 inch of water, are readily achievable.  

[00109] As previously mentioned. to prevent or inhibit the loss of hydrogen by 

diffusion through and beyond a gas-permeable vall of tubular CPOX reactor unit 

408, a hydrogen barrier is advantageously attached to an outer surface of the wall foi 

at least 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 at the high temperatures typical of CPOX reactions and sufficiendy dense so as 

to prevent or deter permeation or diffusion of reforiate gases, particularly hydrogen, 

beyond the external surface of the all corresponding to CPOX reaction zone 409.  

1001101 A variety of ceramic materials (inclusive of glasses and glass-ceramics) 

and inetals m11coting these requirements are known and are therefore suitable for 

providing the hydrogen barrier Specific materials for the hydrogen barrier include, 

for example. aluminum, nickel, molybdenums tin, chromium, alumina. recrystallized 

alumina alum insides alumino silicates, titania, titanium carbide, titanium nitride, 

boron nitride, magnesium oxide, chromium oxide irconiurn phosphate, ceria, 

zrconia nmite and the like, admixtures thereof and layered combinations thereof 

[001111 Materials front which the catalytically active vall structure of a CPOX 

reaction zone of a tubular CPOX reactor unit can be fabricated are those that enable 

such wall structures to remain stable under the high temperatures and oxidative 

environments characteristic of CPOX rXeacuons Conventional and otherwise known 

refractory metals, refractory ceramics. and combinations thereof can be used for the 

construction of the catalytically activ wall structure of a CPOX reaction zone. Some 

of these materials, for example, perovskites can also possess catalytic activity for 

partial oxidation and twrefor can be useful not only for the fabrication of the 

catalytically active waIll structur of a CIOX reaction zone but can also supply part or 

even all of the CPOX catalyst foi such structure 

1001-12 Among the many known and conventional CPOX catalysts that can be 

utilized herein ate the metals, metal alloys, metal oxides, mixed metal oxides,.  

perovskites. pyrochlores, their mixtures and combinations including various ones of 

-which are disclosed fi example, in S. Patent Nos . 149,156; 5,447,705; 

6,379,586; 6,42 89; 6t458 334; 6,488 907; 6,702,960 6,726,853; 6,878;667; 

7,070752; 7090 826; 7,328 691; 7585 810. 7,888 278; 8,062,800; and. 8,24-600, 

the entire contents of xhich are incorporated by refrnce herein 

[00113] While numerous highly active noble metalecontaining CPOX catalysts are 

known and as such can be useful herein, they are generally less often employed than 

other known types of CPOX catalysts due to their high cost, their tendency to sinter at 
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high temperatures and consequently undergo a reduction in catalytic activity, and 

their proneness to poisoning by sulfur, 

001.1.4 Perovskhte catalysts are a class of CPOX catalyst useful in the present 

teachings as they ir als suitable for the construction of the catalyticaly active wall 

structures of t CPOX reactor unti.t Perovskite catalysts are characterized by the 

structure ABXt where " and "B" are cations of very different sizes and "X" is an 

anion, generaIly oxygen, that bonds to both nations, Examples of suitable perovskite 

CPOX catalysts include LaNiOI LaCoD; LaCrO, La cOz and LaMnO;.  

[001151 Asite modification of hlie perovskites generally affects their thermal 

stability while Bsite modification generally affects their catalytic activity 

Perovskites can be tailor-modi fied [hr particular CPOX reaction conditions by doping 

at their A and/or B sites, Doping results in the atomic level dispersion of the active 

dopant within the perovskite lattice thereby inhibiting degradations in their catalyic 

perfbminance, Peroxskites can also exhibit excellent tolerance to sulfur at high 

temperatures characteristic of CPOX reforming, Examples of doped perovskites 

useful as CPOX catalysts include La 1j CeFeO I Cr1 yRn) La SrAIIJRUV 

and 1-a \SrFeO wherein x and y are numbers ranging, lor example, from 0.01 to 

0.5, from 0.05 to U. ete. depending on the solubility limit and cost of the dopants 

1001161 Alternatively or in coinInabon with the connection of the outlet of the 

C POX reformer. the outlets of two or more CPOX reactor Units of a multitubular 

CPOX reformer can be in uid communication with each other (and with additional 

outlets of CPOX reactor units) and the hydogen-rch rformate from the outlets can 

be combined prior to introduction into a fhul cell For example, the hydrogen-rich 

reformee effluent from two or more CPOX reactor units can be combined in a 

manifold or similar device and/or one or more conduits and then introduced into a 

fuel cell, which can be a multitubular tel cell or a single fuel cell unit. Accordingly, 

a CPOX reformer of the present teachings can be adapted to various applications 

depending on its end use, for example, providing hydrogen-rich reformate to a single 

or multitubular fuel cell unit.  

100117J Multiple centrifugal blower systems 152 of CPOX reformer 150 shown in 

F[G. 1 and 501, of CPOX reformer 500 shown in FIG. 4R. Among its other 
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advantages, a multiple centrifugal blower system of this construction possesses the 

ability to make rapid adjustments in the volume of air introduced into a conduit 

and/or in the rate of floty of the gaseous fieair mixture to CPOX reactor units in 

response to changes in the demand for product hydrogenich refornate that single 

centrifugal blowers of comparable air flow capacity are incapable of providing. as 

explained herein, without resoting to blowers of relatively high power consumption.  

1001.18] CPOX reformer 500 of FIG. 5 differs from CPOX reformer 400 of 

FIG. 4A, primarily in the manner in which the air component and/or liquid reformable 

fuel component of the gaseous CPOX reaction mixture are heated during the 

steady-state mode of operation of the reformer, in CPX reformer 500,a pressurized 

hyo of ambient temperature air provided by centrifugal blower system 501 is 

introduced into, and passes through, heat exchanger 502 through which is circulated a 

How of heat exchange fluid, for example hot gases fron an external heat-producing 

source such as the afterburner section of a fuel cell stack (not shoon). This 

arrangement differs from the provision for Iheating ain in CPOX reformer 400 of FIG.  

4A in which ambient air entering the refformer during the steady-state mode of 

operation of the reformer passes through heat transfer zone 407 of main conduit 404, 

the air being heated wi thin zone 407 by heat recovered from the exotherm of the 

CPOX reaction. occurring within CPOX reaction zones 409 of CPOX reactor units 

408. in addition. in contrast to the fuel heating system shown in FIG. 4A in which 

fuel flowing within fuel line section 414 is heiaed by heater 413, in CPOX reformer 

0 section of furl lin. an be routed through heat exchanger 502 to sinlarly 

provide heating of the fuel pior to its vaporization. In all other respects, CPOX 

reformer 500 can operate in essentially the sane way as CPOX reformer 400, 

[00-1191 FIGS. 6A and 6B present graphical data demonstrating the relationship 

between the oxygen (0) to carbon (C) molar ratio of vaporized diesel fuel-air CPOX 

reaction mixtures and CPOX reaction temperature. As the data show, as the 0 to C 

molar ratio of the CPOX action mixture is gradually reduced, ie as the reaction 

mixture is adjusted from a relatively earbon-lean one to a relatively carbon-rich one, 

CPOX reaction temperature declines. These data hold several implications for 
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optimized operations of the dual utilization liquid and gaseous fuel CPOX reformer in 

accordance with the present teachings, 

100120] 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 radios (ie, Juel-lean reaction mixtures) can be utilized during the start

up mode of operation of the refoner. The higher operating temperatures associated 

with fuel-lean CPOX reaction mixtures can facilitate a more rapid increase in C POX 

catalyst temperature and reduced tine to steady-state operation, Additionally. a 

fue]-oan ratio tends to help inhibit coke formation before the CPOX catalyst has 

attained its optimum temperature and become fully activated. Once the CPOX 

catalyst has reached a temperature of about 650 C and above, the 0 to C molar ratio 

cain be reduced as fuel flow is increased. Reducing de 0 to C nolar ratio lowers the 

catalyst temperature and can enable more fuel to be processed without losing thermal 

control of the CFlOX reactor units and in tun, the fuel vaporizer unit. The opposite 

action can be taken for the shut-down operation, i., fuel flow is reduced at a 

maintained ( to C molar ratio. As the temperature of the CPOX reaction zone(s) of 

the refomier begin to approach or fall below a temperature resulting in coke 

fornation, for example, below about 650 C, the 0 to C molar ratio can be increased 

to prevent or minimize coking as the C POX catalyst deactivates. Typically, the 

CPOX reformer can be shut down when the temperature of the CPOX reaction 

mixture aIlls below about 500C The flom of ofygencontainin gas can be 

continued for up to about 15 to 20 seconds or so after fuel flow has been 

discontinued. Such a shut-dow-n procedure can allow for vaporization and removal of 

fuel ron the reformer that can be contained within a conduit or a section of fuel line 

between a fuel control valve and locus of introducion of the fud into the conduit.  

This control characteristic can be influenced by various runner components 

including the Particuahr vaporizer system and controller unit components utilized in a 

specific reformer deig'a n.  

1001211 The 0 to C molar ratio of the fuel-air CPOX reaction mixture can be 

controlled during the operation to tailor its output thermal conditions, with the 

understandinga that changing the 0 to C molar ratio can result in changes to the 
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quality and/or composition of the refonnate. There is a range of 0 to C molar ratio 

that shifts from fueiean to fuel-rieb as CPOX temperature increases above about 

650 T, Different CPOX catalysts can affect the operational windows and CPOX 

temperatures. Additionally, different fuels (gaseous or liquid) can change the CPOX 

temperatures depending upon the efficiency of the reforming reactions, 

[00-12] Those skilled in the art, taking into account the various embodiments of 

the liquid fuel CPOX reformers described herein and the principles of operation of 

the same, by employing routine experimental procedures can readily optimize the 

design of a particular reformer of desired liquid refornable uel conversion capacity, 

structural characteristics and mechanical properties in accordance with the present 

teachings.  

(00123] Further in accordance with the present teachings, steam can be introduced 

into the reformer so that the reformer may be operated to carry out autothermal and/or 

steam re-fotning reaction(s), 

[001,24] In one embodiment, the reformer can be initially operated to 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 stean enerator. The thusagencrated 

steam can be introduced into the reformer in one or more locations therein. One 

suitable location is the vaporizer where the steam can provide heat to vaporize liquid 

fuel For example, steam introduced into wick 415 in reformer 400 illustrated in FIG 

4 can provide heat for vaporizing liquid fuel on wick surfaces at the same time 

helping to eliminate or suppress clogging of such surfaces, 

1001251 In another embodiment, a reformer in accordance with the Present 

teachings can be connected to afuel cel. stack il which hydrogen-rich reforate from.  

the reformer is converted to electrical current, Operation of the fuel cell stick and 

where present an associated afterburner unit can provide sources) of waste heat that 

can be recovered and utilized for the operaton of a steam geneator, again, with or 

without additional heat such as thit supplied by an electric heater The steani trom the 

steam generator can then be introduced into the reformer, for example, through wick 

415 of reformer 400 of FIG. 4, to support autothermal or steam reforming. In this 
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arrannent of integrated refonner and fuel cell stack, the source(s) of waste heat 

referred to can supply the necessary heat to drive endothermie reaction(s) that are 

involved in autothermal and stearn refimning processes.  

[001261 in sum, it should be undertood tt the delivery systems of the present 

teachings can deliver the appropriate reactants for carrying out reforming reactions 

including partial oxidation ("POX") reforming such as catalytic paia oxic nation 

CPOX") leorming steam refrming, and mithernal "A ) refomiing The 

liquid reactants such as liquid reformable. fuls and xxterecan be delivered front and 

through the liquid reformable fielue delivery components, conduits, and assemblies 

of the delivery system Tlhe gaseous reactants such as gaseous reformable fuels, 

steam, and an oxygencontaining gas such as air can be delivered from and through 

the 'gaseous reformable fuel" delivery comnponents, conduits, and asseniblies of the 

delivery system. Certain gaseous reactants such as steam and an oxygen-containing 

gas can be delivered fron and through components and assemblies that are peripheral 

or secondary to the delivery systems of the present leaChings, for example, an 

oxygen-containing gas can be delivered from a source of oxygen-containing gas that 

is independently in operable fluid cominunication with at least one of a vaporzer, a 

reformer and a fuel cell stack of a fuel cell unit or systent for example, to mix with a 

liquid refbrnable fuel and/or a vaporized liquid refoininable fuel prior to reforming.  

1001271 The present teachings encompass embodiments in other specific foims 

without departing fiom the spirit or essential characteristics thereof The foregoing 

embodiments are therefore to be considered in all respects illustrative rather than 

limiting on the present teachings described herein. Scope of the present invention is 

thus indicated by the appended claims rather than by tie foregoing description, and 

all changes that come within the cmanine 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 thernally coupled to a first heater and positioned downstream from the 

oxygen-containing gas inlet, a second heating zone thernally 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 refonning 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 refonning 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.  
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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 refonning reaction zone.  

14. The refonner 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 flow 

communication with the common liquid fuel and gaseous fuel gas phase refonning 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 refonning 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 

- 39 

3280744v2



its internal wall, at least a portion of such section of internal wall and/or surface thereof 

comprising reforming catalyst.  
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