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THERMO-CATALYTIC CRACKING FOR CONVERMON OF HIGHER
HYDROCARBONS INTO LOWER HYDROCARBONS

CROSD REFERENCE TO RELATED APPLICATION
{3001 This application claims the benefit of U.S. Provisional Application No.
61/218,579, hled on Junce 19, 2009, the disclosure of which 1s mcorporated hercin by

reference in s entirety.

FIELD OF THE INVENTION
[38032] The mnveniion relates generally to the processing of hydrocarbons. More
particularly, the mvention relales to the conversion of higher hydrocarbons, such as i the
form of waste plastics, petroleum siudge, slope oil, vegetablie oil, furnace oil, cdibie oil,
rubber products, and so {orth, mto lower hydrocarbons, which can be used as fuels or raw

materials for a variety of mdustrial and domestic uses.,

BACKGROUND

{3003 Pyrolytic cracking and thermo-catalytic cracking have been used to convert
waste plastics, petroleum sludge, slope oil, and vegetable ol mnto lower hydrocarbouns.
However, many of the processes and devices used (o achieve this conversion have failed (o
produce uselul end products elliciently and economucally {0 be commercially viable,

18064] Pyrolviic cracking typically refers {0 a process i which higher hydrocarbons
are heated to elevated temperatures of up to about 800°C at which chemucal bonds break o
form lower hydrocarbons. 1o achieve these elevated temperatures, a large amount of energy
is mvolved. Typically, the cost of the energy mvolved outweighs the value of end products
produced. Certain existing implementations {or pyrolytic cracking use molten metal baths as
a heating medium for achieving ¢levaled temperatures, However, achieving these ciovated
temperatures using molien metal baths tends to be mefhicient mn terms of cost and
maintenance. Morcover, the use of molten metal baths poses occupational health hazards,
civen the tendency of metals 1o oxidize over time. Other existing implementations carry out
a pyvrolysis stage, which 15 then followed by a catalylic conversion stage to convert higher
hydrocarbons mito lower hydrocarbons, However, such implementiations continue to suffer
from the usc of elevated temperatures and large amounts of cnergy during the mnitial pyrolysis

stage.
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{3005] Thermo-catalvtic cracking typically refers 1o a process of converting higher
hydrocarbons mto lower hydrocarbons 1o the presence of a set of catalysts, such that the
process can be carried out at lower temperatures than those typically mvolved n pyrolytic
cracking. There have been a few unsuccessful attempts 10 mcorporate thermo-catalviic
cracking in a commercially viable plant that can convert higher hydrocarbons mto lower
hydrocarbons. There are a number ol unresolved technical challenges faced by existing
implementations, mchuding handling more than one type of feedstock, rendering the process
substantially continuous, determining a compostiion ol 4 set of catalysts for optimal vield at
lower cracking temperatures, delivery of feedstock mto a cracking device, removal of residuc
from the cracking device, and tuning the quality and guantity of resulting ond products. In
addition, thermo-catalytic cracking poses a number of process design challenges, such as
designing a cracking device to achieve optimal heat {ransier arca, selection of a heating
rmedium, avording or reducing under-ulthzation of heat transier area typically encountered
a batch processing mode due to depleting level of feedstock, effective removal of residuc n
the cracking device that can lead (o poor heat transier, and mitigating coke formation on a
heat transier surtace of the cracking device. These challenges hmder the ability to scale up
cquipment size for commercially viable plants,

{3006] It 15 agamst this background that a need arose to develop the process for

thermo-catalytic cracking and related devices and systems described heren.

SUMMARY

U607 Certain aspects of the wmvention relate {0 a batch, senm-continuous, or
substantially continuous process for the conversion of higher hydrocarbons imto lower
hydrocarbons.  In one embodiment, the process mcludes: (a) providing a feedstock m the
{orm of higher hvdrocarbons and mcluding at least one solid raw material and at least one
lguid raw material and converting the {eedstock mto a liguid or a semu-liguid phase; (b)
bringing a femperature of the feedstock (o a prescribed level; (¢} cracking the feedstock m the
presence of a first set of catalysis at a tempcerature lower than a natural pyrolysis temperature
of the feedstock; {d) evaporating the cracked {eedstock 1nto a gaseous phase; (¢) restructuring
the cracked feedstock in the gascous phase in the presence of a second set of catalysts {o
produce a restructured gaseous product; (I} condensing the restructured gaseous product {o

produce a desired end product; and {g) removing unevaporated and uncracked residucs,
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{Other aspects of the mvention relate to devices and systems for carrying out the conversion of
higher hydrocarbons mio lower hyvdrocarbons.

HOGG8] In another embodiment, the feedstock includes a mixture of the solid raw
raaierial and the liguid raw material.

HI00% In another embodiment, the solid raw matenial includes at {ecast one of waste
plastics, petroleum sludge, tar sand, used tires, and petroleum residue, and the hgmd raw
material wcludes at east one of used oil, vegetable oil, furnace oil, slope oil, heavy o, and
refinery residual o1l

{3010} In another embodiment, cracking the feedstock i {¢) 18 carried out using a

3011] In another erobodimaent, the thin-film cracking device creates a thin film of the
fcedstock using at least one of wiping, spraving, falling film, rising {ilm, and a rolier
rpechanism.

{3012} In another embodiment, the thin-film cracking device includes the first sct of
catalysts in a coated form on surfaces that are 1 contact with the feedstock.

18013] In another embodiment, the thin-filny cracking device 18 configured to provide
cnhanced contact arca between the first set of catalysts and the fecdstock and enhanced heat
transfer {0 the feedstock.,

13014} In another embodiment, the thin-{ilm cracking device 1s configured o provide
substantially continuous contact of the {irst set of catalysis with a heat transfer surface and
with a thin film of the feedstock.

81S] In another embodiment, the thin-film cracking device mceludes a mechanism o
remove the cracked feedstock in the gaseous phase.

13016] In another embodiment, restructuring the cracked feedstock n {¢) 18 camed
out using a catalytic converter including the second set of catalysts,

130171 In another embodiment, the feedstock 1s pre-conditioned by al least one of
remyoval of mosture and umpurities, washing, dissolving, filtering, breaking, chopping,
icaring, crushing, grinding, and pulverizing,

H3018] In another erabodiment, converting the {eedstock nto the liguid or the sen-
liguid phase mn {(a} 1s carried out using a vessel, and the pre-conditioned feedstock is
transferred mio the vessel by at least one of pressure, gravily, vacuum, pump, SCrew

conveyor, and belt,
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{3019 In another embodiment, the pre-conditioned {cedstock in the wvessel 1s
converied mto the hgud or the serm-liquid phase by at least one of heating, dissolving,
cmulsifying, and breaking.,

{3028] In another ernbodiment, the feedstock s purged with an mnert gas or a nuxture
of mert gases,

(3021] In another embodiment, the {eedstock 1s purged with a material to improve
reactivity of the feedstock.

{00221 In another embodiment, undesirable solids, hquads, and gases are removed
from the feedstock by at least one of setthng, vaporizing, and condensing.

{30231 In another embodiment, converting the feedstock into the hiquid or the semi-
liguid phase wn (a) 1s carried out using a vessel, cracking the feedstock m (¢} 15 carried out
using a thin-film cracking device, and the feedstock 1s transierred from the vessel to the thin-
film cracking device via a temperature controlled beatmg device.

130241 in another embodiment, cracking the {eedstock in (¢} 1s carried out using a
thin-film cracking device, and the first set of catalysts 1s provided n the thin-film cracking
device by at lgast one of dosing, injecting, ejecting, providing the first set of catalysts as a
liguid, a solid, or a slurry, suspending, retaming, and coating.

3025] In another embodiment, the first set of catalvsts 13 selected from silicates,
oxides, carbides, hydroxides, carbonates of Na'™, Ca*", AP, Fe7, Co™", Ni*7, Mn™", Zr¥, T,
WO Mg™, VO, O, Se™, Ze”T, CetT LT, KO, Mo, G, SV, CdY, and Ba™', wetals of
Ag, Pt, and Au, natural and synthetic zeolites, Fuller’s carth, activated charcoal, mixtures of
the above, and nanoparticles or powders of the above.

{30261 In another embodiment, the feedstock m the thin-film cracking device 1s
heated n the presence of the first set of catalysts to a level sufficient 1o ¢rack the {eedstock
and evaporate the cracked feedstock.

{3027] In another embodiment, cracking the fecdstock m (¢) 18 carried out using 4
thin-film cracking device, and removing uncvaporated and uncracked residues in {g) mcludes
transferrmg the resaducs n the thin-film cracking device to a bottom of the thin-film cracking
device,

H028] In another embodiment, the residues are transierred from the bottom of the
thin-film crackimg device {0 a residue receiver vessel.

{30291 In another embodiment, at least a portion of the residues 1s transferred from

the residue recerver vessel 1o a separate vessel via a temperature controlied device.
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{3030] In another embodiment, evaporating the cracked feedstock 1 {d) is controlied
by a pressure and lemperature countrol device.

18631] In another embodiment, restructuring the cracked {ecdstiock m () 1s carried
oul using a catalviic converter mcluding the second set ol catalysts, and the catalylic
convertor 1s configured for molecular restructuring of the cracked feedstock.

13032] In another embodiment, cracking the {ecedsiock m {(¢) 18 carried outl using a
thin-film cracking device, and at least a portion of the restructured gaseous product s
transferred back to the thin-film cracking device.

{3331 In another embodiment, the second set of catalysts includes multiple catalysts
that are provided in the catalytic converter.,

1 3034] In another embodiment, the second set of catalysts 1s provided m the catalytic
converter by at least one of dosing, mjecting, gjecting, providing the sccond set of catalysis as
a hquid, a solid, or a slurry, suspending, retaimng, and coating.

{3035] In another embodiment, the second set of catalysts i1s selected from siiicates,
oxides, carbides, hydroxides, carbonates of Na', Ca*", A", Fe' Co™ ", Ni™™, Mn™", Zr*", T,
WO, Me™T, VL O, Sn, Zn?T, CetT, LT KO, Mo, o, 81T Od”T, and Ba®l, metals of
Ag, Pt, and Au, natural and synthetic zeolites, Fuller’s carth, activated charcoal, mixtures of
the above, and nanoparticles or powders of the above.

13036] In another embodiment, condensing the restructured gaseous product i {f) 1s
carried out using a fractionating column {0 achigve sgparation of the deswed end product by
condensation through controlied tempcerature and pressure.

{3837] In another embodiment, the deswed end product mcludes a set of lower
hydrocarbons in hiquid form,

3038 In another embodiment, the desired end product mmcludes a set of uncondensed
aases.

[3039] In another embodiment, at icast a portion of a condensate 1s transferred back o
the {ractionating column {or finer separation.

3040] In another embodiment, at least a portion ol a condensate 1s transierred to a
storage vessel via a temperature controlled cooling device,

(8841] In another embodiment, uncondensed gases are passed through a scrubbing
device,

13042 In another cmbodiment, the scrubbed gases are transierred {0 a storage vessel

through controlled temperature and pressure.

A
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{3843] In another embodiment, the storage vessel imcludes a pressure vessel or a tank.,

13044] In another embodiment, the siorage vessel 15 mamtamed at a desired pressure
and a desired temperature by a controller.

{3845] In another embodiment, at least a portion of the scrubbed gases 1s transierred
from the storage vessel to a flaring device.

[3046] In another embodiment, at least a portion of the scrubbed gases 1s fransierred
{rom the storage vessel to a heating device for use as a fuel.

[3847] Embodiments of the mmvention address a number of previously unresolved
technical challenges and provide a number of benefits, wcluding:

{1} handling a variety of feedstocks, including mixturces of hiquid raw matenials
and solid raw matenals, in one process and one system;

{2} periorming thermo-catalyvtic cracking at a lower temperature than a natural
pyrolysis leraperature of a particular hydrocarbon;

(3} umplomenting devices and systems to carry out a substantially continuous
process that can achieve thermo-catalyviic cracking ol a vanety of feedstocks, mcluding those
in mixture formg

(4} implementing devices and systems o carry oul 4 process having a higher
rate of heat transfer and fuller utilization of heat transier surface, while retaining all three
components, namely foedstock, heat transier surface, and a set of catalysts, in close contact;

(S} ethiciently removing undesired smpurities and mowsture;

{6} pre-conditioning of feedstock for controlled dosing:

{7} maproving heal transier capacity of feedstock;

(8} implementing devices and systems having at lecast one of the following

{eatures:

s controlied and substantially continuous dosing of {cedstock nto a
cracking device

¢ substantially continuous utihization of most, or all, of a heat transfer
surface of the cracking device

¢ achieving oplimum flow rate or velocity of feedstock over the heat
transier surface

s substantially continuous romoval of residues irom the cracking

device

o
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e subsiantially continuous removal of lower hydrocarbon vapors and
off-gases from the cracking device
e conirolicd pressure and temperature environment in the cracking
device
e higher cracking rate achieved in the cracking device
e structurally reforming cracked hydrocarbons o tmprove the quality
ol a resuliimg end product
e providing different catalyst compositions and strengths of catalysts
at different stages of catalytic conversion
048] (Other aspects and embodiments of the invention are also contemplated. The
foregoing summary and the ifollowing detailed description are not meant {0 restrict the
mvention to any particular erabodiment but are mercly meant {0 describe some embodiments

of the mvention.

BRIEF DESCRIPTION OF THE DRAWINGDS

30491 For a better understanding of the nature and objects of some ecmbodiments of
the mvention, reference should be wmade to the following detatled description taken in
comjunction with the accompanying drawings,

050] FIG, 1 1s a2 schematic overview of a thermo-catalyvtic cracking sysiem
inciuding four main subsystems denoted by boxes with dashed lincs, according {0 an
embodiment of the mvention,

F0651] FiG. 2 15 an enlarged view of subsystem-51 of FIG. 1, which primarily carries
out operations related {o pre~treatment and transportation of {eedstock m accordance with an
embodiment of the mvention.

3052] FIG. 3 15 an enlarged view of subsystem-52 of FIG. 1, which primarily carries
out operations related to dehydration and removal of lower hydrocarbons {from feedstock n
accordance with an embodiment of the invention.

53] FIG. 4 15 an enlarged view of subsystem-S3 of FIG. 1, which primanly carries
out operations related to thermo-catalytic cracking and restructuring in accordance with an

embodiment of the mvention.
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{3034] F1G. 5 15 an enlarged view of subsystem-54 of FIG. 1, which primarily carries
oul operations related to fractionation, condensation, and extraction of various categories of
fuels 1n accordance with an embodiment of the mvention.

OSS] FIG. 6A, FlG, 6B, and FIG, 60 diustrate a thin-hibm cracking device
implemented i accordance with an ecmbodiment of the mvention.

13056] FIG. 7 iliustrates a gas chromatogram ndicating relative proportions of carbon

chain {engths within a fuel produced m accordance with an embodiment of the invention.

DEIAILED DESCRIPIION

Dlefinitions

1 O057] The following detintions apply 1o some of the aspects described with respect
to some embodiments of the mmvention. These definitions may hikewise be expanded upon
heremn.

{3058] As used herein, the singular terms “a,” “an,” and “the” mnclude plural referents
uniess the context clearly dictates otherwise. Thus, for exampie, reference to an object can
inciude multiple objects unless the context clearly dictates otherwise.

0591 As used herein, the torm “set” refers to a coliection ol one or more objects.
Thus, tor example, a set of objects can include a single object or multiple objects. Objects of
a set also can be referred to as members of the set, Objects of a set can be the same or
dufferent. In sorue mstances, objects of a set can share one or more common characieristics.

0868] As used herein, the term “adjacent” refers 1o being near or adjoining.
Adjacent objects can be spaced apart from one another or can be m actual or direct countact
with one another. In some mstances, adjacent objects can be connected to one another or can
be formed mtegrally with one another.

0611 As used herein, relative terms, such as “inner,” “mtenor,” “outer,” “exterior,”
. p/ y;

2% % 2% 6w i B 4

‘bottom,” “lront,” “back,” “upper,” “upwardly,” “lower,

L B A Y SR

“top, downwardly,” “vertical,”

7Y 6é Y,

“verticatly,” "lateral,” “side,” “laterally,” “above,” and “below,” refer to an onentation of a
set of objects with respect to one another, such as in accordance with the drawings, but do not
require a particular onentation of those objects during manufacturing or use,

HO(62] As used herein, the terms “connect,” “connected,” and “conncction” refer to
an operational coupling or hinking, Connected objects can be directly coupled to one another

or can be mdirectly coupled 1o one another, such as through another set of objects.
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{30631 As used hercin, the torms “substantially” and “substantial” reier to a
considerable degree or exient. When used m conjunclion with an event or circurnstiance, the
terms can refcr to nstances i which the ovent or circumstance occurs precisely as well as
instances m which the event or circumstance occurs to a close approxumation, such as
accounting for typical tolerance levels or variability of the embodiments described herein.

18064] As used herein, the term “hvdrocarbon” refers to an alkane, an alkene, an
alkyne, an arene, or a combination thereof., The term “lower hydrocarbon” refers to a lower
form of an alkanec, an alkene, an alkyne, an arcne, or a combination thercof, while the term
“higher hydrocarbon™ refers to a higher torm of an alkane, an alkene, an alkyne, an arene, or
a combination thereof,

3065] As used herewn, the torm “alkane” relers {o a saturated hyvdrocarbon molecule,
The term “lower alkane” refers 1o an alkane that includes from 1 to 25 carbon atoms, such as
from 8 {0 25 carbon atoms, while the term “hugher alkane” refers Lo an alkane that mcludes
more than 25 carbon atoms, such as from 25 to 100 carbon atoms. The term “branched

alkane” refers to an alkanc that includes g set of branches, while the term “unbranched

-

A

alkang” refers to an alkane that 18 straighi-chamned. The term “cycloalkane” relers to an
alkane that includes a set of ring structures, such as a single ring structure or a bicyclo or
higher order cychic structure. The term “hetercalkane” refers 10 an alkane that has a set of i
carbon atoms replaced by a set of heteroaloms, such as N, &1, S, O, and P, The torm
“substituted alkane” refers to an alkane that has a setl of its hydrogen atoms replaced by a set
of substituent groups, while the torm “unsubstituted alkance”™ refers to an alkanc that lacks
such replacement. Corabinations of the above {erms can be used to refer 10 an alkane having
a combination of characteristics. For example, the term “branched lower alkane”™ can be used
to refer to an alkane that includes from 1 to 25 carbon atoms and a set of branches.

180661 As used herein, the termy “alkene” refers {0 an unsaturated hydrocarbon
molecule that mcludes a set of carbon-carbon double bonds, The term “lower alkene” refers
to an alkene that includes from 2 to 25 carbon atoms, such as from 8 to 25 carbon atoms,
while the term “higher alkene” refers to an alkene that includes more than 235 carbon atoms,
such as from 235 to 100 carbon atoms. The term “cycloalkene” refers 0 an alkene that
inciudes a set of ring structures, such as a single ring structure or a bicyclo or higher order
cyvelic structure.  The term “heteroalkene” refers {o an alkene that has a set of is carbon
atoms replaced by a set of heteroatoms, such as N, 81, 8, O3, and P. The torm “substituted

alkene” refers to an alkene that has a set of its hvdrogen atoms replaced by a set of substituent
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sroups, while the term “unsubstituted alkene” refers to an alkene that lacks such replacement,
Combinations of the above terms can be used o refer to an alkene having a combination of
characteristics, For example, the term “substituted lower alkene” can be used to refer {0 an
alkene thal inchudes from 2 {0 25 carbon atorns and a set of substituent groups.

{30671 As used heremn, the ferm “alkyne” refers 1o an unsaturated hydrocarbon
molecule that includes a set of carbon-carbon {ripic bonds. In some instances, an alkyne can
also include a set of carbon-carbon double bonds. The term “lower alkyne” refers to an
alkyne that includes from 2 to 25 carbon atoms, such as from § to 25 carbon atoms, while the
term “higher alkyne” refers to an alkyne that includes more than 25 carbon atoms, such ag
from 25 to 100 carbon atoms. The term “cycloalkyne” refers to an alkyne that mciudes a set
of ring structures, such as a simgle ring structure or a bicyclo or lugher order cychic siructure,
The term “heteroalkyne” refers to an alkyne that has a set of its carbon atoms replaced by a
set of heteroatoms, such as N, S1, S, O, and P. The term “substituted alkyne” relers to an
allcyne that has a set of its hydrogen atoms replaced by a set of substituent groups, while the
term “unsubstituted alkyne” refers to an alkyne that lacks such replacement. Combinations of
the above terms can be used to refer to an alkyne having a combination of charactenstics.
For example, the term “substituted lower alkyne” can be used (o refer to an alkyne that
includes from 2 to 25 carbon atoms and a set of substituent groups.

13068] As used herem, the term “arene” refers to an aromatic hydrocarbon molecule,
The term “lower arene” refers 1o an arene that mcludes {rom 5 to 25 carbon atoms, such as
from 8 to 25 carbon atoms, while the term “higher arene” refers to an arene that mncludes
raore than 25 carbon aloms, such as frorn 25 to 100 carbon atoms. The term “monocyclic
arene’ refers to an arenc that mcludes a single aromatic ring structure, while the term
“nmolveychic arene” relers (0 an arene that mcludes more than one aromalic ring siructure,
such as two or more aromatic ring structures that are bonded via a carbon-~carbon bond or that
arc fused together. The term “heteroarene” refers to an arene that has a set of s carbon
atoms replaced by a set of heteroatoms, such as N, Sy, 8, O, and P. The term “substituted
arene” refers to an arene that has a set of us hydrogen atoms replaced by a set of subsiituent
croups, while the term “unsubstituted arene” relers to an arene that lacks such replacement.
{_ombinations of the above terms can be used to refer to an arene having a combination of
charactenstics, For exaruple, the torm “monocyclic lower arene” can be used to refer to an

arene that includes from 5 to 25 carbon atoms and a simgle aromatic ring structure,
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Overview  of  Process  for Conversion of Higher Hvdrocarbons mtoe [ower

Hydrocarbons

13869] Described as follows 1s a process for the conversion of higher hydrocarbons,
such as m the form of waste plastics, petroleurn shudge, slope oul, vegetable oil, and so {orih,
into iower hydrocarbons, The lower hydrocarbons can be produced in the form of higuids,
sases, solids, or combinations thereof, and can be used for a variety of applications, such as
raw materials for mdustrial applications, fuels for industnial and domestic applications, and
raw materials for petroleum-based products. Advantageously, the process can be carried out
in a substantiaily contimuous manner for mmproved eificiency and throughput, thereby
rendering the process suitable for impiementation in commercially viable plants. However, it
is also contemplated that the process can be carned outl m a batch manner or a semi-
continuous manner.

{U70] In one embodiraent, the process s carried out via the followmg operations, It
should be recognized that cortain of the following operations can be omutted, combined, sub-
divided, or re-ordered.

30711 In one operation, a feedstock mcluding a set of raw materials 18 provided and
pre-conditioned to render it suitable for further processing, such as by removal of moisture
and umpurities, dissolving, filiering, breaking, chopping, tearing, crushing, grinding,
pulverizing, staining, healing or cooling, control of pressure, purging with gases, ligquids, or
soids, or combmations thereot. The feedstock, either betore or subsequent {0 pre-
conditioning, can mclude higher hydrocarbons i the form of hiquids, a slurry, sohid lumps,
blocks, sheets, picces, powders, particulates, tlakes, gases, or combinations thercol., In
certain implementations, the feedstock includes at least one solid raw material and at lcast
one haquad raw matenal. The solid raw material can mnchide wasie plastics, pelroleum sludge,
tar sand, used tires, rubber products, petroleum residue, or combinations thereof, and the
lquid raw maternial can mchude used oil, vegetable oil, furnace oil, slope oil, heavy o,
refinery residual oil, synthetic oil, edible o, or combinations thereof., Pre-conditioning 1s
carricd out to achieve onc or more of the followmng: {a) segregation of moisture and
impurities, such as metals, sand, vaud, clay, and wood; (b} decrease 1n viscosity and improve
flowability of the feedstock; {¢} mmprove thermal conductivity of the feedstock; and (d)
improve an etiective surface area of the teedstock for maproved heat transier.

{30721 In another operation, the pre-conditioned foedstock 1S conveyed to a vessel,

which can be referred as a melting vessel or chamber, by application of pressure, application
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of gravity, apphication of vacuum, pumps, screw conveyors, belis, magnetic devices,
vibrating devices, combmnations thereof, or any other wechanism for conveyance, The
conveyance of feedstock can be controlled to achieve a desired throughput and a desired level
of the {eedstock 1o the melting vessel. This can be achieved using a controller, which can be
mechanical, electrical, pncumatic, hydraulic, clectronic, or combinations thereof,  The
melting vessel can include a mechanism o achicve stirring, heaimg, cooling, flashing,
atomizing, or combinations thereof, The melting vessel can also mclude a mechanism 10
achieve recirculation of matenial, cvaporation, condensation, rclluxing, or combinations
thereol.  The wmelting vessel can have a varicty of shapes, such as cwucular, conical,
rectanguiar, square, cviindrical, annuiar, tubular, jacketed, or combinations thereof, Sturing
in the melting vessel can be achieved by a variely of mechamisms, such as mechamcal,
clectrical, pncumatic, hydraulic, or combmations thereof, The melting vessel can include a
single vessel or muultiple vessels that are mierconnected or used independently,

{3873] In another opceration, the fecdstock 1s processed in the melting vessel to
convert it into a hguid or semi-liquid phase or to reduce s viscosity, such as by heating,
dissolving, omulsifying, breaking, purging, or combinations thereof. {n certamn
implementations, the feedstock mcludes at least one sohid raw material and at least one hquid
raw material, and the solid raw material 18 dissolved or merged with the liquid raw material 1
a heated form, such as at a temperature m the range of about 150°C to about 25067C or about
1753°C 1o aboutl 223°C and at about atmosphenc pressure.  Dissolving 18 carned out {o
achigve one or more of the following: {a} decrease 1n viscosity and improve flowability of the
feedstock; (b) improve thermal conductivity of the feedstock; and {¢} improve an effective
surface area of the feedstock for improved heat transier. A resulting solid/hiquid mixture of
deswred proportions yvields a hqud or hagwd shurry, which can be kept m cwrculation and
delivered for subsegquent processing i a controlled and substantially continuous manner.

13074] In another operation, the feedstock 1s purged with mitrogen or another mnert gas
or with a mixture of wnert gases to substantially remove and replace oxygen from the melting
vessel, Alternatively, or in comjunction, the feedstock is purged with a suttable matenal, such
as a suitable gas or Liguid, to improve reactivily of the feedstock with respect to subsequent
thermo-catalytic cracking. Purging can be achieved by mjection, biowing, bubbling, mixing,
or combinations thereol

{3875] In another operation, undesirable materials, such as m the form of solids,

liguids, gases, or combinations thereot, are removed from the feedstock i a pressure and
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temperature controlled environment by a suitable mechanism, such as by setiling, vaporizing,
condensing, hltening, chemical reaction, coalescimg, adsorplion, or combmations thereot,
The pressure controlied environment can be achieved by, for example, a blower, a vacuum
pump, or combinations thercot, along with a coniroller.  The temperature controlled
environment can be achieved by, for example, a long tube evaporator, a condenser, a radiator,
or combimations thereof, along with a controller,

1 3076] In another operation, the feedstock 1s conveyed from the melting vessel {0 a
cracking device, which can be referred as a cracking vessel or chamber, via a femperature
controlied heating device. Conveyance to the cracking device can be achieved by, for
exampie, a direct or mdirect heat cxchanger along with a controlier. The feedstock in the
form of a Liguid or liguid shurry can be kept in circulation m the heat exchanger and dehvered
to the cracking device in a controlled and substantially continuous manner. This higud or
hguad shurry under circulation 1s desirably mamtamned 1o a turbulent zone where Revnolds
numbers are in the range of about 3,000 o about 20,000 or about 3,000 {o about 15,0600 for
etitcient heat transfer and to avoid or reduce hot spots and localized charring of hydrocarbon.,
This turbulent zone can be achieved by measuning a velocity or a flow rate of the feedstock
through the heat cxchanger and using viscositly and densily data tabulated for a varicty of
feedstock composition and associated temperature ranges. The tlow rate can be measured by,
for example, a flow mcier, and can be controlled through speed control of a pump.

{O077] In another operation, a set of catalysts 15 provided m the cracking device, such
as by dosing mnto the cracking device or making the catalysts available in the cracking device
by any other muechanism. For example, the catalysts can be provided wn the cracking device
by mjecting, ejecting, providing as a hiquid, a solid, or a slurry, suspending or retaining i the
cracking device, coating on any surtface or surfaces of the cracking device, or combinations
thereof., Examples of suitable catalysts for thermo-catalytic cracking include silicates, oxides,
carbides, hydroxides, carbonates of Na', Ca®’, AP, Fe'", Co™', Ni*", Mn™", Zr"", Ti'", W*7,

s 4 e ey A ey DA e 4 ‘T -+ - 3 o~ 2F o 4+ N 32+ - 2+
M, V7, O, S, Zn”, CeL L, KO, Mo, Cu™', 877, Cd, and Ba™', metals of Ag, Pi,

Au, and transition metals, natural and synthetic zeoliles, Fuller’s ecarth, activated charcoal,
mixtures of the above, and nanoparticles or powders of the above. For certamn
implementations, a desirable amount of the catalysts can be in the range of about 4.05% to
about 10% by weight or about (.1% {0 about 3% by weight, relative t0 an amount of the

cedstock included 1n the cracking device. The catalysis can be selected by, for cxample,

selecting a particular combination of the catalvsis by weight or by volume and selecting
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particular chemical compaositions and particular shapes of the catalysts in the form of powder,
lumps, granules, globules, nanoparticies, coatings, and s0 forth., For certain maplementations,
a desirable composition and proportion of the catalysts are as {ollows: about 53-45% by weight
of a set of silicates, aboul 0-43% by weight of a set of zeolites, about 0-13% by weight of a
set of transition metals, about 0-10% by weight of a set of metal carbides, about §-553% by
weight of a set of metal oxides, about §-15% by weight of a set of metal hydroxides, and
about -55% by weight of a set of mietal carbonates.

{30781 In another operation, the feedstock 1s heated in the cracking device and n the
presence of the catalysts to a level sufficient to crack the feedstock and evaporate resulling
products. Advantageously, heating can be carried out at a temperature lower than a natural
pyrolysis temperature of the teedstock, such as at a temperature in the range of about 273°C
to about 500°C or about 325°C to about 423°C and at about atmospheric pressure, Heating
can mvolve supplyving heat to the cracking device using a heating medium or source, such as
molten salt in close circulation, electrical heating, thermal oil system {or any other thermal
liguid system), steam, flue gases, induction healing, microwave, or combinations thercof,
along with a controlier,

13079] In another operation, uncracked and uncvaporated residues n the cracking
device are conveyed to a bottomy of the cracking device by, for example, gravity, wiping,
augur, rotary air lock valve, screw conveyor, or combinations thercot. The residucs are
conveved {rom the cracking device (0 a reswdue receiver vessel, and then conveyed from the
residuc recetver vessel 1o a separate storage vessel via a temperature controlled device, such
as by heating or cooling the residues using a heat exchanger, a radator, or combinations
thereof, along with a controlier.

1 O088] In another operation, cracked and evaporated feedstock 15 conveyed from the
cracking device to a catalvtic convertor for molecular restructuring mto desired products.
Conveyance of the cracked and cvaporated feedstock to the catalviic convertor can be
achieved by, {or exampile, suction through a duct, a pipe, or a tube, pressure, or combinations
thereof, along with a controlier. A set of catalysts 1s provided m the catalytic converter, such
as by dosing mto the catalylic converter or making the catalysts available i the catalytic
converter by any other mechanism. For example, the catalysts can be provided in the
catalviic converter by mjecting, ejecting, providing as a liquid, a sohd, or a slurry, suspending
or retamning in the catalvtic converter, coating on any surface or surfaces of the catalviic

converier, or combinations thercof,  Examples of suitable catalysts for molecular
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restructuring include silicates, oxides, carbides, hydroxides, carbonates of Na', Ca™, Al
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i, Cd™, and Ba™, metals of Ag, Pt, Au, and transition metals, natural and synthetic

zeolites, Fuller’s earth, acltivated charcoal, muxtures of the above, and nanoparticles or
powders of the above. Any romaining unstructured or heavy hydrocarbons can be transicrred
back to the cracking device for further cracking,

8081] In another operation, a resulting restructured product m a gas form 18
conveved from the catalviic converter to a fractionating column (o scparate desired end
products by condensation through conitrolled temperature and pressure. The restructured
product m the gas form can include hydrocarbon vapors, along with additional vapors of
water or additional hquads and gases. For certain implernentations, a portion of a resulling
condensate can be conveyed back to the fractionating column for fincr separation, such as by
rethiang of dillerent condensates avaiiable from the fractionating column or any other hguid
back to the fractionating column o achieve desired fractions.

3082] In another operation, the condensate 1s conveyed o a storage vessel or
chamber via a temperature controlied cooling device, such as by sub-cooling the condensate
to a deswred level for transferning and storing the condensate under sale conditions,
Conveyance can be achieved using, tor example, a heat exchanger, a radiator, or
combinations thereof, along with a controlier.

{O083] In another operation, uncondensed gases, which can include off gases, are
passed through a scrubbing device. Resulting scrubbed gases are next conveyed to a storage
vessel or chamber through controlled {emperature and pressure, such as using a pressure
regulating valve, a pressure control valve, a rupture disc, or combinations thereod, along with
a controller. The storage vessel can include a pressure vessel or a tank, which 18 mamtaimned
at a desired pressure and a desired tomperature by the controller. Excess gases from the
storage vessel can be released to a {lanng device. For certam implementations, a desired
amount of gases can be conveyed from the storage vessel to a heating device for use as a fuel
under controlled conditions, such as in connection with certain operations described above,
Convevance of the deswred amount of gases can be achieved through controlied temperature
and pressure, such as using a pressure regulating valve, a gas tramn, a governor, or

combinations thereot, along with a controlier,
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Dovices and  Svystems for Conversion of Higher Hvdrocarbons info  Lower

Hydrocarbons

13084] One of a varicty of thermo-catalyviic cracking systems for converting higher
hydrocarbons mio lower hydrocarbons s dlustrated 1o FIG. 1 through FIG. 5 and 158 described
in the following in accordance with an embodiment of the invention.

3085] Refermmg first to FIG, 2, hiqguad hydrocarbon raw materials are stored m a
storage tank or countamner 1, and a horwontal variable speed conveyor moves solid
hydrocarbon raw materials {rom a storage bin or stockpile 3 to a crusher 4. The crusher 4
reduces sizes of gver-sized solids mto a desired size, such as on the order of a few
centimeters or a few nudlimeters, An inclined chain convevor 5 next conveys the sized-
reduced solid materials from the crusher 4 {0 a hopper 6. Issues related to dust are expected
to be punimal, as mechanized conveyvors are used nstcad of pneumatic ones. Also, a dust
collector associaled with the crusher 4 can further ensure dust-free or dusi-reduced operation.
in the illustrated embodiment, a pump 2 conveys the hguid matenials, via a flow control
device FCV, from the storage tank 1 to a hold-up vessel 7, which acts as a vapor-liguid
separation chamber,

[0086] As illustrated m FIG. 2 and FIG. 4, the vessel 7 along with an exiernal tubular
vertical heat exchanger 9 form a long tube recirculation evaporator of the rising fidm type. A
recirculation pump § cnsures that the liguid materials are 1 substantially constant circulation
through tubes at an appropriate velocity for efficient transfer of heat with hdtle or no hot
spots, The hguid materials arc heated to a temperature of about 240°C by hot thermal o1l
senerated by a thermal ol heater 38 and curculated by a pump 39 through a shell side of the
heat exchanger 9. However, the temperature can vary depending on the type of solid and
liguid materials, and can be adijusted using a temperature control valve TCV. A primary heat
source for the thermal ol heater 38 are off gases stored 1 a vessel 29, which 1s tlhustrated n
FiG. 5, optionally supplemented by fuel {rom another source. The off gascs, along with any
supplemented fuel, are {ired into the thermal ol heater 38 by a burner 318,

{3087] The long tube recwrculation evaporator creates a hot pool of hgud
hydrocarbon, and the sohd matenals thal have undergone size reduction are wtroduced nlo
the vessel 7, via a flow control device FCV, where the solid materials are merged with the hot
pool of hqud hvdrocarbon and are substantially dissclved theremn, This solid/hqud mixture
of destred proportions vields a higuid or liguid shurry, which can be kept in circulation via the

recirculation pump 8 through the heat exchanger 9 and the vessel 7. Viscosity of this hgud
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or iiquid shurry 1s maintained such that its fiow rate or velocity through the heat exchanger 9
is 1 a turbulent region {0 enhance heat transfer, To mamiamn the desired viscosity, a
temperature and a composition of this liguid or hguid slurry are automatically adjusted by
control devices TCV. To maintaim the desired turbulence i the heat exchanger 9, a capacity
of the recircuiation pump 8 can be modulated by speed control. Control over proportions of
soiwds/higuids, temperatures, and capacily modulation of the recirculation pump & provides
desrable pre-conditioning of the feedstock (o mitiate thermo-catalytic cracking.

[3088] Relerring to FIG. 3, an mort gas or a muixiure of mnert gases {rom a container
44 15 conveyed by a pump 43 mio the vessel 7 to mamtain a substantially oxygen-free
atmosphere n the vessel 7. A rate of pumping 1s conirolled by a conirol device {not
diustrated). Addition of an mert gas 18 desirable at or near the beginning of the process {o
avoid or reduce oxidation. A reactive gas or liguid m a container 46 1s conveved by a pump
47 to the vessel 7 1 adequate quanlity to promote cracking of duierent types of
hydrocarbons.

1 0089] Waler vapors and vapors of hydrocarbons with carbon chain distribution in the
range of C1 to (13 are liberated {rom the vessel 7, and are cooled in a condenser 10, (Gases
of highter fractions shorter than C4 and non-condensable gases are separated 1 a reflux drum
tl, which 1s connected {0 an incinerator 16, where these gases are {lared, bottled, or used as
tuel for heaters, Condensed higuid mcludmg water and hvdrocarbons with carbon cham
distribution between €5 and C13 18 conveyed by a pump 12 {0 a vessel 13, where separation
occurs through differences in densities. Separated fractions are then conveyed to respective
storage tanks 14 and 15,

{3080] Referning to FIG. 4, unevaporated liguid, which 1s at about 240°C and mcludes
primarily higher fractions with carbon cham distribution mn the range of Cl4 1o €530 or even
higher, passes to a heat ¢xchanger 17 and 1s heated to about 340°C by hot thermal oil.
However, the temperature can vary depending on the tvpe of hydrocarbons and their relative
proporiions,

100911 A liguid or higumd slurry exating the heat exchanger 17 1s conveyed o a
cracking device 18 in a controlled and substantially continuous manner using a {low control
device FUV. The cracking device 18 1s designed with a number of advantageous features,
including being equipped with a rotating device that ensures umiform transier of pre-heated
iiquid hydrocarbon onto a heat transier surface of the cracking device 18, The design of the

cracking device 1§ allows cracking on a microscopic level by creating a very thin and

1"'}‘
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substantially continuous film of the hiquid or higuid slurry feedstock 1 mtimate contact with a
set of catalysts and with the heat transier suriace, such that thermo-~catalvlic crackimg ocours
in the thin film 1n an efficient manner. For cxample, the thin film of the hiquid or hqud
shurry feedstock can have a thickness in the range of about 10 nm {0 about 3 mm, in the range
of about 100 nm fo about 1 mm, or in the range of about 1 um to about | mm. In
conmjunction, uncracked residues are conveved to a bottom of the cracking device 1§, such
that the heat transfer surface 18 substantially continuously renewed tor nucroscopic level
cracking of additional higumd or higuid slurry {eedstock that 15 miroduced mto the cracking
device 18. Iun such manner, the design of the cracking device 18 allows substantially
continuous cracking of a muxture of sobid and hguid hydrocarbons, without reguiring
switching of multiple cracking devices or the use of standby cracking devices,

183892] One of a varicty of implementations for the cracking device 1¥ 1s ilustrated m
FIG. 6A and FIG. 68 and 15 described m the foliowing m accordance with an embodiment of
the vention.

{30931 The cracking device 18 illustrated m FIG. 6A and FIG. 6B 15 a thin-film
cracking device and mcludes a jacketed vessel or housing 65, which houses a rotating {an-
like structure 62 that can be referred as a blade assembly. The blade assembly 62 s part of a
rotor, which also mncludes a rotor shaft 59, a top disk 64, a sct of wiping blades 63, and a flash
cuard 64. The rotor 18 driven by a molor 51, which 1s connected to the rotor shafi 59 through
a gearbox 52, a coupler 34, and a mechanical seal 35, A housing 53 encloses the coupler 54
and the seal 55. A {op plate or lid 56 provides top covering for the jacketed vessel 65, In one
aspect of the illustrated embodiment, the blade assembly 62 mcludes an assembly of
channel/angle beams in a substantially circular shape with particular orientation, spacing, and
quantity of the beams to yield a fan-hike structure. One purpose of the blade assembly 62 1s
to provide suction for vapors {formed durning catalyst-assisied cracking of feedstock, which
occurs on an mternal surface of the jacketed vessel 65 and m an annular region between the
jacketed vessel 65 and the blade assembly 62. The blade assembly 62 also houses the wipmg
blades 63 that arc implemented with particular material, size, shape, and number. The wiping
blades 63 can slide freely in a radial divection (relative to an axis exiending between the top
and the bottom of the jacketed vessel 65) under contripetal force gencrated by rotation of the
blade assembly 62. During rolation, the wiping blades 63 are torced against the niernal
surface of the jacketed vessel 65, In such manner, the wiping blades 63 can substantially

continuousty wipe {eedstock droplets splashed on the wternal surface of the jacketed vessel
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65, 'This wiping action of the blades 63 under pressure maintains a thin film of feedstock on
the mternal surface of the jacketed vessel 65.

0894] Stull reforning to FIG. 6A and FiG, 0B, a molten or hiquetied feedstock 1s
delivered mito the jacketed vessel 63 through a set of nozzies 38, This ligud or semi-higuid
ecedstock falls on the top disk 60, which has a side wall with V-shaped notches. The
feedstock 1s dehivered onto the miternal surface of the jacketed vessel 65 through a spilling or
spiashing mechanism through these V-shaped noiches under centripetal force. A varety of
other designs can be used 1 place of, or in conjunction with, these V-shaped noiches, such as
siots, slits, holes, and so {orth. Once deposited on the internal surface of the jacketed vessel
65, the feedstock 1s substantially continuously wiped in a generally upward direction by the
wiping blades 63. Various implementations for the wiping blades 63 are illustrated wn FIG.
6 in accordance with an cmbodiment of the mvention. As can be appreciated, the wiping
blades 63 have generally upward duoected grooves that can spread the feedsiock generally
upwards against gravity, such as at angles 1n the range of about { to about 90 degrees, about 5
to about 30U degrees, about 10 to about 45 degrees, or other positive angular orientations
relative 1o a hornizontal plane. It should be recognized that the mmplementations dlustrated in
FIG, 60 are provided by way of example, and a variety of other umplementations are
contemplated.

3095] Refermng back to FIG. 6A and FIG. 6B, a residence time and a reaction time
of the feedstock m the jacketed vessel 65 can be controlled by a variety of {factors, such as
rotor speed, dosing rate of the feedstock, design of grooves, design of the blade assembly 62,
and so forth., The flash guard 64 whibits or prevents any solid residue formed duning
catalyst-assisted cracking, such as carbon particles formed on the internal surface of the
jackeled vessel 65, from contaminating a resulting cracked vapor phase, which 1s conveyed
into ap annular region of the rotor, This vapor rises through a set of vapor outlets 61 and then
through a nozzle 57, A sohd or semi-solid residue formed during cracking falls to a bottom
plate of the jacketed vessel 65, which has an inchination angle to allow the residue to flow 1o
one ¢nd of the jacketed vessel 65. Once at that end, the residue 18 conveved by a suitable
mechanism, such as a screw conveyer, 1o remove the residue on a substantially continuous
basis. As ilustrated m FIG. 64, the jacketed vessel 65 also mcludes a dish-shaped end at its
bottorn, which provides an annular region below the mclined bottom plaie, and mcludes an

additional heating medium to maintain the residue at a desired temperature {or conveyance,
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{3086 Turning back to FIG. 4, a set of catalysts 1s provided or made avatlable to the
cracking device 18 by substantially confinuous dosimmg, such as via a pump. Dosing can be
achieved 1n a controlied matter by a flow control device. There 1s also a provision for coating
of mner surfaces of the cracking device 18 by a desired set of catalysts,  For cerlam
implementations, either, or both, of the heat transfer surface and the rotating device {or a
spraying, falling film, rising film, roller, or any other mechanism used to create a thin fiim as
well as convey uncracked residucs towards the bottom) can be coated with a set of catalysts.
in another aspect of the design of the cracking device 18, a set of catalysts can be made
avalable throughout a transition from a hguid or hquud shurry to various cracked fractions of
hydrocarbons, and a composition and relative proportions of the catalysts can vary at
different locations within the cracking device 18, depending upon a composition of cracked
hydrocarbons at a particular location, thercby achieving higher cracking vields. For exampie,
a composition and relative proportions of the catalysis can vary from top {o bottom, with a
higher dosing or amounts of certain ones of the catalysts at the bottom relative to the top.

(30971 The cracking device 18 18 mamtamned under a nitrogen {or any other mmeort gas}
blanketing so as to substantially exclude oxygen and other atmospheric gases. The cracking
device 18 1s thus substantially purged of oxidizing gascs and 18 pressure-controlied. To
achieve thermo-catalytic cracking, the cracking device 18 18 heated to a range of about 400°C
to about 420°C by a molten salt heating medium, which can include an cutectic mixiure of
water soluble morganic salis of potassium nibrate, potassium nitnile, and sodium nitrate. The
heating medium is provided from a heater 40 and circulated by a pump 41 11 a closed circuit,
A primary heal source for the heater 40 are off gases stored in the vessel 29, which 1s
itiustrated m FIG. 5, optionally supplemented by fuel from another source. The off gascs,
along with any supplemenied fuel, are fired mio the heater 40 by a burner 31A, A dump tank
42 s mcluded {or storage of molten salt, and 1s heated with a heating coil using thermal o1l
from the thermal o1 heater 38 at the time of mitial start-up and at the time of shut-down. A
pump 43 conveys the molten salt to the heater 40 at start-up,

(098] Cracked hydrocarbons in a gaseous form are conveyed for molecular
restructuring as further described below, Residues and contamunants, which are substantially
continuousiy removed from the heat transter surface of the cracking device 18, are recovered
in the form of a semu-solid or shury from the bottom of the cracking device 18, These

residucs are cooled 1 a heat exchanger 32, conveved to a recetver 35, and then conveyed by
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a pump 30 10 a container 37, Alternatively, or 1 conjunciion, these residues are conveyed
viga a serew conveyor 33 1o a recerver 34,

18899] The catalysts used in the cracking device 1Y typically assist i cracking of
carbon chams longer than €235, and a resulting cracked material passes to a catalyiic
converter or reformer 19, which 1s mamntained at a desired temperature by a temperature
control valve and a controller. The catalviic converter 19 includes a set of catalysts to reform
short carbon chains, such as those shorter than 6. By operating in conjunclion, the cracking
device 18 and the catalytic converter 19 can produce a fuel composition with a carbon cham
spanning C8 to 25, A wmajonty of resulling hydrocarbon molecules can mclude sixieen
carbon atoms per molecule, and can satisty the criteria of commercially acceptable fuel, such
as commercially acceptabie diesel fuel,

30160} Referring next to FIG. 5, vapors exiting the catalytic converter 1Y are
conveyed to a fractionating column 20, where the {ollowing four streams ol end products are
separated: (1} Gasecous stream of non-reformed iractions or off gases, with carbon chain
distribution 1 the range of Cl {0 €4 {hydrocarbons with carbon chain distribution in the
range of C5 to 7 can be mchuded m this stream, another stream described below, or as a
separate stream); (2) Fuel with carbon cham distnbution 1 the range of C¥ o (13,
conforming generally to gasoline {petrol} or kerosene; {33 Fuel with carbon chain distribution
in the range of C14 to C20 and peaking at about C16, conforming gencrally to diesel; and (4}
Heavy fuel with carbon cham distribution m the range of C20 to €25,

130101] Off cases cxiting a top of the fractionating column 20 are cooled by a heat
exchanger 23, and are conveyed through a scrubber 26, where the gases are scrubbed with an
atkaline solution or a caustic solution and circulated by a pump 27. The cooled and scrubbed
gases are next conveyed by a pump 28 and stored m a reservorr 29, A pressure control valve
PCV regulates a pressure of the reservotr 29, and excess gases are released to a flaring device
38, The reservoir 29 also serves as a fuel source for the bumers 31A and 31B, which were
previously described with reference to FiG. 4.

30102 Retormng to FIG. 5, the other fuel streams are condensed m respective
condensers 21A, 218, and 21, and are then conveved to respective rellux vessels 224, 228,
and 22{. A portion of a condensate in each stream 1s refluxed back to the {ractionating
column 20, while remammng distiilates (overhead products) are conveyed {0 storage tanks

24A, 248, and 24C, assisted by pumps 23A, 23B, and 23C. Although the fractionating
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colunm 20 15 thustrated as producing four streams or {ractions, more or {ess streams can be
collected and stored depending upon the particular application.

130163} Laboratory analysis indicates that resulting fuels arc consistent with the
criferia for commercially acceptable tuel, such as m terms of carbon cham distnibution with a
peak occurrence of C16 molecules. A flash point of the fuels can be in the range of about
15°C to about 60°C, and blends of the fucls can vield various mdusirial fucls with desirable
{lash pomts,

[0104] In some mmstances, charactenstics of resulting fuels can be dependent upon
types of raw materials used, as the raw materials can vary o thew molecular structures. In
one instance, a mixture of 10% by weight of waste oil, 40% by weight of high density
polyethvlene (HDPE), and 40% by weight of low density polvethylene (LDPE)Y yviclded a
resulting product with the results of Table 1 that are expressed in % by weight {approximate).
FIG, 7 dlustrates a gas chromatogram of the resulfing product.

Table 1

Non-condensable gases I
Fraction U8 1o C13 l
Diesel Ci4 — 20 .
Fraction C20-C25 I
Residue .

{00165 While the mnvention has been described with reference to the speciiic
cmbodiments thereof, it should be undersiood by those skilled 1o the art that various changes
may be made and equivalents may be substituted without departing from the true spirit and
scope of the mvention as defined by the appended claims. In addition, many modifications
may be made to adapt a particular situation, material, composition of matter, method, or
process to the objective, spirit and scope of the imvention.  All such modifications are
intended {0 be within the scope of the claims appended hereto.  In particular, while the
methods disciosed herein have been described with reference to particular opcerations
performed m a particular order, i will be understood that these operations may be combimned,
sub-divided, or re-ordered to form an cquivalent method without departing from the teachings
of the mvention. Accordingly, unless specifically mdicated herein, the order and grouping of

the operations are not limttations of the wmvention.
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What 15 claimed 1s:

i. A process for converting higher hydrocarbons into lower hydrocarbons, comprising:

providing a feedstock mcluding higher hydrocarbons wn the form of at least one sohid
raw material and at {east one liquid raw material;

converling the feedstock mito at least one of a hquid and a hquid slurry;

cracking the feedstock, mn the presence of a first set of catalysts and at a {emperature
in the range of 275°C to 300°C, to produce a cracked feedstock 1 a gascous phase, wherein
cracking the {eedstock mnchudes creating a thin {ilm of the feedstock;

restructuring the cracked feedstock, in the presence of a second set of catalysts, to
produce a restructured gaseous product; and

condensing the restructured gaseous product to produce a desired end product
including lower hydrocarbons.,
2. The process of clamm 1, wherein converting the feedstock mcludes merging the solid

raw material with the bigud raw material in a heated form.

3. the process of clatm 2, wherein merging the solid raw material with the hguid raw

matenal is carnied out at a tomperature m the range of 150°C to 250°C.,

4. The process of claim 1, wherein converting the feoedstock i1s carried out using a
mclting vessel, cracking the feedstock 18 carnied out using a cracking device, and further
comprising {ransferring the feedstock {from the melting vessel 1o the cracking device via a

heat exchanger.

3. The process of claim 4, wherein transterning the feedstock mmcludes mamtamming the

feedstock in a turbulent zone.

0. The process of claim 3, wherewn the feedstock mn the turbulent zone has a Reynolds

number in the range of 5,000 to 26,000,

7. the process of claim 1, whercin cracking the {fcedstock 1s carried out at the

teraperature wn the range of 32570 1o 425°C,

.
4
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8. The process of claim 1, wheremn cracking the feedstock 1s carned out using a thuin-film

cracking device.

3. the process of claim &, wherein cracking the feedstock imcludes operating the thin-
{ilm cracking device to creale the thin {ilm of the feedstock adjacent 1o a heat transier surface

of the thin-film cracking device.

1.  The process of claim 9, wherein the thin-film cracking device mcludes a rotating
device, and operating the thin-film cracking device mcludes operating the rotating device to
create the thin film of the feedstock and to remove uncracked residues {rom the thin-fiim

cracking device,

{1, The process of claim 9, wheremn the thin-film cracking device includes the first set of

catalysts 11 a coated form adjacent to the heat transfer surface.

12, The process of claim &, wherein at least a portion of the restructured gascous product

1s transferred back to the thin-film cracking device.

13, The process of claim 1, wheremn restructurmg the cracked feedstock 1s carmred out

using a catalytic converter mciuding the second set of catalysts.

{4,  The process of claim 1, whercin condensing the restructured gaseous product is

carried oul using a {ractionating column o separate the desired end product.

15, A crackmmg device for converting higher hvdrocarbons mio lower hydrocarbons,
COMPrising:
4 jacketed vessel including a top, a botiom, and an internal surface;
a blade assembly housed in the jacketied vessel and mnchuding wiping blades adjacent
to the internal surface of the jacketed vessel; and
a motor connecied to the blade assembly and configured (o rotate the blade

assembiy,
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wherein the jacketed vessel 1s configured to receive a feedstock adjacent to the top
of the jackeled vessel, and, upon rotation of the blade assembly, the wiping blades are
configured to spread the foedstock to creale a film of the feedstock adijacent to the mternal

surtace of the jacketed vessel.

16,  The cracking device of clamm 15, wherein, upon rotation of the blade assembly, the
wiping blades are configured to shide v a radial direction towards the wnternal surface of the

jacketed vessel.

t7.  The cracking device of claim 15, wherein, upon rotation of the blade assembly, the

wiptng blades are configured o spread the [eedstock wn a generally upward direction,

18, The cracking device of claum 17, wherein at least one of the wiping blades mmcludes a

groove having a positive angular orientation relative to a horizontal plane.

19, The cracking device of claim 13, wherein the jacketed vessel further mcludes a
coating adjacent {o the miernal surface of the jacketed vessel, and the coating includes 4 set

of catalysts to promote cracking of the feedstock.

20, The cracking device of claim 13, wherein the jacketed vessel 13 conligured such that
cracked feedstock is removed adjacent to the top of the jacketed vessel, and uncracked

residues are removed adjacent to the botiom of the jacketed vessel.
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