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HEAVY HYDROCARBON REACTOR

CROSS-REFERENCE TO RELATED PATENT APPLICATIONS

{80811 This patent application clatims the benefit of ULS. Provisional Patent Application No.
61/478,252, titled “Heavy Hydrocarbon Reactor,” filed on 22 April 2011, the entire contents of

which are incorporated by reference herem,
INCORPORATION OF RELATED PATENT APPLICATIONS

{60821  The entire contents of the following documents are incorporated by reference hereti
ULS. Pat. App. No. 13/227 470, titled “Nozzle Reactor and Method of Use,™ filed on 7 September
2011 U.S. Pat. App. No. 12/816,844, titled *Dual Reactor for Better Conversion of Heavy
Hydrocarbons,” filed on 16 June 2010; U.5. Patent No. 7,618,3%7, titled “Nozzle Reactor and
Method of Use,” issued on 17 November 2009 (the ‘597 patent); and U.S. Patent Application
Publication No. 2009/026674 1, titled “Nozzie Reattor and Method of Use,” puldished on 29
October 2009 {the '741 publication). In the event of a conflict, the subject matter exphicitly

recited or shown herein controls over any subject matter incorporated by referen
BACKGROUND

{68831 Since different vrude oils yield different distillation products, oif refining requires
halancing product yield with marke! demand. Balancing these two without mamnfacturing large
quantities of low value fractions requires provesses for converting hydrocarbons of one
molecular weight range and/or structure into those of another molecular weight range and/or
structure, The basic processes for domg thig are commonty referred to as cracking processes.
This is because the relatively high boiling constituents are cracked, that is, thermally

decomposed, into lower molecular weight, smaller, lower beiling molecuies.

[0664] Conventional thermal cracking 1s the thermal decomposition of high molecular

weight constifuents (hugher molecular weight and higher boiling than gasoline constituents) to
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form lower molecular weight (and lower boiling) specics. Many of these processes use catalysts
to crack residual and other heavy feedstoeks, alkyviation, polymerization, and somerization.
Catalytic cracking is one of the leading processes for upgrading lighter oils {e.g., conventional

o

crude oi!) into high quality fuel. Hydrocracking, a catalytic cracking process conducted in the

presence of bydrogen, is especially suitable for producing vielding gasoline andfor jet fuels,
{B605] The discovery of huge reserves of heavy oil has attracted renewed interest i thermal

cracking processes. Thermal cracking processes such as visbreaking, an abbreviated term for
viscosity breaking or viscosity lowering, are used to convert heavy, high viscosity, high boiling
hydrocarbons to lower viscosity fractions spitable for further processing or use my heavy fuel otl,

These processes may acmmpiish one or more of the following {)biﬁ:e:tives, First, they reduce the

from distillation operations, the residug from mdm%mmﬂvw eperations, natural bitumen from
sources such as tar sands, and even certain high viscosity crude oils. Second, they reduce the
amount of residual fuel oif produced in a refinery, which is generally regarded as a low value
produet. Third, they increase the proportion of mididle distillates produced 1o the refinery. Middie
distillates are often used as a diluent for heavy hvdrocarbons to lower thely viscosity to a
marketable level Cracking the residual hydrocarbons reduces the difuent requirement so that the

saved middle distillates can be diverted to higher value products

{0006} In one example of & process for gracking heavy hydrocarbon muaterial such as those
mentioned above, the feed is passed through one or more fubes in a furnace. The heavy
hydrocarbon material is heated to a high temperature causing partial vaporization and mild
cracking. Conversion ;s achieved primartly as a result of temperature and residence tume, which
i3 why this process is described as being high temperature {e.g., 455 to 510 °C) and short

residence time. The short restdence fime 1s the principal reason that this is considered a mild

thermal reaction. The product that oxits the tube is quenched to halt the cracking reactions, This

may be done by heat exchange with the feed material, which saves energy, or with a stream of

>3

sehieve the same éffect.
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cold material such as gas oil
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{8007} These processes extend the boiling range of the heavy hydrocarbon materials so that
{ight and heavy gas oils can be fractionated from the product stream, fed into a catalytic cracking
unit, or otherwise processed forther as desired. The yield of the various hydrocarbon products
depends on the “severity™ of the cracking operation as determined by the temperature the feed &5
heated to in the furnace. At the Tow end of the seale, a furnace operating at 425 °C would orack
only mildly, while operations at 500 °C wounld be considered as very severe. Arabian light crude
residue eracked at 456 °C would vield around 76 wi%6 tar, 15 wit¥% middle distillates, & wi%

gasolines and 3 wi% gas and LPG.

{H0OO8] One problem commonly encountered when cracking heavy hydrocarbon materials is
exeessive coke formation. As thermal eracking proceeds, reactive unsaturated molecules are

formed that continue to react and can ulthmately create higher molectlar weight species that are

relatively hydrogen deficient and readily form coke. The coke is deposiied on the cracking

3

equipment and leads to fouling and necessitates frequent cleaning. This is especially a probiem
in tubular reactors. The coke is deposited in the réaction tubes and eventually fouls or blocks
then. Tubular reactors require frequent de~coking, which 1s Iabor intensive and can resull i

substantial downtime.

{8099} Another disadvantage of processes for cracking heavy hydrocarbon material is that,
uniike conventional thermal cracking, they do not employ a recyele stream. Conditions are too
crack a gas oil recyele stream, and the unconverted heavy hydrocarbon material, if

would canse excessive coking. Further cracking of the residuals must be denein a

separate unit that can remove the very heavy fractions that are left.

EHEREI] Processes for cracking heavy hydrocarbon material also produce a significant amount
of gaseous hydrocarbons as a by-product. Although these can be separated for other uses, i is

preferable to Hmit the amount of gases produced to maximize liquid vields.
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SUMMARY

{081} Insclosed below are representative embodiments that are not intended to be limiting
in any way. Instead, the present disclosure is directed toward novel and nonobvicus features,
aspects, and equivalents of the embodiments of the methods deseribed below. The disclosed
features and aspects of the embodiments can be used alone or in various novel and nonobvious

combinations and sub-combinations with one another.

10812] A reactor for cracking heavy hydrocarbon material info distiliates includes a tube
having an internal passage through which the heavy hydrocarbon material passes, The heavy
hydrocarbon undergoes eracking reactions as it travels through the reactor thereby producing the
distillates. The heavy hvdrocarbon can react with a cracking fluid in the reactor that facilitates

the cracking reactions.

{80131 The reactor may be oriented vertically so that the thad in the reactor moves
downward through the inmternal passage. Although the reactor is oriented vertically, the interal
passage may He substantially on a plane so that the reactor appears to be fat. The internal
passage may include alternating Hoear sections and curved sections that form a mig-zag or
serpentine shape. The tube can be at least approximately & inches in width. In one embodiment,

the internal passage has a cylindrical shape and its diameter is at least approximately € inches.

{0814 The reactor can be used as part of 3 method for cracking the heavy hydrocarbon
material and forming distillates: The method includes reacting the heavy hydrocarbon material
with o cracking finid such as steam or natural gas in the reactor, The lemperature and residence

time of the heavy hydrocarbon material 1s sufficient to convert a substantial amount of 1t to

o

z 3

distillates. The residence time and linear velocity of the fluid in the reactor may be

approximately 0.05 s to 1.5 s and approxamately 4 to 40 m/s, respectively,

REEHES In one embodiment, the reactor is part of a multiple reactor system for cracking heavy
hydrocarbon material. The reactor {s the second reactor in the system and 15 p{)siii{meﬁ in series

after g first reactor. The heavy hydrocarbon material beging to erack in the reacior mto
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.

Highter hydrocarbon material. The second reactor provides the residence tinie at high temperature

that further drives conversion of the heavy hvdrocarbon material into distillates

{6016} The first reactor may be a nozzle reactor. The cracking fluid is accelerated to
supersonic speed in the nozzle reactor and mixed with the heavy hydrocarbon material in the
foed to initiate cracking, The cracking fluid functions as 8 hydrogen source thereby minimizing

oke formation due o excessive hydrogen loss from the heavy hydrocarbon material,

L4

80177 The cffluent from the second reactor {s separated to isolate any remaining heavy
hydrocarbon material. The heavy hydrocarbon material may be recycled back to the first reactor
antil # is completely eliminated. The recyeled heavy hydrocarbon malerial does notf produce
significant amounts of coke due to the hydrogen rich environment supplied by the cracking fluid,

geess may be operated without the use of a catalyst or added hydrogen.

]
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{61 8] In one cnabodiment, the raw feed is combined with the effiuent from the second
reactor and separated into distitlates and heavy hydrocarbon material. Any suitable separation
process may be used such as distillation. The distillates continue on to {urther processing and the
heavy hydrocarbon material is fod into the reactor system. This design allows the distillates from
the feed and the reactor effiuent 1o be separated in a single step with the same separation umit,

also Incresses the concentration of heavy hydrocarbon material in the feed to the reactor system,

{8519 In another embodiment, the raw feed may be fod divectly inte the reactor system

before being separvated into its constituent fractions. For example, this may be desirable when the
raw feed is largely made up of heavy hydrocarbon matesial. A variety of other configurations

may also be used, For exampie, the raw feed may be separated in a first separation wnit, the
heavy hydrocarbon material fod into the reactor system, and the effluent separated in a second

eparation unit.

it

HD281 The torm “heavy hydrocarbon material™ 15 used to refer to the hydrocarbon fraction
that has a boiling point at or above 325 °C. This material may be obtained from & number of

sources such as the residue from distillation operations such as atmospheric or vacuum
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distiliation, the residoe from hydroskimming operations, natural sources such as tar sands
{including oil sands and ol shale), and even certain high viscosity erude oils. The term
“distillates™ is used {o refer to the hydrocarbon fraction that has a boiling point below 525 °C.
The term “coke precursor” is used to refer to carbon based material that is not soluble i toluene,

It should be appreciated that all pressures are given as gauge pressures unless noted otherwise

i The foregoing and other features, atilities, and advantages of the subject matter
described herein will be apparent from the following more particular description of certain

smbodiments as instrated in the accompanying drawings. In this regard, i is be understood that

the scope of the invention is 1o be determined by the claims as issued and not by whether any

o
-

given subject matter includes any or all features or aspects noted in this Summary or addresses

P

B

v issues noted in the Background.

DRAWINGS

4%

{89221 The preferred and other embodiments are disclosed in association with ¢

accompanying drawings in which:

(8023} Figurs 1 is a schematic representation of one embodiment of a system for cracking

heavy hydrocarbon maternial.

fuG24} Figure 2 is a schematic representation of another embodiment of & system for
cracking heavy hydrocarbon material that includes reeyele of unconverted heavy hydrocarbon
materal.

{H825] Figure 3 shows one embodiment of 8 nozzle reactor that may be used in the process,

(.\‘}

{88261 Figure 4 shows one embodiment of a nozzle reactor coupled in series to a coil reactor.

{0827]  Figure 5 shows one embodiment of a nozzle reactor coupled in series to a tubular

reactor.
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{0028} Figures 6 and 7 shows difterent embodiments of a tubular reactor having a serpentine

shape.

16629} Figore 8 shows an exemplary embodiment of a method for cracking heavy

o3

fhiydrocarbon material.
DETAILED DESCRIPTION

10039 An improved process for cracking or upgrading heavy hydrocarbon material is
described herein. Although the process s described primarily in the contexi of upgrading heavy
hydrocarbon materials, it shoold be appreciated that the referenced process, concepts, and
features may be used in a variety of other settings that would be recogaized by those of ordinary
skifl in the art {¢.g., upgrading distillates). Also, it should be nnderstood, that the features,
advantages, characteristics, ete. of one embodiment may be applied to any other embodiment 1o

form an additional embodiment unless noted otherwise.

{8031} Figure | shows one embodiment of a system 100 for cracking heavy hydrocarben

material. The system includes  first reactor 102 and a second reactor 184 positioned in series.
The first reactor 102 partially upgrades the heavy hydrocarbon msterial and the second reactor
104 further upgrades it antil it reaches the overall desired conversion level. The second reactor

104 discharges an ppgraded effluent material 110,

{38327 A feed 106 includes heavy hydrocarben material and is fod into the first reactor 102,
A cracking fluid 108 is also fed into the fivst reactor. Although the feed 106 may enter the first

reactor 102 without being scparated, it is often desirable to separate the heavy hvdrocarbon

ey

naterial before it enters the first reactor 192 to prevent eliminate or reduce the amount of

{8033} The feed 106 may come from a variety of sources. Examples of suitable sources

>

include the residual fraction of distillation operations such as atraospheric or vacuum distitlation

or from the residual fraction of hydroskimming operations. {Xher sources include natural sources

i
=
7
S
1
123
i
i
an
o

ands {which includes tar sands, oil shale, ete.) or even certain high viscosity crude
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oils. The concentration of heavy hydrocarbon material in the feed 106 varies depending on its

source and whether it was processed previously.

{0834 The composition of the feed 106 can vary widely, but often includes asphaltenes,
resins, aromatic hydrocarbons, and alkanes in varying amounts. Asphaltenes are large polyeyvelie
molecules that are commontdy defingd as those molecules that are insoluble in n-heptane and
soluble in toluene. Resins are also polyeyelic but have 8 lower molecular weight than
asphalienes. Aromatic hydrocarbons are dertvatives of benzene, toluene and xyic‘:nﬁ:. The feed

may also include 12 to 25 wi% micro carbon as determined using ASTM D4530-07.

1D835] The feed 106 can include heavy hydrocarbon material and other lower botling
fractions. In most situations, it is advantageous to separate distillates from the feed 106 so that it
is composed entively or almost entirely of heavy hydrocarbon material when & enters the first
reactor 102, Any suitable separation process {e.g., distiliation, etc.) may be nsed 1o separate the
distillates. In one embodiment, the feed 106 includes at least approximately 95 wit%h heavy
hydrocarbon material, at least approximately 98 wi% heavy hydrocarbon material, or, desivably,
at least approximately 99 wi%e heavy hvdrocarbon material. It should be appreciated that in other

smbodiments, the feed 106 may inchude a substantial amount of distillates.

{80361 The feed 106 is preheated before it enters the nozzle reactor to aiemperature that is

just below the temperatare at which cracking occurs. This imparts the maximum amount of

energy 10 the feed 106 without initiating cracking. In one embodiment, the feed 106 may be

heated to 8 temperatre that is no more than 400 °C. In another embodiment, the feed 106 may be
heated to at least approximately 350 °CL In vet another embodiment, the feed 106 may be heated

(}

o approximately 350 °C 10 400

{8837] The cracking fluid 108 may be any material that when combined with the feed 106 W
the first reactor 102 and the second reactor 104 cracks the heavy hydrocarbon material andfor
serves as a hydrogen donor 10 the heavy hvdrocarbon matersal, The cracking Buid 108 may be

supplied as a superheated fuid. Suitable cracking Huids inchude steam, natural gas, methanet,
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athanol, ethane, propane, other gases, or combinations thereof. In one embodiment, the cracking

fluid 108 is superheated steam, natural gas, or a combination of both.

{8038} The cracking fluid 108 may help to prevent the formation of coke in the system 100
by functioning as a hydrogen donor in the cracking reactions. The hydm gen from the cracking
fluid 108 15 transferred to the heaviest hydrocarbons thereby preventing them from becoming

hydrogen depleted in the extreme condiiions of the reactors 102, 104.

6039} The cracking Suid 108 may be heated and pressurized before it is introduced to the

o~ T

first reagtor 102,

7

5

4

Thie heat and pressure give the cracking fuid 108 added energy thati

1 g

transierred to the heavy hydrocarbon material causing 1t to erack or scission. The cracking fluid

rovot

108 may be provided in an amount and at & temperature suflicient {0 heat the feed 106 to the
desired temperature and initigte the cracking reactions. The amount of heat suppiied urthe

x

king fluid 108 may be determined using & mass and energy balance.

3

CracX

{0848] in one embodinment, the cracking fluid 108 is supplied at & temperature of at least
approximately 550 °C or at least gpproximately 600 °C, In another embodiment, the cracking
fluid 108 is supplied at a temperature of approximately 550 °C 1o 700 °C or approximately 600
°C 10 650 °C. In vet another embodiment, the cracking fluid 108 is supplied at g temperature of

no more than approximately 700 °C.

10841} In one embodiment, the cracking fhuid 108 is pressurized o at least approximately
1380 kPa or at least approximately 3100 kPa. In another embodiment, the cracking fluid 108 is
pressurized 1o approximately 1380 kPa to 6200 kP'a or approximately 3100 kPa w0 5170 kPa. In
vet another embodimens, the cracking Suid 108 is pressurized no more than approximately 6200

kPa or no more than approximately 51784 °C.

{00421 The ratio of cracking fluid 108 1o feed 106 supplied to the first reactor 102 varies

e

fepending on a number of factors. In general, it is desirable t© minimize the anrount of cracking

r

prl

tutd 108 to reduce cost while still suceessfully cracking the heavy hydrocarbons. In one

jon

embodiment, the ratio of cracking fluid 108 to feed 106 is no more than 2.0 or no more than 1.7

HY
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In another embodiment, the ratio of cracking fluid 108 to feed 106 may be approximately .5 {o

2.0 or approximately 1.0 to 1.7, In vet another embodiment, the ratio of cracking fluid 1808 w0

feed 10615 at least approximately (1.5 or at least approximately 1.0

{08431 It should be appreciated that the first reactor 102 may be any suitable reactor capable

f at least partially upgrading heavy hyvdrocarbon materisl. In one erobodiment, the first reactor
102 13 a nozzle reactor. A nowzle reactor includes any of apparatus having a convergent

and/or divergent internal shape in which one or more materials are injected for the purpose of

"-J
e
v
ey
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e
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chemically and/or mechanically interacting with each other. Any of the nozz

in the documents ncorporated by reforence can be used.

{86441  In one embodiment, the nozzle reactor includes  first entry opening that recetves the
cracking fluid, a sceond entry opening that receives the feed, and ant exit opening. The Hrst entry
opening, the second entry opening, and the exit opening are in fuid communication with each

other. This can be accomplished in any of a number of ways. For example, the first entry opening
can lead to a frst input passage or injection passage. The second entry opening can intersect

and/or bo combined with the first input passage and then kead to the exit openin

i

[8045] The first input passage is shaped to accelerate the cracking finid. The first input
passage may have any suitable geometry that is capable of doing this. In on embodiment, the first
input passage includes 8 convergent section where the passage narrows from & wide diameter to
a smaller dameter in the direction of the flow. In another exnbodiment, the first input passage
includes a divergent section where the passage expands from a smaller diammeter 0 a larger
dismeter in the direction of the How. In vet another embodimen, the first input passage includes
a convergent section followed by a divergent section. The first input passage sppears 1o be

pinched in the middle, making a carefully balanced, asymmetric hourglass-shape. This

configuration is commonly referred fo as convergent-divergent nozzle or "con-di nozzie”

{60451 The convergent scction of the first input passage accelerates subsonic flulds since the

miass How rate is constant and the material must accelerate {o pass through the smaller opening.
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The fow will reach sonie velocity at the narrowest point {L.e., the nozzle throat) provided that the

nozrle pressure ratio is high enough. In this situation, the frst input passage is said 1o be choked.

{6047} Increasing the noxzle pressure ratio further does not increase the Mach number at the
throat bevond unity. However, the flow downsiream from the nozzle is free (o expand and can
reach supersonic veloeities. It should be noted that Mach 1 can be a very high speed for a hot
fluid since the speed of sound varies as the sguare root of absolute temperature. Thus the speed

reached at the nowzle throat can be far higher than the speed of sound at sea level.

10048} The divergent section of the first input passage slows subsonic fluids, but accelerates
sonic ar supersonic Huids. A convergent-divergent geometry can therefore accelerate fluids that
have choked in the convergent section to supersonic speeds. The convergent-divergent geometry
can be used 1o accelerate the het, pressurized eracking fhaid o supersonic speeds, and upon
expansion, {o shape the exhaust How so that the heat energy propelling the flow is maximally

converted tnto kinetic energy.

{H49] The flow rate of the fluwid through the convergent-divergent nozzle 13 isentropic (uid

Yomma

entropy is nearly constant), At subsonic flow the flndd is compressible so that sound, a smal
pressure wave, can propagate through it At the “throat”, where the cross sectional area s a
minimum, the fhuid velocity locally becomes sonic (Mach number = 1.0). As the cross sectional

arcg incregses the gas beging 1o expand and the gas flow increases to supersonic velogities where
a sound wave canniot propagate backwards through the gas as viewed in the frame of reference of

the nozzle (Mach nunber > 1.0).

REINEE The first input passage will only choke at the throat if the pressure and mass flow rate

&

ol

is sufficient to reach sonic speeds, otherwise supersonie flow is not achieved and the frst input
passage will act as a Venturs tube. In order 1o achicve supersonie flow, the entey pressure to the

nozzle should be significantly above ambient pressure.

{0851} The pressure of the gas at the exit of the expansion portion of the first input passage

cat be low, but should not be too low. The exit pressure can be significantly below ambient
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pressure since pressure cannot travel upstream through the supersonic flow. However, if the
pressure is too far below ambient, then the How will cease to be supersonic or the flow will
separate within the expansion portion of the nozzle forming an unstable jet that may “flop’
around within the nozzle. In one ensbodiment, the ambient pressure is no higher than

approximately 2-3 times the pressure in the supersonic gas at the exit,

{3082} The supersonie fow collides and mixes with the heavy hydrocarbon material i the
nozzie reactor. In this way, the nozzle reactor generates a remendous amount of thermal and

kinetic energy that igused 1o orack the heavy hydrocarbon material,

5 A

{06331 In one embodiment, the nozzle reactor is configured to aceelerate the eracking flwid to
at least approximately Mach 1, at least approximately Mach 1.5, or, desivably, at least
approximately Mach 2. In another embodiment, the nozzle reactor accelerates the cracking thud

to approximately Mach 1 1o 7, approximately Mach 1.5 to 6, or, desirably, approximately Mach 2

o S

[054]  The cracking produced in the nozzle reactor is influenced by a number of factors such
as temperature, restdence time, pressure, and impact foree, Without wishing to be bound by
theory, it appears that the mechanical forces exerted on the heavy hydrocarbon material due to
the impact of the cracking fnid are a significant factor tn the success of the system 100, The

‘

impact force directly clzaves the molecule apart and/or weakens it making it mere susceptible to

1

i 3 o ¥ %
chemical gitack,

{B035] In one embodiment, the nozzle reactor is the same or substantially similar to the
nozzie reactor disclosed in the *397 patent or the "741 publication. The nozzle reactor mncludes an

nterior reactor chamber, a first input passage or injection passage, and a second input passage or
material foed passage. The ntertor reactor chamber has an ingection end and an cjection end. The
first input passage is positioned in fluid communication with the injection end of the intertor

reactor chamber.
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oy

EHEREY The first input passage 1s roughly shaped like an howrglass with enlarged openings at
the entrance {the enlarged vohane injection section) and exit (the enlarged volume ejection
section) and & constricted or narrow section in the middle. The cracking fluid 108 enters the
nozzle reactor through the fivst input passage. The cracking fluid 108 enters the frst input

passage at a material injection end and exits the passage at a material ejection end, The first input

passage opens o the interior reactor chamber.

{6057} The heavy hydrocarbon material enters the nozele reactor through the second input
passage, which is in flnid communication with the interior reactor chamber and is generally

focated adiacent to the location where the cracking flurd 108 exits the first put passage.

Additionaily, the second inpot passage 1s positioned transverse to the divection of the first input
passage.
{058 Tarning to Figure 3, an exempl&ry embeodiment of a nowzle reactor 10 is shown, The

nozzle reactor 10 hag & reactor body mjection end 12, a reactor body 14 extending from the
reactor body injection end 12, and an gjection port 13 in the reactor body 14 opposite its injection
end 12, The reactor body injection end 12 inchades a first input passage 15 extending into the
interior reactor chamber 16 of the reactor body 14, The central axis A of the first input passage

15 fwcoaxial with the central axis B of the interior reactor chamber 16,

166591  The first input passage 15 has a circular diametric cross-section and, as shown in the

axiglly-extending cross-sectional view of Figure 3, opposing inwardly curved side wall portions

17, 19 {1.e., curved inwardly toward the central axis A of the first input passage 15) extending
puty g ; £

along the axial length of the first input passage 15, In certain embodiments, the axially inwardly

=

e

curved side wall portions 17, 19 of the first input passage 15 facilitate high speed ingection of the
cracking finid 108 as it passes through the first input passage 15 into the interior reactor chambery
16, The curved side wall portions 17, 19 also form convergent-divergent sections in the first

input passage 135,

RS The side wall of the first input passage 15 ca ;‘mvzdf:, one or more of the following:

D)

{1} nniform axial acceleration of the eracking flutd 108 passing through the first input passage 15;

14
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(i1} minimal radial acceleration of such material; (111} ¢ smooth finish; (iv) absence of sharp
edges; and {v) absence of sudden or sharp changes in direction. The side wall configaration can

render the first input passage 15 substantially isentropic.

{00611 A second input passage 18 extends from the exterior of the reactor body 14 toward

the nterior reaction chamber 16 transversely to the axis B of the interior reactor chamber 16, The

s

second input passage 18 penetrates an annular feed port 20 adjacent the interior reactor chamber

"'-

wall 22 at the interior reactor chamber injection end 24 abutting the reactor body injection end

B
33

- QF Y

{8062} The feed port 20 includes an annular, radially extending reactor chamber feed slot 26
in fluld communtication with the interior reactor chamber 16, The feed port 20 s thas configured
inject the feed 106: (1) at sbout a 90° angle to the axis of travel of the cracking flutd 10§
injected from the first input passage 135; (11} around the entire circumicrence of a cracking fluid
108 injected throngh the first input passage 15; and (111} to impact the entire circumference of the

cracking fluid stream virtually immediately upon its emission from the first tnput passage 15 o

the interior reactor chamber 16,

{0063} The anmular feed port 20 may bave a U-shaped or {-shaped croas-section among
others. In certain embodiments, the annular feed port 20 may be opern to the interior reactor
chamber 18, with no arms or barrier in the path of fluid flow from the second input passage 18
toward the interior reactor chamber 16, The jusction of the annular feed port 28 and the second

fnput passage 18 can have a radiused cross-section.

{3864}  The intertor reactor chamber 16 may be bounded by stepped, telescoping side walls
28, 34, 32 extending along the axial length of the reactor body 14, In certain embodiments, the
stepped side walls 28, 38, 32 are configured to: (i} aliow a free jot of injected cracking fuid 108
10 travel generally along and within the conical jet path € generated by the rst input passage 15
along the axiz B of the interior reactor chamber 16, while (11} reducing the size or involvement of

back flow sreas (e g., 34, 36) outside the conieal or expanding jet path C, thereby forcing

15
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t

increased contact between the high speed cracking fluld stream within the conical jet path € and

the feed 106 injected through the annular feed port 20.

(00651  Asindicated by the drawing gaps 38, 40 in the embodiment of Figure 3, ihe reactor
bady 14 has an axial length {along axis B) that is nmuch greater than its width. In the embodiment

n s ¥

shown in Figure 3, exemplary lengih-to-width ratios are typically in the range of 2 o 7 or more.

&

-

RS The dimensions of the various components of the nozzle reactor shown in Figure 3
H i::

are not limited, and may generally be adjusied based on the amount of feed fow rate. Table |
provides exemplary dimensions for the various components of the nozzle reactor 10 based on the

hydrocarbon input in barrels per day (BPD)

5]

Table 1 Exemplary nozzle reactor specification

im} i t%"“}

Nf}.“ﬂzie ¥ eaotor {vﬁ?‘i S’Jﬂi‘tﬁi {n‘:j}}} ,,,,,,,,,,,,,, D P T TR
5,000 HLO00
?mf xmmi. age entrance seuw*} diametey 148 207

€ Lmld-%\,iiﬂ‘“} dm me § ot

ssage sxi secticn dh\{nﬂ

?;*n st mpt\: o

Inlerior z@du‘. on Lh

nterior ren (m dmm”m:r <N ex,t;m‘ gnd dmmctex

‘Interior 15&@10;1 chmwu iem\in 7,168 £.804
 Qverall nozzle reactor length 8,000 10000

 Overall nozzle reactor cutside di

:Qverall nozzle reactor §tmgth to  outside;

'cll“'iil‘

W’&u"

o . S.G 5.8
diameter ratio
8671 The nse of the nozzle reactor 10 to crack the heavy hydrocarbon material s described

ist greater detail. The feed 106, which includes the heavy hydrocarbon material, 1s injected in

the interior reactor chamber 16 vig the second nput passage 18, The feed 106 may be pretreated

16
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prior to ergering the nozzle reactor 18 to alter the ameunt or fraction of heavy hyémcarbs:m

material. The feed 106 may also be pretreated fo alter other characteristics of the feed.

{BU638] In one embodiment, the feed 106 includes the heavy fraction from 2 separation uni
For example, a raw feed may be separated using a distillation column and the heavy fraction sent
to the nozzie reactor 10, The effluent produced by the nozzle reactor 10 and/or the second reactor
104 can be added to the raw feed and separated from any remaining heavy hydrocarbon material

in the same separation unit used to provide the feed 106,

HHERH The feed 106 and the cracking flind 108 are simultancously wjected into the nterior
reactor chamber 16 through the second input passage 18 and the first input passage 15, The
configuration of the first input passage 15 is such that the cracking fuid 108 is accelerated 1o
supersonic speed and enters the intertor reactor chamber 16 at supersonic speed. The cracking
fluid 108 produces shock waves that facilitate mechanical and chemical scission of the heavy
hydrocarbon material. In this manner, the heavy hydrocarbon material may be broken down nto

distilintes.

f

{0878 The nozzle reactor's conversion rate of heavy hvdrocarbon material into distillates
varies depending on the inputs, conditions, and a number of other factors. It one embediment,
the conversion rate of the nozzle reactor 10 s at least approximately 2%, at least approximately
49%, or, desirably, at least approximately &%. In ancther smbodimeny, the conversion rate of the

nozzle reactor 1) is approximately 2% to 25%, approximately 4% to 20%, or, desuably,

approximately 8% to 16%

X

0711 It should be appreciated that the second reactor 104 may be any suitable reactor
capable of further upgrading the heavy hydrocarbon material. In one embodiment, the second
reactor 104 is a tubular reactor. The tubular reactor provides sutficient residence time at high
temperature and high velocity to provide the overall desired level of conversion of heavy
hydrocarbon material, The tubular reactor includes a tube or pipe having an wternal passage that

generaily has g untform cross-sectional shape and may be linear or non-linear.
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{88721 Figure 4 shows one embodiment of a reactor system 11 that includes the {irst reactor
10 and a tubular reactor 112 18 a coiled shape. The reactor 112 s one example of a non-linear

tubnlar reactor. The non-linear shape of the reactor 112 forces the material to repeatediy change

direction as it passes through the tube. This caunses greater mixing and faster reaction time
between the heavy hydrocarbon material and the cracking fluid 108
{8873} The coil configuration affects the temperature and pressure distribution as well as the

product vields. The reactor 112 s spiral shaped, but it should be appreciated that the reactor 112
may fave any suitable non-Hnear shape. Other suitable shapes include @ single row, splif,
reversed split, efe. Coil reactors typieally increase the rate of conversion of heavy hydrocarbon

matertals as well as the amount converied.

{1974} As shown in Figure 4, the feed 106 and cracking fluid 108 pass divectly from the
nozzle reactor 10 to the reactor 112, This quick transition allows the materials to enter the reactor
112 without losing too much heat or velocity. | should be appreciated, however, that the

materials may andergo some form of processing or treatment after leaving the nozrle reactor 10

but before entering the reactor 112

{B075] Figure 5 shows ancther embodiment of a regetor system 13 including the nozzle
reactor 10 and another embodiment of a tubular reactor 56, In this embodiment, the tubular

reactor 5O has a roughly serpentine shape. The reactor 50 1s positioned immediately following
the noxzle reaetor 10, The muxture of the feed 106 and the cracking fluid 108 exits the nezzle
reactor 10 and immediately enters the reactor 30, The reactor 5O provides the residence time at

high temperature that sllows the cracking process to continte unsi the desired conversion level 18

j8876] The reactor 50 inchudes g tube having an internal passage 52. The reactor 58 is
orfented vertically so that the efffuent from the nozzle reactor 10 moves downward through the
reactor 58, Gravity helps to maintain the desired flow rate and veloeity in the reactor 30, The
internal passage includes alternating linear sections 54 and curved sections 56, The sections 34,

36 are oviented in a single plane so that the reactor 30 s roughly flat. In this way, the reactor 50

18
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can be positioned vertivally in a plast type environment without taking up a lot ol space. In one

embodiment, the internal passage includes at least three, four, or five alternating Hanear section

54 and curved sections 56,

{88771 The Hnear sections 34 slope downward in the direction of fluid flow. The curved
sections 56 curve less than s full 180° to provide the hinear sections 34 with a downward slope.
In one embodiment, the curved sections curve approximately 1507 up to 180° or approximately
170° {0 180°. The linear sections 54 may be any suitable length. In one embodiment, the linear

o)

sections 54 are approximately 3 to 10 feet in length.

{074} The internal passage 82 may have any suitable shape or configuration. In one
embodiment, the tube is a round pipe so that the intornal passage 52 bas a oylindrical shape and a
circular cross sectional shape. In other smmbodiments, the internal passage 52 may different cross-

sectional shapes such as square or rectangular,

[0879] The reactor 50 may be velatively large to provide & high amount of throughput. In one
embeodiment, the internal passage 52 is at least approximately ¢ inches wide, at least
approximately % inches wide, at least approximately 12 inches wide, or at least approximately 15
inches wide. The width of the internal passage 52 should be measured at its widest point for non-
circular cross sectional shapes. If the internal passage 52 is cirenlar, then the width isthe

hameter.

10088} The height of the reactor 30 and the length of the lincar sections 34 may be closely
selated. As shows in Figure 6, the length Ly of the Hnear sections 54 s approxumately 5 feet and

11

the height of the reactor 30 is approximately 24 feet. In contrast, the Length Ly of the linear
sections 34 in Figure 7 is approximately 7 feet and the height is approximately 13.5 feet, In these
examples, the height of the reactor 30 increases as the length of the linear sections 54 is
shortened. In one embodiment, the reactor 5O is at least approximately 10 feet high, at least

approximately 20 feet high, or at least approximately &0 feet high.
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{0811 The hegvy hydrocarbon material is maintained at a tomperature in the tubular reactor
that s high enough fo effectively crack it, but not high enough to cause excessive coking. In one
embodiment, the temperature is at least approximately 410 °C or at least approximately 430 °C.
In another embodiment, the temperature is approximately 410 °C 10 490 °C or approximately 430

°C 1o 460 °C. In yet another embodiment, the tomperature i no more than approximately 490 °C

or no more than approximately 480 °C.

{6083 In most sitbations it 18 not necessary to heat the tubular reactor. Large scale
implementations do not require additional heat since the energy imparted to the feed 106 and the

cracking fluid 108 belbre entering the system 100 is suffictent to achiove the desired conversion.

such as heat losses may be more acute. o these civcumstances, it may be desirable o heat the

reactor fube to maintain the desired conversion and/or product yields.

{6083} The residence time and linear velocity of the heavy hyvdrocarbon material in the
tubular reactoer may be adjusted as necessary to provide the desired converston rate and product

characteristics. In one embodiment, the ;tesids‘:m:e time is at least approximately .05 5, af least
approximately 0.10 s, or, desirably, @t least approximately 8,15 s, In another embodiment, the
residence Hime 18 approximai'ei}f 0.05 510 1.5 s, approximately .10 510 1.4 s, or, desirably,
approximately 0,13 sto 1.3 5. In vef another embodiment, the residence Hme 18 no more than
approXimately 2 s, no move than approximately 1.5 5, no more than approximately 1.4 s, or,

desirably, no more thap approximately 1.3 s,

{0084} The lincar veloeity of the heavy hydrocarbon material in the tubular reactor may be at

leass approximately 4 my's, at least approxmmately 5 m/s, or, desirably, at least approximately &

m/'s, In another embodiment, the near velocity 15 approximately 4 to 40 /s, approximately 5 to
35 mfs, or, desirably 4 0 32 mv/s. In vet another embodiment, the linear velocity is no more than
approximately 40 m's, vo more than approxiumately 33 m/s, or, desirably, no more than

approximately 32 mfs

20
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{0085] The pressure gauge in the tubular reactor may vary as required o sustain the cracking
reactors. In one embodiment, the tubular reactor may be at a pressure of approximately -34 kPa

to 240 kPa or approximately -34 kPa 1o 140 kPa.

{3088} Although the tubular reactor has been deseribed primarily tn conjunction with another
reactor, it should be appreciated that the tubular reactor can be used along withont any other
reaciors. The tubular reactor may be made of any suitable material such as metal, composites,

and so forth. In one embodiment, the tubudar reactor is made of §5-316.

1BORTY The system 100 cracks the heavy hydrocarbon material to produce lighter, lower
molecular weight hydrocarbons. In one embodiment, the heavy hydrocarbon material is broken
down into light hydrocarbon liguid distillate. The light hydrocarbon liquid distillate includes
hydrocarbons having a molecular weight less than about 300 Daltons. In certain embodiments,
about 25% {0 about 50% of the heavy hydrocarbon material cracked in the system 100 is

converted into distillates,

{3088} The system 100 may provide a much higher conversion rate than other comparabie
systems. The conversion rate of heavy hydrocarbon material into distiilates in the system 100

varies depending on the inputs, conditions, and g numeber of other factors. In one embediment,

5

the conversion rate of the system 100 s at least approximately 15%, at least approximately 30%,

or, desirably, at lcast approximately 35%.

bt

ai

{8089 The total restdence time of the heavy hydrocarbon material in the nozzie reacior and
the tubular reactor may vary widely. In one embodiment, the total residence e is at least
approximately 0.2 s or at least approximately 0.3 s, In another ervbodiment, the total residence
time is approximately 0.2 s to 2 s or approximately 8.3 sto 1.2 5, In vet another embaodiment, the

residence time 15 no more than approximately 2 § or no more than approximately 1.8 5.

10UR0] As slready mentioned above, one significant advantage of the system 100 is that
produces very hittle, if any, coke and minimizes the amount of gas generated, This makes 1t

possible to operate the system 188 for long pertods of time without cleaning, In one embodiment,

21
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the system 100 may be operated indefinitely, Minimizing coke production also means that more

of the heavy hydrocarbon material is conserved so that it can be used to produce higher valie

{0691} The amount of coke produced by the system 100 can be determined by measuring the
amount of coke precursors present in the feed 106 and the effluent 110, For example, the feed
106 may include 0.1 wit¥% to 0.2 wit¥% of coke precursors and the effiuent 120 may include 1 wite
1o 2 wi% of coke precursors. This represents a substantial improvement over other technologies.
in one embodiment, the effluent 110 may include no more than 5 wi% of coke precursors or no

more than 3 wi%s of CoKe procursors.

130921 Conventional systems for processing heavy hydrocarbon material increase the amount
of micro carbon in the feed. The amount of micro carbon in the feed may be considered 8 proxy
for determining how much coke s produced in some sttuations. The system 104 reduces the
ameurst of micro carbon present. The amount of micro carbon present in the effluent 110 s less

than in the feed 106, This is another indication that the system 100 s producing favorable resulis,

{6093} It should be appreciated that some portion of heavy hydrocarbon material may pass
through the system 100 without being cracked. This material may be referred to as non-
participating heavy hvdrocarbons or uncracked heavy hydrocarbons, since the resctors 102, 104
did not act on this material to crack it into lighter hydrocarbons. Heavy hydrocarbon material that
is cracked but still qualifics as heavy hydrocarbon material may also be referred to as non-

participating heavy hydrocarbons.

{0094] The effiuent 110 from the system 130 may be transported to a separation unit that
separaies it into ifs constituent fractions. The scparation umit may be any suitable separator
capabie of sepam?iﬂ g the effluent 110, Examples of suitable separation units include, but are not
Himited to, atmospheric or vacuum distillation units, gravity separation units, filiration units, and

cyclonic separation units.
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[885] The non-participating hydrocarbons may be subjected o further processing to
upgrade it into more usefid matenial. Various types of processing may be performed on the noa-
participating hydrocarbon for upgrading the non-participating hydrocarbon. The remaining

fractions may be used as end products or be subjected to further procsssing.

r‘4"

4996} Diepending on the situation, it may not be necessary to crack all of the heavy
hydrocarbon material in the feed 106, It may only be necessary to upgrade a portion of the heavy
hvdrocarbon material to produce stable products such as synthetic erade oif, which can include

some amount of heavy hydrocarbon material.

(697} Turning to Figure 2, another embodiment of a system 150 for eracking heavy
hivdrocarbon material is shown. The system 150 is similar to the system 100 except that the non-
participating heavy hydrocarbons 132 are separated from the effiuent 110 in separation unit 154
and recycled back to the first reactor 102, {n one embodiment, the non~participating heavy
hydrocarbons 152 can be recveled back in perpetuity because the hydrogen interaction with the
cracking fluid 108 neinimizes or prevents coke formation, In another embodiment, no nore than
approxinately 10 wit% (or  to 10 wi¥s) of the heavy hydrocarbons 152 are purged to increase

process reliability and malntain & constant conceniration of conlaminants such as metals and

S

sulfir in the material being recycled.

{3098}  The system 150 may provide 2 significantly higher conversion rate than other
comparable systems including hvdrocrackers. The conversion rate of heavy hvdrocarbon
naterial into distillates in the system 150 varies depending on the inpuis, conditions, and a
number of other factors, In one embodimens, the conversion rate of heavy hydrocarbon material
in the system 150 may be at least approximately 65%, at least approximately 75%, or, desirably,
at-least approximately 90%. In another embodiment, most or at {east substantially all of the
heavy hydrocarbon material that enters the system 150 s cracked to distillates. The amount of
nen-participating heavy hydrocarbon material and/or coke left over from the process may be

minor.
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{3099] In ancther embodinent, the system 150 13 similar to the systen shown in Figure 2
except that the feed 106 is a raw feed and i enters the separation unit 154 without entering the
reactors 102, 104, The feed 106 may be combined with the effluent 110 before entering the

separation unit 154 or the feed 106 and the offiuent 110 may separately enter the separation unit

1534, The heavy hiydrocarbon material is separated from the foed 106 and the effluent 10 and fed

back 1o the first reactor 102 in the manner shown in Figure 2

{0184] In another embodiment, the non-participating hvdrocarbons may be injected into a
third and fourth reactor positioned in series, The third reactor may be a nozzle reactor that is
designed simitlarly or identical to the first nozzie reactor. The fourth reactor may be a tubular
reactor that is similar or identical to the second reactor. The dimensions of the additional nozzle
and tubular reactor may be identical to the dimensions of the first nozzic and twbular reactor, or
they may be scaled up or down, The non-participating hydrocarbon strean: may alse be
pretreated before entering the third and fourth reactor in a simifar or identical way as those

3
%

describad above,

18101} It should be noted that the systems 100, 150 crack the heavy hydrocarbon material
without the use of ¢ catalyst or added clemental hvdrogen. Thaus, the systems 100, 150 are not

catalytic oracking processes or hydro~cracking processes:

9162} Amethod 210 for cracking heavy hydrocarbon material is depicted in Figure 5. The
method includes the step 200 of reacting the heavy hydrocarbon material and the cracking fluid
108 in the first reactor 102 {o form a fst efffuent material. At step 202, the first effluent material
is reacted in the second reactor 104 to form g second efffvent material, In one embodiment, the
first effiuent is discharged directly from the first reactor 102 to the second reactor 104 without

undergoing any intermediste processing or storage.

181431 The second effluent material 1s separated at step 204 to isolate the pon-participating
heavy hydrocarbon material from distillates 212 and gas 214, The non-partivipating heavy

hydrocarbon matenial 152 1s then recyeled back o the first reactor 102, In some embodiments the
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separation and recyeling step may be skipped in favor of sending the effluent on for further

processing (e.g.. catalytic eracking, hydre-cracking, ete.).

3

[0184] The following examples are provided to further iHustrate the subject matter disclosed
herein. These examples should pot be considered as luniting or resiricting the claimed subject

iatter in any way.
Example 1

{0165} This examiple compares the conversion of heavy hydrocarbon material in a noxele and
coil reactor versus a nozzle reactor alone. The hydrocarbon material used in this example ts Cold

{.ake raw bitumen and 1 has the properties shown in Table 2. The eracking fluid is sicam,

Ets.yﬂmcaz‘imn miaterial properties

{3186} The nozele reactor is substargially the same as the nozzle resetor shown and

deseribed in ULS. Patent Application Publication No. 2009/0266741. The specifications of the

. The cotl reactor is a 2194.4 em long tube that has an internal

4J

nozzle reactor are given in Table 3

diameter of 1.6 om that is eniform theoughout its entive length. The coil reactor has a spiral
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able 3: Nozzle reactor spegc sifications

1’%0?@1{: Reactor { omponent § Size mnﬂ
F rs‘t mpm passag ii‘i}@L ton s&mm dmmetex 3{3

§F;rst input passage ¢ mid-sectio uhamater

E“;wr input pas%&ge :czm‘m 20

i Ts:enm reaction dmﬁwr :amcetwn cﬁd dmr}a ter 3.

{8167} Fach run is conducted as follows. The cracking fluid is superheated to approximately
650 °C and approximately 2000 kPa. The cracking fluid is sent to the nezzle reactor where it

reaches a supersonie velocity of approximately Mach 2.8,

188} The heavy hydrocarbon materlal is prehested to a temperature of approxumately 380
3 &

°C and injected into the nozele reactor where it reacts with the superheated eracking fluid. The
nozzle reactor converts part of the heavy hydrocarbon material into Hghter hydrocarbons that

have a boiling point below 523 °C.

{5169 The partially upgraded feed from the nozzle reactor is discharged to the coil reactor,
The coil reactor provides the residence time at cracking temperatures of 420 to 474 °C to fusther

convest the heavy hydrocarbon material into lighter distillates

{6118} Four runs are performed with the first run serving as a control since only the nozzle
reactor was used. A vecycle stream was not used in any of the runs, Table 4 shows the

-

characteristics and resuits of each rus.
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sversion effectiveness of nozzle and cot AE{A.‘T?‘?’_?‘tﬂ_?ﬁ???@‘nbii‘E“i‘
Reactor Ty Coil Reactor Conversion Distillates
actor Tvne e
N P RLbIdﬁﬁCt { 31’1‘3@ {b} : {%%) Produced {vol %

Noz. C{wh' NA 4.6 4.9
1‘\@5;1“ a:m:i ( ml R\,d to; 015 16.1 8.0
1\ "zie am L,mi Rnas.toz .3 20.7 193
T\m i\, am { mi i{ea““ é {}.{3 3‘\}? 282

[00821  This example demonstrates that the coil reactor increases the conversion of the heavy
hydracarbon material versus the nozzle reactor alone. The coil reactor provides increased

residence time at high temperature, which drives conversion of the heavy hydrocarbon material,
Example 2

{8111} This example compares the cracking officiency of a straight tubular reactor and a coil
reactar. The procedure is the same as Example 1 except that the residual heavy hydrocarbon
wmaterial discharged from the coil reactor is recycled back 1o the feed. Recycle is not used with

the straipht tebular reactor. The results aveshown in Table 5

fable 5: Conversios efficiency of sty %?%i?,,,,??%????éf%?@&FQ?‘...Y?E?E?_%_%_‘%?_ii_%,,,_@%??’? ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
Sample Reaptor Tyvpe | { oil Reactor | Temp (GH‘WRSWU . Reaction Rate
Samp e P : Residence Time (s} {Cy by Conslant Ln{X)
| Wozzle and Stra sg‘m: . o
NST | i 0.3 460 26 -8.13
"~ Tubalar Reactor s
- \Mznﬂ mﬁ Lwi 5 - .
NCR e 0.3 445 21 <07
Recluti}*‘

« Conversion refers to the amount af hcaw ‘:vcimcarbon material mm?tmd 1o distillates.

{1112 This example demonstrates the nozzle and cotl reactor cornbination 18 more efficient
than the nozzle and straight tubular reactor. The reaction rate constant of the nozzle/onil

combination is twice that of the nozzle/straight tubular combination.

Example 3
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{8113} The procedure for this example is the same as Example . One run was performed

-

using only the nozzle reactor and another run used both the nozzie reactor and the coll reactor,

The carbon profils for cach run is shown in Table 6,

«\

Table 6: Conversion of heavy hydrocarbon material

Carbon | Feed (wi } Nozzle Reactor Only Nﬁi{‘.“i /(0 m? Rc’mm
- ] P ey o i
Profile (%) Profife ()
573 68.3

{114} This example demonstrates that the combination of the nozzic and coil reactor

converts over 30 wits of the heaviest material {the C100+ material) into CIG-C100, It is

significantly better thag the conversion achieved by the nozzic reactor alone. It shouid be noted

that 42+ material has 2 boiling point of 325 °C or higher.
{6115] in view of the many possible embodiments to which the principles of the disclosed

invention may be applied, 1t should be recogruzed that the illustrated embodiments are only

seferred examples of the lnventicn and should not be taken as Hnuting the scope of the

3

mvention, Rather, the scope of the invention s defined by the following claims. We therefore

clatm as our nvention all that comes within the scope and spirit of these claims,

{Diis] The terms recited in the claims should be given their ordinary and customary meaning
as determined by reference to relevant entries {e.g., definition of “plane” as a carpenter’s tonl
would not be relevant fo the use of the term “plane”™ when used to refer to an airplane, otc) in
dictionaries {e.g., widely used general reference dictionaries and/or relevant technical
dictionaries), commonly undersiood meanings by those in the art, ete., with the understanding
that the broadest meaning Imparted by any one or combination of these sources should be given
to the claim ferms {e.g., two or more relevant dictionary entries should be combined to provide
the broadest meaning of the contbination of entries, etc.) subject only to the following

exceptions: {(a) if a torm is used herein in @ manner more expansive than its ordinary and
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customary meaning, the term should be given 1ts ordinary and customary meaning plus the
additional expansive meaning, or (b} if a term has been explicitly defined to have a differ
meaning by reciting the term followed by the phrase “as used herein shall mean™ or similar
language (¢.g., “herein this term means,” “as defined herein,” “{or the purposes of this disclosure
{the term] shall mean,” eic.). References 1o specific examples, use of “i.e,,” use of the word
“lavention,” ete., are not meant to invoke exception (b} or otherwise restrict the scope of the
recited claim terms. Other then situations where exception (b applics, nothing contained herein
should be considered a disclaimer or disavowal of claim scope. The subject matter recited in the
clains is not coextensive with and should not be interpreted to be coextenstve with any panticular
embodiment, feature, of combination of features shown herein. This is true even if only a single
embodiment of the particular feature or combination of features is ustrated and described
herein. Thus, the appended claims should be read to be given their broadest interpretation in

view of the prior art and the ordinary meaning of the claim ferms.

§ shown in the drawing FIGS. However, itisto be

You's

the sub’%e ot atier as it §

that the subject matter described hersin may assume various alternative orientations

&

undersiood {

3

and, accordingly, such {erms are not to be considered as Hmiting. Furthermore, as used heorein
{i.g., in the claims and the specification), articles such as “the,” “s,” and “an” can comnote the
singolar or plaral, Alse, as used herein, the word “or” when used without a preceding “either™ {or

¥

other similar language indicating that “or™ is unequivocally meant © be exclusive ~ e.g., only
one of x or'y, eic.} shall be interpreted to be inclusive {e.g., "x or ¥ means one or both x or y).
Likewise, as used hereln, the term “and/or”™ shall also be interprated 16 be inclusive {e.g, ¥x
and/or ¥y means one or both ¥ or v} In situations where “and/or” or “or” are nsed as &
conjunction for a group of three or more itoms, the group should be interpreted to include one
ftem along, all of the tems together, or any combination or number of the items, Morcover, terms

used in the specitication and claims such as have, having, include, and including should be

strued 1o be synonymous with the terms comprise and comprising,

b
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f6118} Unless otherwise indicated, all niunbers or expressions, such as those expressing
dimensions, physical characteristics, ete. vsed in the specification {other than the claims) are
understood as modified in all instances by the term “approximately.” At the very least, and not as
an attempt to limit the application of the doctrine of equivalents to the claimss, each numerical
parameter recited in the specification or claims which is modified by the term “approximately”

houid at feast be construed in light of the number of recited significant digits and by applying

e

ordinary rounding technigues. Morcover, all ranges disclosed herein are to be understood to
encompass and provide support for claims that recite any and all subranges or any and all

individual values subsumed therein. For example, @ stated range of 1 to 10 shonld be considered

]

.V’

or clatms that recite any and all subranges or individual values

to include and provide support
that are between and/or inclusive of the mintmum value of | and the maximun vahe of 10; that
is, all subranges beginning with 2 minimuom value of 1 or more and ending with a maxinmum

value of 10 or less {e.g., 5.5 t0 10, 234 10 3.56, and so forth) or any values from 1 to 10 {e.g., 3,

5.8, 9.999%4, and so forthy.
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WHAT IS CLAIMED 18:

i A reactor comprising:

a tube incloding an internal passage; and

a fluid ocated in the internal passage of the tube, the fluid including heavy hydrocarbon
material;

wherein the intemal passage of the tube includes alternating Hnear sections and corved
sections; and

wherein the reactor is oriented vertically and the fluid moves downward through the tube.

2. The reactor of claim | wherein some or all of the linear sections slope downward.

3. The reactor of claim § wherein each one of the linear sections is approximately 3 fi o
approximately 10 £ long.

4, The reactor of claim 1 wherein the internal passage includes at least three, four, or five
alternating linear sections and curved sections.

5. The reacter of claim 1 wherein the infernal passage lies substantially on a plane.

8. The reactor of claim 1 wherein each one of the curved sections curve less than 1807
7. The reactor of clalm 1 wherein the internal passage is at least approximately 6 inches
wide,

8. The reactor of claim 1 wherein the reactor 1s at least approximately 10 feet high.

9. The reactor of claim 1 wheren the fnid incledes a cracking fhud.

18, The reactor of claim 1 wherein g portion of the heavy hydrocarbon materisl is converted

into distillates inthe reactor.

11, Thereactor of claim | wherein the tenwperature of the temperature of the heavy

bydrocarbon material in the reactor is approximately 410 °C (o approximately 490 °C.

{
Y



WO 2012/145204 PCT/US2012/033013

12, A reactor sysien comprising

anozzle reactor including a first entry opening leading to a first input passage, 8 second
entry opening, and an exit opening, wherein the first entry opening, the second entry opening,
and the exit opening are in flud communication with each other, and wherein the first input
passage includes a convergent section followed by a divergent section; and

a tubmiar reactor in fluid conymunication with the exit opening of the nozzle reactor, the
tubular reactor including an internal passage having alternating Bnear sections and curved

sections,

13, The reactor system of claim 21 wherein the internal passage in the tubular reactor has a

substantially planar ovientation.

Py}

14, The reactor systemn of elaim 12 whereln the tbular reacior 18 oriented vertically and fluid

recerved from the nozzle veactor moves downward through the tubular reactor.

15, The reactor system of claim 12 wherein the internal passage in the tubular reactor is at

least approximately 6 inches wids

16, The reactor system of claim 12 comprising a fluid moving through the fisst input passage,

wherein the fluid reaches at least Mach 1 as it moves through the first input passage.

17, The reactor system of claim 12 comprising an effluent material that exits the nozzle
reactor and enters the ubular reactor, wherein the effluent material has a residence time in the

tublar reactor of approximately 8.05 sio 1.3 5,

18 The reactor system of claim 12 comprising an effluent material that exits the nozzle
reactor and enters the tubnlar regotor, wherein the effluent material has a lnear velocity in the

tubniar reactor of approximately 4 m/'s to 40 m/s.

19, The reactor system of ¢laim 12 comprising:

o

a cracking fluid that cuters the nozzle reactor through the first entry opening; and
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3

a feed including hegvy hydrocarbon material, the feed entering the nowzle reactor throngh

the second entry opening.

20, A method comprising

reacting heavy hvdrocarbon material in a regctor and converting a portion of the heavy
hydrocarbon material info distillates;

wherein the reactor includes a tube having an internal passage;

wherein the resctor is oriented vertically and the heavy hydrocarbon material moves
downward through the tube; and

wherein the internal passage includes alternating Hinear sections and curved seetions.

21, The method of claim 20 comprising reacting the heavy hvdrocarbon material with a

cracking fluid such as stearn or natural gas.

22, The method of claim 20 wherein the heavy hydrocarbon material has a residence time i

the reactor of approximately .05 st 1.3 5

23, The reactor of claim 20 whevein the heavy hydrocarbon material has 8 linear velocity in

the reactor of approximately 4 nv/s to 40 m/s
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