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Ficld of the Invention

[0001]  This invention relates to an apparatus and methods for mixing. More specifically,
the present invention relates (o an apparatus and methods for mixing hydrocarbons and

supercritical {luids upstream of supercritical reactors.

Background of the Invention

[0002] The supercritical water reaction has proven effective in upgrading heavy oil in the
absence of catalyst or hydrogen. Hydrocarbon conversion reactions are known to improve

the quality of petroleum-based fuel such as gasoline and diesel.

[0003] Supercritical fluids, such as water, are effective in hydrocarbon conversion reactions.
Supercritical fluids act as a solvent for the hydrocarbons, dissolving the hydrocarbons in the
supercritical fluid. Supercritical fluids are necessary for il hydrocarbons are exposed to
temperatures above the critical point of the supercritical fluid, without being mixed with the
supercritical fluid, large hydrocarbon molecules tend to condense into larger molecules which
are eventually transformed into insoluble solid coke. Supercritical fluid, as a solvent, can

prevent such undesired reactions.

[0004]  While any supercritical fluid that interacts with hydrocarbons can be used, water,
due to its environmental benefits and abundance, is the most popular supercritical fluid used
and tested in the industry. Supercritical water behaves like an organic solvent for
hydrocarbons due to its low dielectric constant. In the hydrocarbon conversion reaction,

supercritical water can be a diluent to disperse hydrocarbons.
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[0005] One of the important steps in reacting hydrocarbons under a supercritical water is
mixing the two fluids. The better the mixing, the more likely the formation of coke in the
reactor is reduced. Segregated portions of hydrocarbons which are not dissolved in
supercritical water can be easily transformed to solid coke in the reactor. Although it is not
yet clearly understood, mixing between hydrocarbons and supercritical water occur in stages.
First, light hydrocarbons diffuse into the supercritical water by evaporation and form a single
phase. Supercritical water having light hydrocarbons dissolved has higher solubility toward
hydrocarbons than neat supercritical water. Second, supercritical water begins to penetration
into a portion of the large hydrocarbons which are not evaporated in the first stage. While
this second stage lends to a uniform phase, it is possible that the phase is not entirely uniform,
but includes tiny hydrocarbon droplets dispersed in the supercritical water. As used herein,
“dispersed” means o separate uniformly or nearly uniformly throughout the liquid. In the
next stage, the asphaltenic portion, which is difficult to dissolve in the supercritical water, is
swollen by supercritical water. The swollen asphaltenic portion (the aggregated asphaltene)
eventually pops, or breaks, to form small droplets of hydrocarbons which can then be mixed

with the supercritical water.

[0006] The asphaltenic portion is the most difficult portion of hydrocarbons to mix with
supercritical water. Mixing of hydrocarbon feedstock and, in particular, the asphaltenic
portion with supercritical water has many unknown variables and is therefore hard to control.
Asphaltene is stabilized in the hydrocarbon stream with the aid of other molecules such as
resins, aromatics, and saturates. In particular, resins and aromatics act as surfactants that
disperse asphaltene in the hydrocarbon matrix. Destruction of resins and aromatics prior to
asphaltene conversion results in aggregation of asphaltene which contributes to coke
formation. It is important to disperse asphaltene within the supercritical water as thoroughly
as possible before entering the reactor, to prevent the intermolecular condensation reactions
that will result in coke formation in the reactor. In addition to dispersing the asphaltene, the
supercritical water dissolves the resins and aromatics. However, dissolving the resins and
aromatics and dispersing the asphaltenes is a balancing act that must be carefully managed to
prevent the aggregation of asphaltene. One way to manage the balancing act is to dissolve or

extract the resins and aromatics stepwise while keeping asphaltene in well dispersed state.

[0007] In order to maximize the effect of supercritical fluid in hydrocarbon conversion
reactions, hydrocarbon feedstock must be very well mixed with supercritical fluid before

being subjected to reactor which is operated at high temperatures.
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[0008] Current mixing units includes mixing tees and mechanical mixers, such as ultrasonic
wave generators. A mixing tee is a piping unit that has two inlet ports, one outlet port, and an
can include an optional port for a thermocouple. In the case of mixing a hydrocarbon and a
supercritical fluid, one inlet port is for the hydrocarbon and one inlet port is for the
supercritical fluid. While mixing tees provide a measure of mixing, the tee provides a limited
interface between the two fluids, which can limit the extent of mixing. Ultrasonic wave
generators use highly sophisticated equipment (o achieve nearly “complete” mixing.
However, the highly sophisticated equipment necessary to produce ultrasonic energy requires
large amounts of energy and is subject to electrical failure. The surface of the ultrasonic
wave generaling equipment can be eroded by the high energy vibration. In addition, the high
energy vibration can cause mechanical failures in parts of the process lines that are joined

together.

[0009] Therefore, there is a need for a mixing unit to facilitate the efficient contacting of
heavy oil with supercritical fluid, which does not result in large amounts of coke or

substantal increases in operating costs.
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SUMMARY OF THE INVENTION

[0010]  This invention relates to an apparatus and methods for mixing. More specifically,
the present invention relates to an apparatus and methods for mixing hydrocarbons and

supercritical {Tuids upstream of supercritical reactors.

[0011]  Ina first aspect of the present invention, a method for hydrocarbon conversion in a
supercritical reactor of an intimately mixed stream produced by a sequential mixer upstream
ol the supercritical reactor is provided. The method includes the steps of introducing a heated
hydrocarbon stream to a hydrocarbon inlet of the sequential mixer, the hydrocarbon inlet
parallel to a traversing axis of the sequential mixer, wherein the heated hydrocarbon stream
has a pressure greater than the critical pressure of water and a temperature between 30°C and
150°C, injecting a supercritical fluid through a plurality of fluid ports of the sequential mixer,
wherein the plurality of fluid ports are arranged in a port alignment arrayed along the
traversing axis, wherein each fluid port of the plurality of fluid ports has a port volumetric
flow rate, wherein the supercritical fluid has a pressure greater than the critical pressure of
waler and a (emperature greater than the critical temperature of water, allowing the heated
hydrocarbon stream and supercritical fluid to mix in the sequential mixer to produce an
intimately mixed stream, wherein the volumetric ratio of supercritical fluid to hydrocarbons
in an in-mixer stream increases as the in-mixer stream passes each of the fluid ports of the
plurality of fluid ports and the in-mixer stream receives a further injection of supercritical
fluid, wherein the intimately mixed stream includes hydrocarbons and supercritical fluid,
wherein the intimately mixed stream has a mixed temperature, transferring the intimately
mixed stream to a supercritical reactor, the supercritical reactor maintained al a pressure
above the critical pressure of water and a temperature above the critical temperature of water,
wherein the hydrocarbons in the intimately mixed stream undergo hydrocarbon conversion
reactions in the supercritical reactor to produce an effluent stream, cooling the effluent stream
in a product exchanger o produce a cooled effluent, the product exchanger configured Lo cool
the effluent stream to a temperature below the critical temperature of water to produce the
cooled effluent, depressurizing the cooled effluent in a pressure reducer to produce a product
stream, the pressure reducer configured to reduce the pressure of the cooled effluent to a
pressure below the critical pressure of water to produce the product stream, separating the
product stream in a gas-liquid product separator to produce a vapor phase product and a
liquid phase product, separating the liquid phase product in a liquid product separator to

produce an upgraded hydrocarbon stream and a recovered fluid stream.

4.
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[0012]  In certain embodiments of the present invention, the sequential mixer further
includes a body, the body physically connected to the hydrocarbon inlet, the hydrocarbon
inlet having an inlet diameter, a mixed stream outlet, the mixed stream outlet physically
connected to the body, the mixed stream outlet having an outlet diameter, the traversing axis,
the traversing axis extending through the center of the body from the hydrocarbon inlet to the
mixed stream outlel, a cross-sectional axis, the cross-sectional axis perpendicular to the
traversing axis, and the plurality of {luid ports, the plurality of fluid ports fluidly connected to
the body, wherein each fluid port has a port diameter. each fluid port has a port angle. In
certain embodiments ol the present invention, the supercritical [luid is water. In certain
embodiments ol the present invention, the port alignment is selected from the group
consisting of straight in-line, straight across, staggered across, spiral pattern and
combinations thereof. In certain embodiments of the present invention, the port angle is
between 1 deg. and 90 deg. In certain embodiments of the present invention, the sequential
mixer further comprises a {low restrictor installed between each of the plurality of fluid ports.
In certain embodiments of the present invention, the flow restrictor is an orifice place with an
orifice. In certain embodiments of the present invention, the mixed temperature is between

150°C and 400°C.

[0013]  In a second aspect of the present invention, a sequential mixer for mixing a heated
hydrocarbon stream and a supereritical fluid to produce an intimately mixed stream upstream
of a supercritical reactor is provided. The sequential mixer includes a body, the body having
a body length and a body diameter, a hydrocarbon inlet, the hydrocarbon inlet physically
connected 1o the body, the hydrocarbon inlet having an inlet diameter, wherein the heated
hydrocarbon stream is introduced to the sequential mixer through the hydrocarbon inlet, a
mixed stream outlet, the mixed stream outlet physically connected to the hody and fluidly
connected to the supercritical reactor, the mixed stream outlet having an outlet diameter, a
traversing axis, the traversing axis extending through the center of the body from the
hydrocarbon inlet to the mixed stream outlet, a cross-sectional axis, the cross-sectional axis
perpendicular to the traversing axis, and a plurality of fluid ports, the plurality of fluid ports
physically connected (o the body, wherein the plurality of fluid ports are arranged in a port
alignment arrayed along the traversing axis, wherein each fluid port of the plurality of fluid
ports has a port diameter, wherein each fluid port has a port angle, wherein the supercritical

fluid is injected through the plurality of fluid ports.
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[0014]  In certain embodiments of the present invention, the port alignment is selected
from the group consisting of straight in-line, straight across, staggered across, spiral pattern
and combinations thereof. In certain embodiments of the present invention, the port angle is
between 1 deg. and 90 deg. In certain embodiments of the present invention, the sequential
mixer {urther comprises a flow restrictor installed between each of the plurality of fluid ports.
In certain embodiments of the present invention, the flow restrictor is an orifice place with an
orifice. In certain embodiments of the present invention, the mixed temperature is between
150°C and 400°C. In certain embodiments of the present invention, the body diameter is
greater than 0.1 inch. In certain embodiments of the present invention, the body length is
greater than 0.5 inches. In certain embodiments of the present invention, the inlet diameter is
larger than the port diameter. In certain embodiments of the present invention, a mixing

chamber is positioned between two of the plurality of fluid ports.

[0015]  In at third aspect of the present invention, a system for producing an upgraded
hydrocarbon stream is provided. The system includes a sequential mixer, the sequential
mixer configured to receive a heated hydrocarbon stream through a hydrocarbon inlet and
configured to receive a supercritical fluid through a plurality of fluid ports to produce an
intimately mixed stream, the intimately mixed stream comprising hydrocarbons and
supercritical fluid, wherein the sequential mixer includes a body, the body having a body
length and a body diameter, wherein the heated hydrocarbon stream and the supercritical
fluid mix in the body to produce the intimately mixed stream, the hydrocarbon inlet
physically connected to the body, the hydrocarbon inlet having an inlet diameter, a mixed
stream outlet, the mixed stream outlet physically connected to the body and fluidly connected
to the supercritical reactor, the mixed stream outlet having an outlet diameter, a traversing
axis, the traversing axis extending through the center of the body from the hydrocarbon inlet
to the mixed stream outlet, and a plurality of fluid ports, the plurality of fluid ports
physically connected to the body, wherein the plurality of fluid ports are arranged in a port
alignment arrayed along the traversing axis, wherein each fluid port of the plurality of fluid
ports has a port diameter, wherein each fluid port has a port angle, wherein the supercritical
fTuid is injected through the plurality of fluid ports. The system further includes a
supercritical reactor, the supercritical reactor fluidly connected to the sequential mixer, the
supercritical reactor configured o produce an eflluent stream, a product exchanger, the
product exchanger fluidly connected to the supercritical reactor, the product exchanger

configured to cool the effluent stream to a temperature below the critical temperature of water
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to produce a cooled effluent, a pressure reducer, the pressure reducer fluid connected to the
product exchanger, the pressure reducer configured to reduce the pressure of the cooled
elfluent to a pressure below the critical pressure of water to produce a product stream, a gas-
liquid product separator, the gas-liquid product separator fluidly connected to the pressure
reducer, the gas-liquid product separator configured to separate the product stream to produce
a vapor phase product and a liquid phase product, a liquid product separator, the liquid
product separator fluid connected to the gas-liquid separator, the liquid product separator
configured to produce the upgraded hydrocarbon stream and a recovered fluid stream,

wherein the upgraded hydrocarbon stream.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0001] These and other features, aspects, and advantages of the present invention will
become  better understood with regard to the following descriptions, claims, and
accompanying drawings. It is to be noted, however, that the drawings illustrate only several
embodiments of the invention and are therefore not to be considered limiting of the
invention's scope as it can admit to other equally effective embodiments.

[0016]  FIG. | provides a process diagram ol one embodiment ol the method ol upgrading
a hydrocarbon feedstock according to the present invention.

[0017]  FIG. 2 provides a block diagram of an embodiment of a mixing unit according to
the prior art.

[0018]  FIG. 3 provides a block diagram of an embodiment of a sequential mixer according
1o the present invention.

[G019]  PIG. da provides a side plan view ol an embodiment ol the sequential mixer
according 0 the present invention.

[0020]  FIG. 4b provides a front plan view of an embodiment of the sequential mixer
according o the present invention.

[0021]  FIG. 4¢ provides a top plan view of an embodiment of the sequential mixer
according to the present invention.

[0022] FIG. 4d provides a cross-sectional side plan view of an embodiment of the
sequential mixer according to the present invention.

[0023]  FIG. Sa provides a side plan view of an embodiment of the sequential mixer
according to the present invention.

[0024]  FIG. 5b provides a front plan view of an embodiment of the sequential mixer
according (o the present invention.

[0025]  IFIG. 3¢ provides a top plan view of an embodiment of the sequential mixer
according (o the present invention.

[6026]  FIG. 5d provides a side plan view ol an embodiment of the sequential mixer
according 1o the present invention.

[0027]  FIG. 6a provides a side plan view of an embodiment of the sequential mixer

according to the present invention.
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[0028]  FIG. 6b provides a front plan view of an embodiment of the sequential mixer
according to the present invention.

[0029]  FIG. 6¢ provides a top plan view of an embodiment of the sequential mixer
according Lo the present invention.

[0030]  FIG. 7a provides a side plan view of an embodiment of the sequential mixer
according to the present invention.

[0031]  FIG. 7b provides a front plan view of an embodiment of the sequential mixer
according to the present invention.

[6032] FIG. 7¢ provides a top plan view of an embodiment of the sequential mixer
according to the present invention.

[0033]  FIG. 7d provides a front plan view of an embodiment of the sequential mixer
according to the present invention.

[6034]  FIG. 8 provides a side plan view of an embodiment ol the sequential mixer with a
mixing chamber according to the present invention.

[0035]  FIG. 9 provides a side plan view of an embodiment of the sequential mixer with a

mixing chamber according to the present invention.
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DETAILED DESCRIPTION OF THE INVENTION

[6036]  Although the following detailed description contains many specific details for
purposes ol illustration, it is understood that one of ordinary skill in the art will appreciate
that many examples, varations and alterations to the following details are within the scope
and spirit of the invention. Accordingly, the exemplary embodiments of the invention
described herein and provided in the appended figures are set forth without any loss of

generality, and without imposing limitations, relating (o the claimed invention.

[0037]  The present invention provides an apparatus for sequential injection of a
supercritical fluid into a hydrocarbon stream and methods for using the sequential mixer in a
hydrocarbon upgrading process. To ensure mixing of the supercritical fluid and the
hydrocarbons, the hydrocarbons and the supercritical fluid are mixed before subjecting the
mixture to a reactor at supercritical reaction conditions. Ensuring mixing of the supercritical
fluid and the hydrocarbons before the reactor is important because the reactor is at the same
temperature or a higher temperature than the mixed stream and because the reactor has a
longer residence time than the mixing unit. Thus, the hydrocarbons will begin reacting once
they reach the reactor and will have sufficient time in the reactor to react. If the
hvdrocarbons are not well-mixed with the supercritical {luid before reaching the reactor, then
the reactions in the reactor are likely to produce coke, which is undesirable. In a typical
supercritical reactor, there is insufficient time to fully mix the hydrocarbons with the
supercritical fluid before the hydrocarbons begin reacting, thus mixing upstream of the
reactor is required to produce a well-mixed stream of hydrocarbons and supercritical fluid.
Sequential injection of water to hydrocarbon feedstock can achieve good mixing through
sequential dissolution of resin and aromatics. Sequential mixing can be beneficial when the
walter o oil ratio increases through the sequential mixer, because in the initial stage, when
there is a low water o oil ratio, asphaltenes can be well dispersed within the small amount of
water because less aromatics and resin can be dissolved into the small amount of water.
Therelore, at least one objective of sequential mixing is to maintain asphaltene in a dispersed
state.  Improved mixing results in higher conversion of hydrocarbons into liquid phase
product under supercritical water condition. One of the advantages of multiple injections of
supercritical fluid in the sequential mixer is that it reduces the local concentration gradient, a
high local concentration gradient can lead to coke formation. A second advantage of multiple
sequential injections of supercritical water is an increase in the liquid yield of the

hvdrocarbon product.
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[0038]  Supercritical fluids are those that at a temperature and pressure above its critical
point the phase boundary between gas and liquid ceases to exist. Supercritical fluids useful in
the present invention include pentane, toluene, and water.  Water is a supercritical fluid
above the critical temperature and critical pressure of water. The critical temperature of
walter is 373.946°C (705.1028°F). The critical pressure of water is 22.06 MPa (3,212 psi).
The critical temperature of pentane is 196.7°C. The critical pressure of pentane is 3.36 MPa.

The critical temperature of toluene is 318.64 °C. The critical pressure is 4.109 MPa.

[0039]  Referring to FIG. 1, a process for upgrading a hydrocarbon using the sequential
mixer of the present invention is provided. Hydrocarbon stream 15 is fed to hydrocarbon
pump 120 to create pressurized hydrocarbon stream 20. Hydrocarbon stream 15 can be from
any source of hydrocarbon that would benefit from hydrocarbon conversion reactions.
Exemplary hydrocarbon sources include petroleum-based hydrocarbons, coal-based
hydrocarbons, and biomaterial-based hydrocarbons. In at least one embodiment of the
present invention, hydrocarbon stream 15 includes hydrocarbons in gas-phase at ambient

conditions.

[0040]  Pressurized hydrocarbon stream 20 is at a pressure greater than the critical pressure
ol water, 22.1 MPa. In at least one embodiment of the present invention, the pressure of
pressurized hydrocarbon stream 20 is greater than the critical pressure of the [luid in fluid
stream 2. In at least one embodiment of the present invention, the pressure ol pressurized
hvdrocarbon stream 20 is about 25 MPa. In at least one embodiment of the present invention,

the pressure of pressurized hydrocarbon stream 20 is greater than about 25 MPa.

[6041]  Pressurized hydrocarbon stream 20 is fed to hydrocarbon exchanger 130 to create
heated hydrocarbon stream 30. Hydrocarbon exchanger 130 heats pressurized hydrocarbon
stream 20 10 a temperature of about 150°C, alternately to a temperature below about 150°C,
alternately to a temperature between about 30°C and about 150°C, alternately to a
temperature between about 50°C and about 150°C, and alternately to a temperature belween
about 50"C and 100"C. Pressurized hydrocarbon stream 20 1s heated o a temperature above
room temperature because mixing a hydrocarbon stream and supercritical water at room
temperature and then heating the mixed stream to a temperature above the critical
temperature of water can induce coke formation due to the length of time needed for heating
because of the absence of a “preheating” step for the hydrocarbon stream. During the long
heating stage, asphaltene will form aggregates which can be converted (o coke easily. In

preferred instances, pressurized hydrocarbon stream 20 is preheated to a temperature below
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about 150°C, and more preferably to about 100°C, and then mixed with supercritical water
before being heated Lo a temperature above the 150°C. The first preheating step, separate
from heating of the water, can prevent the formation of coke precursor, such as localized
asphalthene, because the asphaltene does not have the time to form aggregates. Also, separate
pressurizing and preheating allows for better energy recovery from reactor effluent if heat
bualancing across the production unit is desired. Fluid stream 2 and hydrocarbon stream 15
are pressurized and heated separately.

[0042]  Fluid stream 2 is fed to high pressure pump 100 to create pressurized fluid stream
5. Fluid stream 2 can be any fluid capable of being mixed at the supercritical conditions of
that fluid with hydrocarbons to serve as the reaction medium for the hydrocarbons.
Exemplary fluids for use in fluid stream 2 include water, pentane, and toluene. In at least one

embodiment of the present invention, [Tuid stream 2 is water.

[0043]  Pressurized fluid stream 5 is al a pressure greater than the critical pressure of the
fTuid in pressurized fluid stream 5. In at least one embodiment of the present invention, the
pressure ol pressurized fluid stream S is greater than 22.1 MPa. In at least one embodiment
ol the present invention, pressurized fluid stream 5 is 25 MPa. In at least one embodiment of
the present invention, pressurized fluid stream 5 is greater than 25MPa.  Pressurized fluid

stream 5 is fed o fluid heat exchanger 110 to create supercritical {luid 10.

[0044]  Fluid heat exchanger 110 heats pressurized fluid stream 5 to a temperature above
the critical temperature of the fluid in pressurized fluid stream 5. Supercritical fluid 10 is a
supercritical [luid at conditions above the critical temperature and critical pressure of the
Muid.  In at Jeast one embodiment of the present invention, supercritical fluid 10 is

supercritical water above the critical pressure and critical temperature ol water.

[0045]  Supercritical fluid 10 and heated hydrocarbon stream 30 are fed to sequential mixer
140 to produce intimately mixed stream 40. In embodiments where the supercritical fluid in
supercritical fluid 10 is water, the volumetric ratio of water to hydrocarbon entering
sequential mixer 140 at standard ambient temperature and pressure (SATP) is between about
1:10 and about 1:0.1, and alternately between about 1:10 and about 1:1. In embodiments
where the supercritical fluid in supercritical fluid 10 is pentane, the volumetric ratio of
pentane 1o hvdrocarbon entering sequential mixer 140 at standard ambient temperature and
pressure (SATP) is between about 1:10 and about 1:0.1, and alternately between about 1:10

and about 1:1. In embodiments where the supercritical fluid in supercritical fluid 10 is
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toluene, the volumetric ratio of toluene to hydrocarbon entering sequential mixer 140 at
standard ambient temperature and pressure (SATP) is between about 1:10 and about 1:0.1,

and alternately between about 1:10 and about 1:1.

[0046] Intimately mixed stream 40 has a mixed temperature. The mixed lemperature is
the temperature of intimately mixed stream 40. Mixed temperature is between about 150°C
and about 400°C, alternately between about 150°C and about 373°C, alternately between
about 150°C and about 350°C, alternately between about 200°C and about 350°C, alternately
between about 250°C and about 350°C, and alternately between 350°C and about 400°C.
The pressure of intimately mixed stream 40 is above the critical pressure of the fluid in
supercritical fluid 10.

[0047]  Intimately mixed stream 40 is fed to supercritical reactor 150 to produce effluent
stream 50. Supercritical reactor 150 is maintained at or above the critical temperature and
critical pressure of the [luid in supercritical fluid 10. Hydrocarbons present in intimately
mixed stream 40 undergo conversion reactions in supercritical reactor 150. As used herein,
“conversion reactions”™ or “hydrocarbon conversion reactions” relers (o any reaction that
convert feed molecules to other molecules and includes cracking, desulfurization,
demetallization, denitrogenation, deoxygenation, isomerization, alkylation, cyclization,
aromatization, and other reactions that occur in the presence of thermal energy. Conversion
reactions encompass a broader meaning than “upgrading” as upgrading refers to the narrow
reaction of converting heavy molecules to light molecules to increase the API gravity. The
residence time of intimately mixed stream 40 in supercritical reactor 150 is longer than about
10 seconds, alternately between about 10 seconds and about 5 minutes, and alternately
between about 10 seconds and 100 minutes. The residence time of intimately mixed stream
40 in supercritical reactor 150 can be selected based on a targeted conversion level. The
residence time ol intimately mixed stream 40 in supercritical reactor 150 is longer than that in
sequential mixer 140, In at least one embodiment of the present invention, catalyst can be
added to supercritical reactor 150 to catalyze the conversion reactions. In at least one
embodiment of the present invention, supercritical reactor 150 is in the absence of catalyst.
In at least one embodiment of the present invention, externally supplied hydrogen can be
added to supercritical reactor 150. In at least one embodiment of the present invention,

supercritical reactor 150 is in the absence of externally supplied hydrogen.
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[6048]  Effluent stream S0 is fed o product exchanger 160 to produce cooled effluent
stream 60. Cooled effluent stream 60 is at a temperature below the critical temperature of the

fluid in {luid stream 2.

[0049]  Cooled effluent stream 60 is fed to pressure reducer 170 Lo produce product stream
70. Product stream 70 is at a pressure below the critical pressure of the fluid in fluid stream

2.

[6050]  Product stream 70 is fed to gas-liquid product separator 180 to produce vapor

phase product 80 and liquid phase product 835.

[0051]  Liquid phase product 85 is fed to liquid product separator 190 to produce upgraded
hydrocarbon 90 and recovered fluid 95. Upgraded hydrocarbon 90 has an increased aromatic
content and lower pour as compared to hydrocarbon stream 15. The liquid yield of upgraded
hvdrocarbon 90 is greater than 96%, alternately greater than 97%, alternately greater than
97.5%, and alternately greater than 98% .

[0052]  Mixing units according to the prior art are shown in FIG. 2. A hydrocarbon stream
is fed at one end of the mixing unit with the supercritical water being fed in the middle of the

mixing unit. A traditional mixing unit could be a static mixer consisting of a metal pipe.

[6053] [IG. 3 shows a block diagram according to an embodiment of the present
invention.  Heated hydrocarbon stream 30 is fed at one end ol the sequential mixer [40.
Supercritical fluid 10 is separated into multiple streams and injected into heated hydrocarbon
stream 30 flowing through sequential mixer 140. Injecting supercritical fluid 10 into heated
hydrocarbon stream 30 causes supercritical fluid 10 to be dispersed into heated hydrocarbon
stream 30 causing the hydrocarbons in heated hydrocarbon stream 30 to dissolve in the
dispersed supercritical fluid 10.  Allowing supercritical fluid 10 to be injected in multiple
streams allows a stepwise addition ol supereritical {luid.  The number ol streams that
supercritical fluid 10 is separated into is determined by the volumetric flow rate of
supercritical fluid 10, the temperature of supercritical fluid 10, and the size of sequential
mixer 140. Heated hydrocarbon stream 30 and supercritical fluid 10 mix within sequential
mixer 140 to produce intimately mixed stream 40. Sequential mixer 140 is capable of mixing
supercritical fluid 10 and heated hydrocarbon stream 30 across laminar, turbulent, and
transitional flow regimes.  Achieving and maintaining the proper balance of [low regime
within sequential mixer 140 is an important aspect of the design of sequential mixer 140.

The hvdrocarbons and supercritical fluids can be mixed even when not in a turbulent flow
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regime due to localized instability. Too much wrbulence can extract aromatics and resins oo
quickly and result in apgregated asphaltenes.  As used herein “intimate mixing™ refers 1o
mixing that achieves a well-mixed stream that tends toward a mixture that is more

homogenous than the supercritical fluid 10 and hydrocarbon stream 30 separately.

[60534]  Details of sequential mixer 140 are described herein with reference to FIGs. 4a-4d,
Sa-5¢, 6a-6c, and 7a-7d. With reference to FIG. 4a-d an embodiment of sequential mixer 140
is shown. Heated hydrocarbon stream 30 is fed to body 141 of sequential mixer 140 through

hvdrocarbon inlet 142.

[6055] Body 141 can be of any shape and dimensions that facilitate intimate mixing of
heated hydrocarbon stream 30 and supercritical fluid 10. Exemplary shapes include cylinder
(tube), cube, and rectangular prism. In a preferred embodiment, body 141 is a cylinder. In
embodiments of the present invention where body 141 is a cylinder, the dimensions of body
I include body diameter and body length. In embodiments of the present invention where
body 141 is a cube or rectangular prism, body dimensions include body width and body
length. Body 141 is designed to withstand an internal pressure above the critical pressure of
the fluid in fluid stream 2 without suffering mechanical failure or defect. Body 141 can be
constructed from one picce of metal by being bored out of a solid block, welded, or otherwise
fastened together, so long as the resulting structure meets the internal design pressure. The
body diameter ol body 141 can be measured inclusive or exclusive of the thickness of the
material of construction of body 141. In other words, body diameter can be given as inner
diameter (exclusive of material thickness) or outer diameter (inclusive of material thickness).
Unless otherwise indicated, body diameter in this description refers to the inner diameter of
body 141. Body diameter is greater than 0.1, alternately greater than about 0.57, alternately
greater than about 17, alternately greater than about 27, alternately greater than about 37,
alternately between about 37 and about 57, alternately between about 57 and about 67,

*

alternately between about 67 and about 127, and alternately greater than 127, In at least one
embodiment, body 141 can be a standard pipe, such that body diameter is selected from a

standard pipe size.

[6056]  The body length of body 141 can be any length to encourage intimate mixing based
on the volumetric flow rate of heated hydrocarbon stream 30 and supercritical {luid 10, the
temperature of supercritical [Tuid 10, and the number of fluid ports 146. With respect to the
effect of the temperature of supereritical fluid 10 on body length of body 141, the greater

(hotter) the design of the temperature of supercritical fluid 10, the shorter the design of the
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body length of body 141 to reduce exposure of the hydrocarbons to high temperatures before
entering supercritical reactor 150. Body length is between about 0.5 and about 247,
alternately between about [ and about 247, alternately between about 2 and about 247,
alternately between about 3™ and about 247, alternately between about 47 and about 247,
alternately between about 57 and about 247, alternately between about 6™ and about 247,
alternately between about 7 and about 24", alternately between about 8" and about 247,
alternately between about 97 and about 24”, alternately between about 10” and about 24",
alternately between about |17 and about 247, alternately between about 12" and about 247,
alternately between about 147 and about 24”7, alternately between about 16 and about 247,

alternately between about 187 and about 247, alternately between about 20” and about 247,

alternately between about 22 and about 247, alternately greater than about 24™.

[6057]  Hydrocarbon inlet 142 has inlet diameter 148. In a preferred embodiment,
sequential mixer 140 has one hydrocarbon inlet 142. In at least one embodiment of the
present invention, sequential mixer 140 has two hydrocarbon inlets 142. Inlet diameter 148 is
the diameter of hydrocarbon inlet 142, Values referred to herein for inlet diameter 148 are to
inner diameter exclusive of the thickness of the malterial of construction of hydrocarbon inlet
142 unless otherwise indicated. Inlet diameter 148 is greater than 0.1, alternately greater
than about 0.5, alternately greater than about 17, alternately greater than about 27,
alternately greater than about 37, alternately between about 3”7 and about 57, alternatcly
between about 37 and about 67, alternately between about 67 and about 12, and alternately
greater than 127 In at least one embodiment of the present invention, inlet diameter 148 is
the same as body diameter ol body 141. In at least one embodiment of the present invention,

hvdrocarbon inlet 142 is a nozzle having standard nozzle dimensions.

[0058]  Body 141 has traversing axis 144 extending through the center of body 141 from
hydrocarbon inlet 142 to mixed stream outlet 143. Cross-sectional axis 145 runs through

body 141 perpendicular to traversing axis 144.

[0059]  Supercritical fluid 10 is injected through fluid ports 146. Each {luid port 146 has a
port volumetric [Tow rate. The port volumetric flow rate for each fluid port 146 is the flow
rate of the fluid injected through that {Tuid port 146. 1In at least one embodiment of the
present invention, the port volumetric flow rate is the same through each fluid port 146. In at
least one embodiment of the present invention, the port volumetric flow rate is different
through cach {luid port 146. Throughout this description, references to volumetric flow rate,

are relerences 1o volumetric flow rate at standard ambient temperature and pressure (SATP)
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unless other specified. Volumetric flow rate is defined at SATP and not operating condition
because heating of liquid or gas fluid expands the volume of the fluid, so to maintain
consistency, volumetric flow rate is defined at SATP. SATP is 25°C and 0.987 atm
(100.007775 kPu). In at least one embodiment of the present invention, there is no limitation

on the superficial velocity of supercritical {luid 10 flowing through fluid ports 146.

[0060]  Fluid ports 146 extend along the body length of body 141. The number of (luid
ports 146 depends on the volumetric flow rate of supercritical fluid 10, the desired pressure
drop across fluid ports 146, the temperature of supercritical fluid 10, and the size of
sequential mixer 140, With respect to the effect of the temperature of supercritical fluid 10
on the number of fluid ports 146, the greater the temperature of supercritical {luid 10, the
design number of fluid ports 146 is increased to minimize the rate at which the temperature of
supercritical fluid 10 increases the temperature of heated hydrocarbon stream 30 and thus
minimizes the rate of heating the in-mixer stream 32. There can be at least two fluid ports
146, alternately three fluid ports 146, alternately four fluid ports 146, alternately five fluid
ports 146, alternately six fluid ports 146, alternately seven fluid ports 146, alternately eight
Nuid ports 146, altlernately nine fluid ports 146, aliernately ten fluid ports 146, and alternately
greater than ten {luid ports .l 46. In at least one embodiment of the present invention, fluid
ports 146 can form capillary.

[0061]  Fluid ports 146 are arrayed along traversing axis 144 and cross-sectional axis 145
of body 141 in a port alignment. The port alignment can be any configuration of fluid ports
146 along traversing axis 144, cross-sectional axis 145, and around the outside surface of
body 141 that facilitate intimate mixing of supercritical fluid 10 and heated hydrocarbon
stream 30. Exemplary port alignments include straight in-line, straight across, staggered
across, spiral pattern, combinations thereof, and any other patter allowing intimate mixing in
sequential mixer 140, As shown in FIGs. 4a-4d, the port alignment is straight in-line. FIG.
Sa-c illustrates an embodiment of sequential mixer 140 with fluid ports 146 in a straight
across port alignment. FFIG. 5d iHustrates an embodiment of sequential mixer with four fluid
ports 146 in a staggered across port alignment. FIG. 7a-c illustrates an embodiment of
sequential mixer 140 with four fluid ports 146 in a spiral pattern port alignment. FIG. 7d
Hlustrates an embodiment of sequential mixer 140 with three fluid ports 146 having a spiral

pattern port alignment.

[0062]  Fluid ports 146 have port diameter 149. Port diameter 149 is the diameter of fluid

port 146. Values referred to herein for port diameter 149 are to inner diameter exclusive of
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the thickness of the material of construction of fluid port 146 unless otherwise indicated. Port
diameter 149 of luid port 146 is greater than about 0.1, alternately between about 0.1 and
about 17, alternately between about 0.2” and about 17, alternately between about 0.3” and
about 17, alternately between about 0.4 and about 17, alternately between about 0.5 and
about 17, alternately between about 0.6” and about 17, alternately between about 0.7 and
about 17, alternately between about 0.8” and about 17, alternately between about 0.9” and
about 17, and alternately greater than about 17, In at least one embodiment of the present
invention, port diameter 149 is less than 0.17. In at least one embodiment of the present
mvention, port diameter 149 is different from port diameter inlet diameter 148, In at least
one embodiment of the present invention, port diameter 149 is less than inlet diameter 148.
In at least one embodiment of the present invention, each fluid port 146 of sequential mixer
140 has the same port diameter 149. In at least one embodiment of the present invention,
each fluid port 146 of sequential mixer 140 has a different port diameter 149. In at least one
embodiment of the present invention, there are at most two different diameters of fluid ports

146 of sequential mixer 140.

[6063]  Fluid ports 146 have port angle 147. Port angle 147 is the angle between fluid port
146 and body 141 ol sequential mixer 140. In FIG 4a-4d, port angle 147 is 90°. FIG. 6a-c
illustrates an embodiment of sequential mixer 140 with fluid ports 146 having port angle 147
of less than 90°. Throughout, the term “deg.” is used interchangeably with the symbol for
degree (°). Port angle 147 can be between about 1° and about 90°, alternately between about
10° and about 90°. aliernately between about 20° and about 90°, alternately between about
30° and about 90°, aliernately between about 40° and about 90°, alternately between about
45 and about 90°. alternately between about 50° and about 90°, alternately between about
60° and about 90°, alernately between about 70° and about 90°, and alternately between
about 80° and about 90°. In at Jeast one embodiment of the present invention, port angle 147
is 90°. In at least one embodiment of the present invention, port angle 147 is 45°. In at least
one embodiment of the present invention, port angle 147 is less than 45°  In at least one

embodiment of the present invention, port angle 147 is between 45° and 90°.

[6064]  In at least one embodiment of the present invention, supercritical fluid 10 injected
through fluid ports 146 1s the same temperature through cach fluid port 146. In at least one
embodiment of the present invention, supercritical fluid 10 injected through fluid ports 146 is
a different temperature through each fluid port 146. In at least one embodiment of the

present invention, the temperature of supercritical fluid 10 through each fluid port 146 can be
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adjusted by adjusting the thickness of insulation on tluid port 146 and each individual line
from each fTuid port 146 back to the separation piping or tubing downstream [rom fluid heat

exchanger [ 10.

[0065]  Heated hydrocarbon stream 30 and supercritical fluid 10 mix within body 141 o
produce in-mixer stream 32. The composition of in-mixer stream 32 changes as it progress
through body 141 with each addition of supercritical fluid 10 through another fluid port 146.
In at least one embodiment of the present invention, in-mixer stream 32 is in the absence of
droplets of heated hydrocarbon stream 30. In at least one embodiment of the present
invention, the hydrocarbons in in-mixer stream 32 dissolve or substantially in the
supercritical Tuid in in-mixer stream 32, except for the asphaltenic portion which stays as
droplets. In at least one embodiment of the present invention, dispersion and/or dissolution of
hvdrocarbons in the supercritical fluid occurs once contact has been made in-mixer stream
32, In at least one embodiment of the present invention, in-mixer stream 32 is an emulsion,
In at least one embodiment of the present invention, the in-mixer temperature of in-mixer
stream 32 is maintained at a point below the temperature at which hydrocarbon cracking
reactions occur. Preventing hydrocarbon cracking reactions is prelerred because cracking
reactions are syminetric with coking reactions in that both reactions are initiated by radicals,
bv avoiding hydrocarbon cracking reactions, coking reactions can be minimized which
minimizes the formation ol coke or sludge-like coke precursor. Avoidance of coke or sludge-
like coke precursor is desirable because the substances can inhibit or limit the flow of in-
mixer stream 32 leading to process instability. In at least one embodiment of the present
invention, in-mixer stream 32 has an in-mixer temperature of less than 400°C. In at least one
embodiment of the present invention, in-mixer stream 32 has an-mixer temperature between
[50°C and 400°C. In at least one embodiment of the present invention, body 141 has a
heating element 1o maintain a constant in-mixer temperature of in-mixer stream 32.

Exemplary heating elements include heat tracing and thermal insulation.

[0066]  In-mixer stream 32 exits body 141 through mixed stream outlet 143, In at least one
embodiment of the present invention, sequential mixer 140 is in the absence of muliiple
mixed stream outlets 143. Designing sequential mixer 140 for one outlet is preferred because
with multiple outlets controlling for equal flow rate through each outlet poses difficulties.
Assuming each outlet has the same inner diameter and length, even a difference in
temperature can influence the flow rate, cause a difference that leads to plugging in one of the

outlets by settling of undissolved components in the outlet stream. Mixed stream outlet 143
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has an outlet diameter. The outlet diameter is the diameter of mixed stream outlet 143. In a
preferred embodiment, sequential mixer 140 has one mixed stream outlet 143. The outlet
diameter is the diameter of hydrocarbon inlet 142. Values referred o herein for the outlet
diameter refer to the inner diameter exclusive of the thickness of the material of construction
ol the outlet diameter unless otherwise indicated. The outlet diameter of mixed stream outlet
143 is greater than 0.17, alternately greater than about 0.57, alternately greater than about 17,
alternately greater than about 27, alternately greater than about 37, alternately between about
37 and about 57, alternately between about 57 and about 67, alternately between about 6™ and
about 127, and aliernately greater than 127, In at least one embodiment of the present
invention, the outlet diameter is the same as the body diameter of body 141. In at least one

embodiment of the present invention, mixed stream outlet 143 is a nozzle having standard

nozzle dimensions.

[6067]  In at least one embodiment of the present invention, body 141 of sequential mixer
140 includes Mow restrictors 1415. Without being bound to a particular theory, it is believed
that Now restrictors increase instability of in-mixer stream 32 and therefore enhance mixing.
[nstability plays a role in preventing precipitation of coke and other heavy materials in the
reactor.  Unstable flow is characterized by being locally irregular, having high diffusivity,
and having high dissipation. The more unstable a flow the more mixed the hydrocarbons can
be within the supercritical fluid, reducing the likelihood of producing coke. Flow restrictors
1415 are placed downstream of the mixing point of each fluid port 146. A “mixing point™ is
the point in sequential mixer 140 where supercritical fluid 10 is injected through fluid port
146 meets in-mixer stream 32, In this respect, flow restrictors 1415 enhance mixing of
stream that has already begun mixing. In at least one embodiment of the present invention,
flow restrictors 1415 are placed away from the mixing point of in-mixer stream 32 and
supercritical fTuid 10 as injected through fluid port 146. In at least one embodiment of the
present invention, flow restrictor 1415 is an orifice plate, where the orifice diameter is
smaller than the body diameter. In at least one embodiment ol the present invention, flow
restrictor 1415 is a filter comprising sintered metals. In at least one embodiment of the
present invention [low restrictor 1415 is a filter comprising metallic membranes. In at least
one embodiment of the present invention, flow restrictor 1415 is in the absence of a
thermocouple. In at least one embodiment of the present invention, {low restrictors 1415 are
placed downstream of each mixing point in sequential mixer 140. In at least one embodiment

of the present invention, there are fewer flow restrictors 1415 than mixing points. In at least
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one embodiment. ITow restrictor 1415 can be placed upstream of the first fluid port 146, in
the direction of fluid flow. Placing a flow restrictor upstream of all fluid ports can reduce any
potential gradient of temperature and concentration of the hydrocarbons in in-mixer stream
32, which can encourage mixing of the hydrocarbons in in-mixer stream 32 and can have a
beneficial effect on downstream mixing with the supercritical fluid.  Flow restrictors 1415
can be placed in any combination upstream, in between, or downstream of the fluid ports, in

multiples or singularly within sequential mixer 140.

[0068]  FIG. § illustrates an embodiment of sequential mixer 140 that includes mixing
chamber 1405 between two bodies 141.  Mixing chamber 1405 can be any shape and
dimensions to facilitate intimate mixing of the hydrocarbons and supercritical fluid present in
in-mixer stream 32 in mixing chamber 1405. In at least one embodiment of the present
invention, mixing chamber 1405 includes an agitator. In al least one embodiment of the
present invention, the chamber residence time, the residence time of in-mixer stream 32 in
mixing chamber 1405, 1s at least one second, alternately between one second and five
seconds, and alternately between two seconds and four seconds. Mixing chamber 1405 is
designed to have a chamber residence time that prevents reaction from occurring in mixing

chamber 1405.

[0069]  FIG. 9 illustrates an embodiment of sequential mixer 140 that includes tail tube
1425 downstream of body 141. Tail tube 1425 provides additional volume for further mixing
of in-mixer stream 32. In at least one embodiment of the present invention, sequential mixer
140 includes two tail wbes downstream of body 141. Tail tube 1425 can be any shape or
dimension that facilitates intimate mixing of in-mixer stream 32. Exemplary shapes of (ail
tube 1425 include cylinder, rectangular prism, and spiral (or coiled). In at least one
embodiment of the present invention, tail tube 1425 is a cylinder. In at least one embodiment
of the present invention, tail tube 1425 is a spiral. Tail tube 1425 has a tail tbe diameter. In
at least one embodiment of the present invention, tail tube 1425 is a standard pipe, such that
the tail whe diameter is selected from a standard pipe size. Tail tube 1425 has a tail length,
which is the length of tail wbe 1425, In an embodiment where tail tube 1425 is coil shaped,
the length is an equivaient length, as if the coil of tail tube 1425 were straightened and
measured end to end. In at least one embodiment of the present invention, the tail length of
tail tube 1425 is at least twice the body length of body 141. In at least one embodiment of the
present invention, the tail length of tail tube 1425 is twice the body length of body 141. In at

least one embodiment of the present invention, the tail length of tail tube 1425 is less than

21-



WO 2016/154424 PCT/US2016/023990

twice the body length of body 141. In at least one embodiment of the present invention, the
tail length of 1ail tube 1425 is equal to the body length of body 141. In at least one
embodiment of the present invention, the tail length ol tail tube 1425 is less than the body

length of body 141,

[0070]  In at least one embodiment of the present invention, the temperature in (ail tube
1425 is maintained at less than 400°C. In at least one embodiment of the present invention,
the temperature in tail tube 1425 is maintained between 150°C and 400°C. In at least one
embodiment of the present invention. tail tube 1425 has a heatling element to maintain a

constant. Exemplary heating elements include heat tracing and thermal insulation.

[0071]  In at least one embodiment ol the present invention, sequential mixer 140 is in the
absence of an ultrasonic wave generator or source of ultrasonic wave energy. In at least one
embodiment of the present invention, the process for hydrocarbon conversion is in the

absence of an ultrasonic wave generator or a source of ultrasonic wave energy.

[0072]  Heated hydrocarbon stream 30 cannot be injected into supercritical fluid 10
through fluid ports 146, where supercritical fluid 10 enters sequential mixer 140 through
hvdrocarbon inlet 142, In such a design, the initial relative water o oil ratio will be high,
meaning more walter than oil, in some instances the flow rate of supercritical water can be as
much as 4 times higher than the flow rate of oil through one fluid port. The aromatic and
resin components of the hydrocarbon stream, which stabilize the asphaltene in a well
dispersed state, can be readily dissolved when the water to oil ratio is high. While this design
can produce mixing of the aromatic and resin, the asphaltene, without the aromatic and resin
stabilizer, can be swollen by the supercritical water to generate tiny droplets of asphaltene.
The tiny droplets ol asphaltene exposed to a sudden increase in lemperature (o the critical

point of water provides a point for coke lormation.
[0073] EXAMPLE

[0074] LEXAMPLE 1. A process for converting hydrocarbons was simulated using a
sequential mixer with the following configuration: one hydrocarbon inlet and four fluid ports
with an in-line port alignment. The supercritical fluid, in this example supercritical water,
was divided into four equal streams and injected into the four fluid ports such that the
volumetric TTow rare through each fluid port was 25 ml/min at standard ambient temperature
and pressure (SATP). The heated hydrocarbon stream was fed into the sequenual mixer

through the hydrocarbon inlet so that the volumetric flow rate of the heated hydrocarbon
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stream was 100 ml/min at standard ambient temperature and pressure. The 100 ml/min of the
heated hydrocarbon stream mingled with the 25 ml/min supercritical water injected through
the fluid port closest to the hydrocarbon inlet to create an in-mixer stream with a water (o oil
volumetric ratio of 0.25 to 1. A ratio of water to oil of 0.25 to | is too lTow to accommodate
all the resins and aromatics in the heated hydrocarbon stream, so the resin and aromatics were
still dispersing asphaltenes. The 125 ml/min of the in-mixer stream then mingled with the 25
ml/min supercritical water injected through the next fluid port creating a water to oil
volumetric ratio of 0.5 to | in the in-mixer stream. The 150 ml/min of the in-mixer stream
then mingled with the 25 ml/min supercritical water injected through the third fluid port
creating a water to oil volumetric ratio of 0.75 to 1. A water to oil volumetric ratio of 0.75 to
I is enough to extract almost all of the resin and aromatics {rom the hydrocarbons in the in-
mixer stream.  Due 1o the dissolution of resins and aromatics, the asphaltenes start to
apgregate. At about the same time, the supercritical walter starts to swell the asphaltene
which is then popped up to tiny droplets of hydrocarbons. Finally, the 175 ml/min of the in-
mixer stream meets the 25 ml/min of the last fluid port and mixes to create a waler to oil
volumetric ratio of 1 to 1. A water o oil volumetric ratio of 1 to 1 is sufficient to dissolve or
disperse the tiny droplets, which are originated {rom asphaltene. The temperature of the in-
mixer stream was maintained below 400°C to avoid condensation reactions between

asphaltenc in the aggregate phase.

[00751  EXAMPLE 2. A process for converting hydrocarbons was simulated using a
sequential mixer with the following configuration: one hydrocarbon inlet and three {luid ports
with an in-line port alignment. The supercritical fluid, in this example supercritical water,
was divided into three cqual streams and injected through the three fluid ports such that the
volumetric flow rate through each f{luid port was 20 barrel/day at standard ambient
temperature and pressure (SATP).  The heated hydrocarbon stream was fed into the
scquential mixer through the hydrocarbon inlet so that the volumetric flow rate of the heated
hvdrocarbon stream was 60 barrel/day at standard ambient temperature and pressure. The
temperature of supercritical water is controlled to be different through each of the fluid ports.
The temperature of supercritical water through the port closest to the hydrocarbon inlet was
controlled (o be 500°C. The temperature of the supercritical water through the next port was
controlled 1o be 550°C. The temperature of the supercritical water through the last port was
controlled to be 600°C. The 60 barrel/day of the heated hydrocarbon stream mingled with the

20 barrel/day at 300°C supercritical water injected through the fluid port closest to the
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hydrocarbon inlet to create an in-mixer stream with a temperature of 295°C. A temperature
of 295°C is too low to have enough solubility toward resin and aromatics. Resin and
aromatics arc partially dissolved while keeping asphaltene in good dispersion. The 80
barrel/day of the in-mixer stream then mingled with the 20 barrel/day at 550°C supercritical
water injected through the next fluid port increasing the temperature of the in-mixer stream to
a temperature of 364°C. At this temperature, water started to swell the asphaltene while
suppressing hydrocarbon conversion reactions. The 100 barrel/day of the in-mixer stream
then mingled with the 20 barrel/day at 600°C supercritical water injected through the third
[Tuid port increasing the temperature ol the in-mixer stream (o a emperature of 373°C. At

this temperature, liny droplets of asphaltene begin to disperse into the supercritical water.

[0076] EXAMPLE 3. Example 3 was simulated based on the process as shown in FIG. 1.
Hydrocarbon stream 15 was fed to hydrocarbon pump 120 and pressurized o a pressure
greater than the critical pressure of water to produce pressurized hydrocarbon stream 20.
Pressurized hydrocarbon stream 20 was fed to hydrocarbon exchanger 30 and heated to a
temperature of S0°C to produce heated hydrocarbon stream 30. Fluid stream 15, in this
example water, was fed to high pressure pump 100 and pressurized to a pressure greater than
the critical pressure ol water to produce pressurized {luid stream 5. Pressurized fluid stream
5 was fed o tluid heat exchanger 110 and heated to a temperature greater than the critical
temperature of water 1o produce supercritical fluid 10. Supercritical fluid 10 was then split
into three (3) streams with each stream having a flow rate of 20 barrels/day at SATP.
Sequential mixer 140 produced intimately mixed stream 40. Intimately mixed stream 40 has
a temperature above the critical temperature of water and below 400°C and a pressure greater
than the critical pressure of water. Intimately mixed stream 40 was fed to supercritical reactor
150, where the hydrocarbons undergo conversion reactions. The residence time of the fluid
in supercritical reactor was less than 10 seconds. Supercritical reactor 150 produces effluent

stream 50
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[0077]  Table 1. Stream Operating Conditions
Stream Pressurized Pressurized | Heated Supereritical | Intimately Effluent
Name Hydrocarbon | Fluid Hydrocarbon | Fluid 10 Mixed Stream 50

Stream 20

stream 5

Stream 30

Stream 40

Temp (°C) 25 25 50 500 370 450
Pressure 25 25 25 25 24.8 24.8
(MPa)
[6078]  Table 2. Stream Propertics
Properties Hydrocarbon Feedstock Upgraded Hydrocarbon
Stream
Specific Gravity 17 24
(API)
Asphaltene (wt%) 13 2.0
Sulfur (wt% S) 3.2 2.6
[6079] COMPARATIVE EXAMPLE. EXAMPLE 4. Example 4 compared a mixing unit

according 0 FIG. 2 and a sequential mixer 140 of the present invention in the process

simulated based on the process diagram of FIG. 1.

[0080]  The same feed conditions for the two simulations were used with respect to
hvdrocarbon stream 135 and fluid stream 2 and can be seen in Table 3. Hydrocarbon stream
15, at 24 1./day, was fed to hydrocarbon pump 120 and pressurized to 25 MPa, a pressure
greater than the critical pressure of water, o produce pressurized hydrocarbon stream 20.
Pressurized hydrocarbon stream 20 was led to hydrocarbon exchanger 30 and heated to a
temperature of 125°C, less than the critical temperature of water, to produce heated
hydrocarbon stream 30, Fluid stream 15, in this example water at 24 L/day as measured at
standard ambient temperature and pressure, was fed to high pressure pump 100 and
pressurized o 25 MPa, a pressure greater than the critical pressure ol water, to produce

pressurized fluid stream 5. Pressurized fluid stream 5 was fed to fluid heat exchanger 110
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and heated to 450°C, a temperature greater than the critical temperature of water, to produce
supercritical fluid 10. The volumetric ratio of water (as supercritical fluid 10) to hydrocarbon

(as heated hydrocarbon stream 30) was 1:1 (vol:vol).

[0081]  Table 3. Stream Conditions

[Stream Hydrocurbon £ Pressurized | Heated Fluid Stream | Pressurized | Supercritical
Name | Stream 15 | Hydrocarbon | Hydrocarbon |2 Fluid Stream | Fluid 10
1 Stream 20 Stream 30 5
Temp 25 25 125 25 25 450
o
Pressure | 0.1 125.0 125.0 0.1 25.0 25.0
(MPa) ? |
! | i I
/ i

[G082]  ‘The mixing unit was modeled in the simulation as a mixing tee, according to FIG.
2, with an internal diameter of 0.12 inches (0.3048 cm). The hydrocarbon inlet to the mixing
unit was modeled as a tubing having an outer diameter of 0.25 inches (0.635 cm). The
supercritical water inlet was modeled as a tubing having an outer diameter of 0.25 inches
(0.635 ¢m). The combined stream produced by the mixing unit was fed lo supercritical
reactor 150. Supercritical reactor 150 was modeled as a tubular vessel having an internal
volume of 1 L. "The operating conditions of the streams downstream of the mixing unit are
shown in Table 4. A comparison of the components ol the hydrocarbon stream and the
upgraded hydrocarbon stream are shown in Table 5. The liquid yield produced using a

mixing unit ol FIG. 2 was 95 wit%.

[0083] Table 4. Stream Conditions

‘Sircam | Combined Reactor Cooled Depressurized '
Name ' Stream 1 Effluent Stream Stream 1

Temp 355 450 50 45 |
co | ; |

| | !

Pressure | 25 248 24.6 0.1 |
(MPa) i E

I i i |
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[0084]  Table 5. Stream Properties

Propertices Hydrocarbon Feedstock Upgraded Hydrocarbon
Stream
Specific Gravity 17 ' 24
(APD)
Asphaltene (wt%) 13 2.0
Sulfur (Wt% S) 3.2 2.6

[6085]  Sequential mixer 140 was modeled having one hydrocarbon inlet 142 with inlet
diameter 148 having an inner diameter of 0.125 inches. Sequential mixer 140 was modeled
as a cylinder (tube) with a body length of 5 inches ( cm) and a body diameter of 0.375 inch
outer diameter (O, D.) and 0,125 inch (1. D.). The volumetric [low of supercritical fluid 10
was divided evenly between four fluid ports 146 such that each fluid port 146 had a
volumetric flow rate of 0 L/day at SATP. Fluid ports 146 were arranged in a straight in-line
port alignment.  Fluid ports 146 were modeled with port diameter 149 of 0.25 inch outer
diameter and 0.0625 inner diameter and a 1 inch space between each fluid port 146. Flow
restrictors 1415 with a 0.0625 inch inner diameter (hole size) were modeled as being placed
between each fluid port 146 for a total of three {low restrictors 1415. Mixed stream outlet
143 was modeled to connect to supercritical reactor 150 with a 0.25 inch outer diameter.
Supereritical reactor 150 was modeled as a wbular vessel having an internal volume of 1 L.
Tae operating conditions of the streams downstream of sequential mixer 140 are shown in
Table 6. A comparison of the components of the hydrocarbon stream and the upgraded
hvdrocarbon stream are shown in Table 7. The liquid yield produced using sequential mixer
140 was 97 wit%. A comparison of the upgraded hydrocarbon stream produced using a mixer

according to FIG. 2 and sequential mixer 140 are shown in Table 8.
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[6086]  Table 6. Stream Operating Conditions

Stream Intimately Mixed Effluent Cooled Product
Name Stream 40 Stream 50 | Effluent 60 | Stream 70
Temp (°C) 368 450 50 45
Pressure 25 24.8 24.6 0.1
(MPa)

[0087]  Table 7. Stream Properties

Propertics Hydrocarbon Stream 15 Upgraded Hydrocarbon
Stream 90
Specific Gravity 17 26
(API)
bAsphaltcmy (Wt %} 13 1.5
Sullur (wt% S) N 3.2 2.3
L

[0088]  Table 8. Stream Properties

[ Properties Mixing Unit — Upgrade Sequential Mixer - Upgraded
Hydrocarbon Strecam Hydrocarbon Strecam 90

Specific Gravity 24 26
(APD)

Asphaltene (wt%) 2.0 1.5
Sulfur (wt% S) 2.6 2.3

i ]

[0089]

(009017  The results show that sequential mixer 140, which provides for better mixing of the
supercritical {luid, in this example water, with hydrocarbons results in higher liquid yields

and improved quality of product.
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[0091]  Although the present invention has been described in detail, it should be
understood that various changes, substitutions, and alterations can be made hereupon without
departing from the principle and scope of the invention. Accordingly, the scope of the present
irvention should be determined by the following claims and their appropriate legal
equivalents.

[0092]  The singular forms "a", "an" and "the" include plural referents, unless the context
clearly dictates otherwise.

[0093]  Optional or optionally means that the subsequently described event or
circumstances may or may not occur. The description includes instances where the event or
circumstance occurs and instances where it does not occur.

[(094]  Ranges may be expressed herein as [rom about one particular value, and/or to
about another particular value. When such a range is expressed, it is to be understood that
another embodiment is from the one particular value and/or to the other particular value,

along with all combinations within said range.
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CLAIMS

A method for hydrocarbon conversion in a supercritical reactor of an intimately mixed
stream produced by a sequential mixer upstream of the supercritical reactor, the method

comprising the steps of:

introducing a heated hydrocarbon stream to a hydrocarbon inlet of the sequential mixer,
the hydrocarbon inlet parallel to a traversing axis of the sequential mixer, wherein the
heated hydrocarbon stream has a pressure greater than the critical pressure of water

and a temperature between 30°C. and 150°C.;

injecting a supercritical fluid through a plurality of fluid ports of the sequential mixer,
wherein the plurality of fluid ports are arranged in a port alignment arrayed along the
traversing axis, wherein each fluid port of the plurality of fluid ports has a port
volumetric flow rate, wherein the supercritical fluid has a pressure greater than the

critical pressure of water and a temperature greater than the critical temperature of

water;

allowing the heated hydrocarbon stream and supercritical fluid to mix in the sequential
mixer to produce an intimately mixed stream, wherein the volumetric ratio of
supercritical fluid to hydrocarbons in an in-mixer stream increases as the in-mixer
stream passes each of the fluid ports of the plurality of fluid ports and the in-mixer
stream receives a further injection of supercritical fluid, wherein the intimately mixed
stream comprises hydrocarbons and supercritical fluid, wherein the intimately mixed

stream has a mixed temperature;

transferring the intimately mixed stream to a supercritical reactor, the supercritical reactor
maintained at a pressure above the critical pressure of water and a temperature above
the critical temperature of water, wherein the hydrocarbons in the intimately mixed
stream undergo hydrocarbon conversion reactions in the supercritical reactor to

produce an effluent stream;

cooling the effluent stream in a product exchanger to produce a cooled effluent, the
product exchanger configured to cool the effluent stream to a temperature below the

critical temperature of water to produce the cooled effluent;

depressurizing the cooled effluent in a pressure reducer to produce a product stream, the
pressure reducer configured to reduce the pressure of the cooled effluent to a pressure

below the critical pressure of water to produce the product stream;
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separating the product stream in a gas-liquid product separator to produce a vapor phase

product and a liquid phase product;

separating the liquid phase product in a liquid product separator to produce an upgraded

hydrocarbon stream and a recovered fluid stream.
. The method of claim 1, wherein the sequential mixer further comprises:

a body, the body physically connected to the hydrocarbon inlet, the hydrocarbon inlet

having an inlet diameter;

a mixed stream outlet, the mixed stream outlet physically connected to the body, the

mixed stream outlet having an outlet diameter;

the traversing axis, the traversing axis extending through the center of the body from the

hydrocarbon inlet to the mixed stream outlet;
a cross-sectional axis, the cross-sectional axis perpendicular to the traversing axis; and

the plurality of fluid ports, the plurality of fluid ports fluidly connected to the body,

wherein each fluid port has a port diameter, each fluid port has a port angle.
. The method of claim 1, wherein the supercritical fluid is water.

. The method of claim 1, wherein the port alignment is selected from the group consisting

of straight in-line, straight across, staggered across, spiral pattern and combinations

thereof.
. The method of claim 2, wherein the port angle is between 1 deg. and 90 deg.

. The method of claim 2, wherein the sequential mixer further comprises a flow restrictor

installed between each of the plurality of fluid ports.
. The method of claim 6, wherein the flow restrictor is an orifice place with an orifice.
. The method of claim 1, wherein the mixed temperature is between 150°C. and 400°C.

. A sequential mixer for mixing a heated hydrocarbon stream and a supercritical fluid to
produce an intimately mixed stream upstream of a supercritical reactor, the sequential

mixer comprising:

a body, the body having a body length and a body diameter;
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a hydrocarbon inlet, the hydrocarbon inlet physically connected to the body, the
hydrocarbon inlet having an inlet diameter, wherein the heated hydrocarbon stream is

introduced to the sequential mixer through the hydrocarbon inlet;

a mixed stream outlet, the mixed stream outlet physically connected to the body and

fluidly connected to the supercritical reactor, the mixed stream outlet having an outlet
diameter;

a traversing axis, the traversing axis extending through the center of the body from the
hydrocarbon inlet to the mixed stream outlet;

a cross-sectional axis, the cross-sectional axis perpendicular to the traversing axis; and

a plurality of fluid ports, the plurality of fluid ports physically connected to the body,
wherein the plurality of fluid ports are arranged in a port alignment arrayed along the
traversing axis, wherein each fluid port of the plurality of fluid ports has a port
diameter, wherein each fluid port has a port angle, wherein the supercritical fluid is

injected through the plurality of fluid ports.

The sequential mixer of claim 9, wherein the port alignment is selected from the group
consisting of straight in-line, straight across, staggered across, spiral pattern and

combinations thereof.
The sequential mixer of claim 9, wherein the port angle is between 1 deg. and 90 deg.

The sequential mixer of claim 9, wherein the sequential mixer further comprises a flow

restrictor installed between each of the plurality of fluid ports.

The sequential mixer of claim 10, wherein the flow restrictor is an orifice plate with an

orifice.

The sequential mixer of claim 9, wherein the mixed temperature is between 150°C. and

400°C.
The sequential mixer of claim 9, wherein the body diameter is greater than 0.1 inch.
The sequential mixer of claim 9, wherein the body length is greater than 0.5 inches.

The sequential mixer of claim 9, wherein the inlet diameter is larger than the port

diameter.

The sequential mixer of claim 9, wherein a mixing chamber is positioned between two of

the plurality of fluid ports.
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19. A system for producing an upgraded hydrocarbon stream, the system comprising:

a sequential mixer, the sequential mixer configured to receive a heated hydrocarbon
stream through a hydrocarbon inlet and configured to receive a supercritical fluid
through a plurality of fluid ports to produce an intimately mixed stream, the intimately

mixed stream comprising hydrocarbons and supercritical fluid, wherein the sequential

mixer comprises:

a body, the body having a body length and a body diameter, wherein the heated
hydrocarbon stream and the supercritical fluid mix in the body to produce the

intimately mixed stream;

the hydrocarbon inlet physically connected to the body, the hydrocarbon inlet having
an inlet diameter,

a mixed stream outlet, the mixed stream outlet physically connected to the body and
fluidly connected to the supercritical reactor, the mixed stream outlet having an

outlet diameter,

a traversing axis, the traversing axis extending through the center of the body from the

hydrocarbon inlet to the mixed stream outlet, and

a plurality of fluid ports, the plurality of fluid ports physically connected to the body,
wherein the plurality of fluid ports are arranged in a port alignment arrayed along
the traversing axis, wherein each fluid port of the plurality of fluid ports has a port

diameter, wherein each fluid port has a port angle, wherein the supercritical fluid
is injected through the plurality of fluid ports;
a supercritical reactor, the supercritical reactor fluidly connected to the sequential mixer,

the supercritical reactor configured to produce an effluent stream;

a product exchanger, the product exchanger fluidly connected to the supercritical reactor,
the product exchanger configured to cool the effluent stream to a temperature below

the critical temperature of water to produce a cooled effluent;

a pressure reducer, the pressure reducer fluid connected to the product exchanger, the
pressure reducer configured to reduce the pressure of the cooled effluent to a pressure

below the critical pressure of water to produce a product stream;
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a gas-liquid product separator, the gas-liquid product separator fluidly connected to the
pressure reducer, the gas-liquid product separator configured to separate the product
stream to produce a vapor phase product and a liquid phase product;

a liquid product separator, the liquid product separator fluid connected to the gas-liquid
separator, the liquid product separator configured to produce the upgraded

hydrocarbon stream and a recovered fluid stream, wherein the upgraded hydrocarbon

stream.
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