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DESCRIPTION

Description

FIELD OF THE PRESENT INVENTION

[0001] The present invention relates to a process for carrying out multistage hydroprocessing
of a hydrocarbon feed in a specially designed single reactor wherein, the reaction occurs in
predominantly liquid phase under iso-thermal conditions. Further, the present invention relates
to a horizontally oriented reactor system that enables continuous removal of reaction gaseous
products alone, while retaining the liquid feed. It also effects heat removal of the exothermic
reactions during the multistage hydroprocessing reactions.

BACKGROUND OF THE PRESENT INVENTION

[0002] Crude oil includes various petroleum fractions like naphtha, kerosene, gas-oil, wax, and
heavy oils which can be separated via distillation. Fractions like naphtha, kerosene and gas-oil
can be upgraded to finished products like gasoline, kerosene and diesel whereas, heavier oils
are further cracked into smaller molecules via thermal or catalytic cracking. These downstream
processes are termed as secondary processes. Intermediate hydrocarbon streams can be
upgraded to finished products via a family of secondary processes grouped together as
Hydroprocessing. Hydroprocessing is a highly exothermic process involving treatment of
hydrocarbon feedstock with hydrogen in the presence of a suitable catalyst to achieve various
objectives like hydrogenation of olefins and aromatics, hydrocracking of longer chain
molecules, removal of hetero-atoms like sulfur, nitrogen, oxygen, metals, etc for production of
fuels of desired quality. It is generally carried out in adiabatic mode with intermediate
quenching to check the rise in temperature due to the exothermic nature of the reactions. In
hydroprocessing, treatment with hydrogen results in hydrogenation of unsaturated
hydrocarbon molecules and hydrocracking of long chain molecules. Hydroprocessing is the
most generally used process in refineries today to obtain valuable petroleum products. It
involves a hydrocarbon feedstock along with hydrogen gas under catalytic processing at high
temperature and pressure conditions suitable to achieve the product specifications. The
process generally can be classified in two major classes, first one is hydrotreating, where there
is no major change in molecular weight of the feedstock, only heteroatoms are removed. The
second class of hydroprocessing is hydrocracking, where there is conversion by means of
cracking of heavy molecules to lighter (more usable) molecules in presence of high hydrogen
partial pressures. Therefore, hydroprocessing is the most desirous way to achieve major
product fuel specifications and has emerged as major process in refining field, second only to
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crude distillation

[0003] Various processes are available conventionally to crack and treat heavy hydrocarbon
fractions into lighter hydrocarbons and further reduce metals, sulfur, nitrogen, and acidity of
the hydrocarbon. Conventionally, a hydrocarbon-feedstock is hydrotreated and/or cracked by
passing the hydrocarbon-containing feedstock over a catalyst located in a fixed bed catalyst
reactor in the presence of hydrogen at a temperature effective to reduce the sulfur content,
nitrogen content, metals content, and/or the acidity of the feedstock and/or crack heavy
hydrocarbons in the feedstock. Another method involves dispersing a catalyst in the feedstock
and passing the mixture together with hydrogen through a slurry-bed or fluid-bed reactor
operated at a temperature effective to crack heavy hydrocarbons in the feedstock. Examples of
such slurry-bed or fluid-bed reactors include ebullating-bed reactors, plug-flow reactors, and
bubble-column reactors.

[0004] Prior work has been carried out to overcome the inherent limitations of Fixed Bed
Reactors (FBRs) in application for hydroprocessing with special emphasis being on
overcoming the mass transfer limitations via employing liquid phase hydrotreating and
introducing multi-staging via process intensification. Multiple stage configurations disclosed so
far mostly have been commonly associated with consecutive stages being operated in a
separate dedicated reactor. Novel reactor designs eliminating the necessity of an additional
separation vessel utilizing liquid phase hydrotreating have also been discussed. Nonetheless,
multiple stage configurations disclosed so far have still been associated with separate
dedicated reactors.

[0005] US9914104B2 relates to methods, apparatus and processes for three phase contacting
and reactions in a cross flow reactor with reduced feed vaporization, low pressure operation,
higher liquid holdup, lower reactor pressure drop, low severity operation, and reduced product
inhibitory effects. The reactor has a central gas distributor with perforated lateral surface for
distributing gas, a middle region accommodating a packed catalyst bed, and an outer gas
space for removal of effluent gases from the middle region. The novel reactor introduces
continuous multiple stages while eliminating the requirement of a separate reactor or vessel,
but the designing of a lateral outer perforated surface enabling removal of gaseous products
and hydrogen only while retaining the liquid feed is a practical challenge. WO2016106228A1
discloses a horizontal bubble reactor for slurry hydroprocessing of a heavy hydrocarbon
feedstock having an API Gravity of less than 20, where the reactor is fitted with one or more
vapor-only outlets to provide intrinsic separation of catalyst from product. IN309876 deals with
an innovative process for intensification configuration scheme of hydrotreatment of diesel
under predominantly liquid phase conditions that provides the multitude of zones of
hydrotreatment to produce ultra low sulfur diesel range boiling hydrocarbon stream with means
of making up continuously depleting hydrogen concentrations levels in predominantly liquid
phase diesel boiling range hydrocarbon stream and with means of reducing the levels of
concentrations of reaction products such as hydrogen sulfide, etc for avoiding the formation of
recombinant mercaptans. US 6123835 provides a hydroprocessing method for treating a feed
with hydrogen in a reactor, the improvement comprising a two liquid phase hydroprocessing
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method comprising the steps of at least one of mixing and flashing the hydrogen and the feed
to be treated in the presence of a solvent or diluent wherein the percentage of hydrogen in
solution is greater than the percentage of hydrogen in the feed to form a two liquid phase
feed/diluent/hydrogen mixture. This step is followed by separating the gas from the two liquid
phase mixture upstream of the reactor, and then reacting the feed/diluent/hydrogen mixture
with a catalyst in the reactor to remove contaminants and saturate aromatics. US7799208
provides a method of hydrocracking hydrocarbon streams that substantially employs liquid-
phase continuous hydroprocessing conditions. The method primarily includes a separate
hydrotreating and hydrocracking system where the hydrocracking zone is a substantially liquid-
phase continuous system. The method further includes a two-stage hydrocracking system
where one or both of the hydrocracking zones is a substantially liquid-phase continuous
reaction system. US20160177200A1 provides a process for hydroprocessing a hydrocarbon
feedstock. The process utilizes a horizontal bubble reactor for slurry hydroprocessing of a
heavy hydrocarbon feedstock having an API Gravity of less than 20, where the reactor is fitted
with one or more vapor-only outlets to provide intrinsic separation of catalyst from product.
US3556989A provides a process for the hydrotreating of hydrocarbon oil and the apparatus
therefor are disclosed herein. the process comprises feeding a heavy hydrocarbon oil feed and
a hydrogen containing gas into the bottom of a high pressure, high temperature spherical
reactor vessel, passing the oil and gas upwardly through an expanded particulate catalyst bed
in the lower half of the vessel thereby rapidly decreasing the upward velocity of the upwardly
flowing gas and oil and removing the treated hydrocarbon oil at a rate sufficient to maintain the
upper level of the liquid hydrocarbon oil approximately at the midpoint of the spherical vessel.
preferably vapor product is passed upwardly in the vessel through a second fixed catalyst bed
for additional hydrotreating prior to being withdrawn. WO2014188243A1 provides in
accordance to one embodiment of the present subject matter, a cross flow reactor (100) for
three phase catalytic hydroprocessing, comprise at least one reactor stage (104). The at least
one reactor stage (104) comprises a central gas distributor (204) having perforated lateral
surface for distributing gas, a middle region (206) accommodating a packed catalyst bed, and
an outer gas space (202) for removal of effluent gases from the middle region (206). The
middle region (206) receives a liquid reactant and gas from central gas distributor (204) to
carry out three phase catalytic hydroprocessing reaction. US6495113B2 provides a carbon
monoxide concentration reducing apparatus that raises the internal temperature of a CO-
selective oxidation unit carrying a selective oxidation catalyst in as short a time period as
possible after the apparatus is started, and a driving method for the apparatus are disclosed.
In addition to the selective oxidation catalyst, the CO-selective oxidation unit contains an
oxidation catalyst. The oxidation catalyst is capable of facilitating oxidation of an oxidizable gas
component of a hydrogen-rich gas, even at temperatures substantially equal to a normal room
temperature. The oxidation catalyst is, for example, a platinum (Pt) catalyst. Even when the
internal temperature of the CO-selective oxidation unit is substantially equal to a normal room
temperature, the oxidizable gas component of the hydrogen-rich gas can be oxidized by
oxygen contained in an oxidative gas, via the function of the Pt catalyst. Using heat produced
by this oxidation, the temperature of the hydrogen-rich gas can be raised, so that the internal
temperature of the CO-selective oxidation unit can be raised to a desired temperature.
US3069348A provides an invention relating to reforming and, more particularly, to reforming
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using a platinum-group metal particle-form solid catalyst and reaction pressures of the order of
about 300 pounds per square inch gauge (psig.) or less.

[0006] However, most of the conventional hydroprocessing reactors suffer from the inherent
limitations of mass transfer, big reactor size, reaction exotherm management, secondary
cracking of reaction products, inhibitory effects of reaction products like HyS and NHj3. In

conventional trickle bed reactor system, carefully designed distributor systems are required to
uniformly distribute gas and liquids over the catalyst bed to avoid the hot spots and
temperature run away and for proper utilization of total loaded catalyst volumes. These
distributors are referred to as the two-phase gas-liquid distributors. These two phase
distributors are specially designed to uniformly distribute the gas and liquid over the entire
cross-section of reactor diameter at lowest possible pressure drops. For this, wide ranges of
distributors are employed ranging from a simple chimney tray to more advanced vapor lift
distributors. Further, these distributors need to operate at wide ranges of gas and liquid flows
to be more effective. In the conventional trickle bed reactor system, as the hydrogen gas and
liquid flows over the catalyst bed, dissolved hydrogen depletion occurs due to consumption of
hydrogen during hydroprocessing reactions, which is continuously replenished by gas phase
hydrogen already present in the reactor in abundance, thus maintaining the liquid phase
hydrogen concentration always at saturated levels whereby the process requires the use of
cost intensive separation system to separate the unreacted hydrogen from the liquid product
and recycle gas compressor for recycling the abundant separated hydrogen. Additionally,
hydroprocessing is an equilibrium controlled reaction. Intermediate removal of products has
multi-fold advantages. It shifts the equilibrium towards the products. Also, removal of inhibitory
products like H»S and NHjs increases the overall conversion. Removal of products in

conventional hydroprocessing reactors requires introduction of capital intensive additional
separation and reaction vessels. This necessitates the introduction of multiple stages in a
single reactor without the requirement of any extra vessel and subsequently overcoming the
conventional complexities of reactors through use of a single phase system of liquid
hydrocarbon along with hydrogen. Thus, a reactor of efficient orientation and design is of
utmost need that would further enable continuous removal of reaction gaseous products alone
while retaining the liquid feed.

OBJECTIVES OF THE PRESENT INVENTION

[0007] The primary objective of the present invention is to provide a reactor system for
multistage hydroprocessing of liquid hydrocarbon feed in a single reactor.

[0008] Another objective of the present invention is to provide a horizontally oriented reactor
system employing the benefits of cross flow in a liquid phase process whereby the mass

transfer limitation is circumvented.

[0009] Another objective of the present invention is to provide a reactor system that includes
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effective heat sink of exothermic reactions and lower severity of operation due to removal of
gaseous product, including the inhibitory products.

[0010] Another objective of the present invention is to provide a process for production of ultra
low sulfur gasoline and diesel fuels by avoiding recombinant mercaptan formation by effecting
removal of in-situ H,S from the reaction mixture.

[0011] Another objective of the present invention is to provide a reactor system that enables
the continuous removal of reaction gaseous products alone while retaining the liquid feed
always saturated with hydrogen to form a single phase that undergoes hydroprocessing while
passing over the catalyst system in the horizontal reactor.

[0012] Yet another objective of the present invention is to provide single phase, multistage
hydroprocessing of liquid hydrocarbon feed pre-saturated with hydrogen in a horizontal reactor
system.

SUMMARY OF THE PRESENT INVENTION

[0013] Accordingly, the present invention provides a reactor orientation and design that
enables the continuous removal of reaction gaseous products alone while retaining the liquid
feed in a single reactor. The reactor system of the present invention overcomes the inherent
disadvantages of a trickle bed reactor by employing the benefits of predominantly horizontal
flow in a liquid phase process, wherein the liquid is saturated with hydrogen throughout the
reactor length, thereby circumventing the mass transfer limitation. Moreover, the advantages
obtained are augmented via process intensification effecting continuous withdrawal of the
products throughout the reactor length without the introduction of any new vessel, thereby
imparting the multistaging effect in a single reactor.

[0014] The present invention thus provides a reactor system for a single phase, multistage
hydroprocessing of a liquid hydrocarbon feed pre-saturated with hydrogen, the reactor system
comprising:

a horizontal reactor (10) with a feed inlet nozzle (4) at one lateral end for axial entry of a
premixed mixture of liquid hydrocarbon feed (1) and gaseous hydrogen (2) at mixing point (3),

a fixed bed catalyst loaded inside the reactor (10) throughout length of the reactor, wherein the
reactor is a fixed bed reactor,

a longitudinal sparger (7) running along bottom portion of the reactor (10) with a multitude of
nozzles (8) provided at top periphery of the sparger (7) to distribute gaseous hydrogen,

a multitude of vertically oriented gas separation and withdrawal means (5, 6) provided at top of
the reactor (10) acting as micro separation vessels and withdrawal assembly, integrated with
the reactor for removal of product gases comprising ammonia (NH3), hydrogen sulfide (H»S),
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and dry gases that rise as bubbles against horizontally flowing liquid hydrocarbon feed,
wherein the gas separation and withdrawal means (5, 6) are vertical separation limbs each
provided with pressure and level control devices to control pressure and levels of each portion,
and wherein each vertical limb comprises a gas-liquid disengaging space (6A, 6B and 6C) and
gas withdrawal assembly (5A, 5B and 5C),

an outlet product collector (9) provided with small outlet collectors distributed uniformly along
cross section of the horizontal reactor designed to avoid accumulation of liquids at other lateral
end of the reactor (10) and enable removal of liquid product depleted of heteroatoms for
example to an extent of complying with BS-VI standards (BS-VI standards are the latest
emission legislations implemented by Indian Government that came into effect from April 1,
2020. ), wherein the liquid product is liquid Ultra Low Sulfur Gasoline (ULSG) or Ultra Low
Sulfur Diesel (ULSD).

[0015] The dry gases specifically refer to methane and ethane in the art. But here dry gases
include methane, ethane, and other lighter hydrocarbons such as propane and butane which
are notin liquid state under the operating conditions in the reactor.

[0016] Further, the present invention provides a process for multistage hydroprocessing of a
single phase liquid hydrocarbon feed using a horizontal reactor system, the process
comprising:

introducing a liquid hydrocarbon feed pre-saturated with hydrogen into a feed inlet nozzle of a
horizontal reactor as a single phase system, wherein the liquid hydrocarbon feed is pre-
saturated with hydrogen by pre-mixing with hydrogen and pre-heated to a hydroprocessing
reaction temperature ranging from 120-400°C, more preferably, 200 to 350°C;

hydroprocessing the single phase system of liquid hydrocarbon feed pre-saturated with
hydrogen by passing the single phase system axially along the reactor over a fixed bed
catalyst system, wherein dissolved hydrogen present in the single phase system is depleted
due to consumption of the hydrogen during the hydroprocessing;

adding fresh hydrogen at multiple discrete intervals through the sparger at the bottom of the
reactor to replenish hydrogen depletion at a rate to keep the liquid hydrocarbon feed in the
reactor always saturated with hydrogen;

removing gaseous products obtained during the hydroprocessing through a multitude of
vertically oriented gas separation and withdrawal means at top of the reactor, wherein the gas
separation and withdrawal means are provided with pressure and level control devices that
separate the gaseous products from a reaction mixture;

collecting liquid product from the reactor through an outlet product collector provided at other
end of the reactor, wherein the collector comprises small outlet collectors distributed uniformly
along entire cross section of the horizontal reactor designed to avoid accumulation of liquid
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product.

BRIEF DESCRIPTION OF THE DRAWINGS OF THE PRESENT INVENTION

[0017] Figure 1 illustrates a schematic representation of a multistage hydroprocessing reactor.

DETAILED DESCRIPTION OF THE PRESENT INVENTION

[0018] For the purpose of promoting an understanding of the principles of the present
disclosure, reference will now be made to the specific embodiments of the present invention
further illustrated in specific language to describe the same. The foregoing general description
and the following detailed description are explanatory of the present disclosure and are not
intended to be restrictive thereof. It will nevertheless be understood that no limitation of the
scope of the present disclosure is thereby intended, such alterations and further modifications
in the illustrated composition, and such further applications of the principles of the present
disclosure as illustrated herein being contemplated as would normally occur to one skilled in
the art to which the present disclosure relates. Unless otherwise defined, all technical and
scientific terms used herein have the same meaning as commonly understood by one
ordinarily skilled in the art to which this present disclosure belongs. The methods, products and
examples provided herein are illustrative only and not intended to be limiting.

[0019] The reactor design of the present invention enables single phase reaction, continuous
removal of the reaction products and excess heat, coupled with the cross-flow injection of fresh
hydrogen, aid in attainment of near iso-thermal profile along the length of the reactor wherein,
at each point the reaction occurs between 100% feed and pure hydrogen present in a single
uniform phase, thereby: (i) eliminating the possibility of secondary cracking and inhibitory
effects of reaction products, (i) ensuring controlled undesired reactions at reactor outlet like
mercaptan recombination due to negligible partial pressure of H,S, and (iii) resulting in

increasing conversion due to lower mass transfer limitations. Continuous removal of reaction
products (lighter hydrocarbons & hydrogen sulfide & ammonia) also results in the improvement
in reaction rate due to higher contacting efficiency of remaining liquid and catalyst. The reactor
assembly of the present invention includes effective heat sink of exothermic reactions and
lower severity of operation due to removal of inhibitory gaseous product.

[0020] The present invention thus provides a reactor system for a single phase, multistage
hydroprocessing of a liquid hydrocarbon feed pre-saturated with hydrogen, the reactor system
(Figure 1) comprising:

a horizontal reactor (10) with a feed inlet nozzle (4) at one lateral end for axial entry of a
premixed mixture of liquid hydrocarbon feed (1) and gaseous hydrogen (2) at mixing point (3),
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a fixed bed catalyst loaded inside the reactor (10) throughout length of the reactor, wherein the
reactor is a fixed bed reactor,

a longitudinal sparger (7) running along bottom portion of the reactor (10) with a multitude of
nozzles (8) provided at top periphery of the sparger (7) to distribute gaseous hydrogen,

a multitude of vertically oriented gas separation and withdrawal means (5, 6) provided at top of
the reactor (10) acting as micro separation vessels and withdrawal assembly, integrated with
the reactor for removal of product gases comprising ammonia (NH3), hydrogen sulfide (H»S),

and dry gases that rise as bubbles against horizontally flowing liquid hydrocarbon feed,
wherein the gas separation and withdrawal means (5, 6) are vertical separation limbs each
provided with pressure and level control devices to control pressure and levels of each portion,
and wherein each vertical limb comprises a gas-liquid disengaging space (6A, 6B and 6C) and
gas withdrawal assembly (5A, 5B and 5C),

an outlet product collector (9) provided with small outlet collectors distributed uniformly along
cross section of the horizontal reactor designed to avoid accumulation of liquids at other lateral
end of the reactor (10) and enable removal of liquid product depleted of heteroatoms for
example to an extent of complying with BS-VI standards, wherein the liquid product is liquid
Ultra Low Sulfur Gasoline (ULSG) or Ultra Low Sulfur Diesel (ULSD).

[0021] The dry gases specifically refer to methane and ethane in the art. But here dry gases
include methane, ethane, and other lighter hydrocarbons such as propane and butane which
are not in liquid state under the operating conditions in the reactor. The heteroatoms that are
removed from the liquid product are primarily sulfur and nitrogen.

[0022] In an embodiment not part of the invention, the present invention provides that the
catalyst is a fixed bed catalyst system with similar catalysts as employed in the conventional
hydroprocessing reactors comprising two or more metals selected from base metals of Groups
VI and VII comprising nickel, cobalt, molybdenum, tungsten, boron, phosphorus, iron, in
sulfided form and is distributed on high surface area support. The support optionally has an
acidic function if required.

[0023] In another embodiment not part of the invention, the present invention provides that
diameter of the reactor is such that superficial velocity of the liquid hydrocarbon feed flowing
horizontally ranges from 0.1 to 10 m/s. Preferably, the velocity is between 0.1 to 5 m/s. Here
the diameter is expressed in terms of superficial velocity which encompasses the feed rate and
diameter of reactor both.

[0024] In another embodiment, the present invention provides that the horizontal length of the
reactor ranges from 3 to 30 times the diameter of the reactor.

[0025] In another embodiment, the present invention provides that the sparger (7) is provided
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with a multitude of nozzles to maintain the liquid hydrocarbon feed saturated with hydrogen
and the nozzles are provided with holes having diameter ranging from 0.01mm to 1.0mm. For
example, the depleted hydrogen in the liquid hydrocarbon feed is replenished by this specially
designed sparger provided inside the reactor. The sparger runs longitudinally along the lower
end of the reactor and is designed to redistribute pre-calculated quantities of hydrogen at
multitude of discreet points having multitude of holes so as to maintain the liquid hydrocarbon
feed saturated with hydrogen at all times. The sparger tube having multitude of holes at
multitude of discreet points runs from the inlet end to the last gaseous product withdrawing
limb of the reactor. Further, the hydrogen is also injected continuously in similar but alternative
way through numerous nozzles provided at the upper periphery of the longitudinal distributor
along the entire lower length of the reactor. The quantity of hydrogen provided through the
sparger point is controlled to control the degree of saturation. The quantity of hydrogen to be
provided is calculated based on feed properties, the desired conversion and the reaction
parameters, and also from the unreacted hydrogen available in reactor effluent.

[0026] In another embodiment, the present invention provides that the height of the vertical
separation limb at the top of the reactor (10) ranges from 5 to 20 times of diameter of the
vertical separation limb.

[0027] In another embodiment, the present invention provides that the diameter of the vertical
separation limb ranges from 0.1 to 1 times the diameter of the reactor (10). All the vertical
separation limbs or stems are having equal diameters.

[0028] In yet another embodiment, the present invention provides that the vertical separation
limbs are equidistantly located along horizontal length of the reactor (10).

[0029] In another embodiment, the present invention provides that distance of the vertical
separation limb just next to the feed inlet nozzle from tangential length of the reactor is same
as distance between any two consecutive vertical separation limbs, and distance of the vertical
separation limb just prior to the outlet product effluent nozzle from tangential length of the
reactor is same as distance between any two consecutive vertical limbs.

[0030] In another embodiment, the present invention provides that 1 to 10, more preferably 1
to 5 vertical separation limbs are present throughout length of the reactor.

[0031] The cylindrical vertical limbs act as micro separation vessels integrated with the reactor.
A predetermined reactor liquid level is maintained in the vertical limb. Pressure control valves
provided at the top of each separation limbs control the pressure of the separation region such
that separation of the dissolved gases, i.e., hydrogen and gaseous products is enabled. The
pressure drop across the reactor and the separation limbs assists in continuous withdrawal of
gaseous products through the pressure control valve.

[0032] The contents of the reactor are associated with some thermal energy. The quantity of
energy depends on the specific heat capacity and temperature of the molecules. As per the
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present invention, when the reaction product gases are removed from the reactor through the
multitude of vertical limbs provided at the top of the reactor, the mass of gases removed
carries away with itself an equivalent amount of heat. The quantity of heat removed can be
regulated via regulating the withdrawal rate of the reaction products. This combined withdrawal
of mass and heat from the reactor system results in a near iso-thermal profile inside the
reactor. Requirement of quench fluid (Gas or liquid stream) along with the associated reactor
internals is omitted. The reaction products of hydroprocessing reactions like H»>S, NH3, and

lighter hydrocarbons are generated during the course of reaction as the liquid hydrocarbon
saturated with dissolved hydrogen comes in contact with catalyst particles. These gaseous
reaction products rise in the form of bubbles vertically upwards against the horizontally flowing
liquid over the catalyst bed. Hold-up of reaction products inside the reactor decreases the
residence time available for the feed molecules. It also leads to secondary cracking and yield
loss. Thus, instantaneous withdrawal of product molecules results in higher yields, higher
conversion and lower catalyst requirement. Another added advantage of withdrawal of
gaseous products is the removal of associated heat thereby reducing the reaction exotherm
and thus, eliminate the requirement of quench system.

[0033] These specially designed vertically oriented multitude of limbs having circular cross-
section are provided with level control for maintaining a pre-determined reactor liquid level in
the vertical space. The pressure of the vertical limb is controlled with a pressure control valve
provided at the upper vapour space of the limb. The vertical limb thus provided acts as a
disengaging space for the liquid hydrocarbon and the gaseous products. The height of the
vertical limb and the level therein determines the vapour-liquid disengaging space and also is
one of the factors in regulating the pressure drop enabling product withdrawal. The pressure of
the vertically oriented gas separation means or vertical limb is varied in order to control the
extent of separation, while pressure control valves are responsible to maintain a liquid level in
the separation limb. The pressure in each vertical separation limb can be controlled individually
and thus the conversions and yields of individual fractions along the reactor length can be
designed.

[0034] In another embodiment, the present invention provides that the liquid product from the
outlet of the reactor is collected in a multitude of small outlet collectors (12) distributed in
uniform fashion along entire cross section of the horizontal reactor to avoid accumulation of
any liquids. Pressure of the entire reactor is controlled by a pressure control device provided at
the reactor outlet. The liquid product which also consists of dissolved hydrogen is further sent
to a stripper followed by a fractionator. The requirement of a recycle gas compressor is
eliminated. Downstream processing of reaction product will be evident to those skilled in the
art.

[0035] Further, the present invention provides a process for single phase, multistage
hydroprocessing of liquid hydrocarbon feed using a horizontal reactor system, the process
comprising:

introducing a liquid hydrocarbon feed pre-saturated with hydrogen into a feed inlet nozzle of a
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horizontal reactor as a single phase system, wherein the liquid hydrocarbon feed is pre-
saturated with hydrogen by pre-mixing with hydrogen and pre-heated to a hydroprocessing
reaction temperature ranging from120 to 400°C, more preferably, 200 to 350°C;

hydroprocessing the single phase system of liquid hydrocarbon feed pre-saturated with
hydrogen by passing the single phase system axially along the reactor over a fixed bed
catalyst system, wherein dissolved hydrogen present in the single phase system is depleted
due to consumption of the hydrogen during the hydroprocessing;

adding fresh hydrogen at multiple discrete intervals through the sparger at the bottom of the
reactor to replenish hydrogen depletion at a rate to keep the liquid hydrocarbon feed in the
reactor always saturated with hydrogen;

removing gaseous products obtained during the hydroprocessing through a multitude of
vertically oriented gas separation and withdrawal means at top of the reactor, wherein the gas
separation and withdrawal means are provided with pressure and level control devices that
separate the gaseous products from a reaction mixture;

collecting liquid product from the reactor through an outlet product collector provided at other
end of the reactor, wherein the collector comprises small outlet collectors distributed uniformly
along entire cross section of the horizontal reactor designed to avoid accumulation of liquid
product.

[0036] In another embodiment, the present invention provides that the hydroprocessing
reaction is carried out at a temperature ranging from 120-450 °C, more preferably 200 to

350°C, a pressure ranging from 15-200 barg, and a space velocity ranging from 0.5 to 4.0 h™!.

[0037] In another embodiment, the present invention provides that the liquid hydrocarbon feed
comprises straight run and cracked Naphtha, Gas Oil, Vacuum Gas Oil, or a combination
thereof comprising of hetero atoms selected from sulfur and nitrogen or of long chain
hydrocarbons which need to undergo hydrocracking.

[0038] In another embodiment, the present invention provides that the rate of hydrogen

purging from the sparger ranges from 1 to 100 Nm?3 per m3 of liquid hydrocarbon feed.

[0039] In another embodiment, the present invention provides that the gaseous product
comprises HoS, NH3, and dry gases; and the liquid product comprises a hydrotreated gasoline

or diesel product containing less than 10 ppm sulfur.

[0040] In the present invention, the depletion of dissolved hydrogen is overcome by adding
fresh colder hydrogen at multiple discrete intervals through the gas sparger/ distributor placed
at the bottom of the reactor (opposite the vertical stems of gas-liquid separators), thus
continuously replenishing the depleted hydrogen in liquid hydrocarbon phase. The rate of
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hydrogen fed is controlled in such a way that the liquid in the reactor is always saturated with
the dissolved hydrogen. This is ensured by ensuring that the liquid coming out of the reactor
system is always saturated with hydrogen. The rate of this hydrogen can be increased or
decreased depending on the extent of hydroprocessing reactions. Thus, giving the dual
benefits of reducing the reaction temperature, while meeting the stoichiometric requirement of
hydrogen and eventually enhances overall performance life of catalyst system. This injection of
only stoichiometric quantities of hydrogen also eliminates the use of cost intensive recycle gas
compressor.

[0041] The reactants, viz. hydrocarbon feed and the dissolved hydrogen constitute a single
phase and flow horizontally over the catalyst bed at reaction conditions. As the hydrogen is
present in dissolved state in the hydrocarbon feed, the reactants are present in a single
uniform phase. Hence, the resistances offered during the transfer of one reactant, namely
hydrogen from its own bulk gas phase into the bulk phase of the other reactant, namely
hydrocarbon is eliminated. It will be known to those skilled in the art that efficient contact
between the reactants and distribution of the reactants uniformly over the catalyst is of prime
importance in achieving desired conversion and limit the side reactions. The liquid filled
reactor, with hydrogen being present in dissolved state removes the G-L interface and film
mass transfer resistances and hence ensures efficient contacting along the entire length of the
reactor.

[0042] As the feed flows horizontally along the reactor length, the reactor conditions facilitate
the hydroprocessing reactions to occur. As the reactions proceed, they result in formation of
gaseous products and a corresponding reduction in hydrogen concentration due to
consumption of the same. The novel design of the horizontal reactor replenishes the depleted
hydrogen throughout the reactor length thus maintaining the single phase conditions
throughout the reactor and also facilitates immediate withdrawal of reaction products in
gaseous state. The benefits of in-sifu withdrawal of reaction products in gaseous sate are
multifold in nature defined to the extent of conversion required in of any that said process.
Hydrotreating gaseous products, consisting of H>S, NH3 have an inhibitory effect on

hydroprocessing reactions. Immediate withdrawal of H,S and NH5 from the reaction mixture

mitigate the impedance imposed by these reaction products.

[0043] The present invention offers the following technical advantages compared to the
available conventional hydroprocessing processes:

s Lower process temperatures

» Lower secondary cracking and higher liquid yield

¢ Smaller reactor size

e Longer catalyst life

= Avoids mercaptan recombination reaction

« Lower hydrogen consumption

» Elimination of reactor quench fluid and associated internals
= Elimination of recycle gas compressor
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[0044] The disclosed reactor design is applicable to all types of hydroprocessing units. The
additional technical advantages include:

» Lower operating costs due to lower process temperatures, lower Hydrogen
consumption.

+ Higher revenue generation due to higher liquid yield.

» Capital cost saving due to smaller reactor size and elimination of hardware associated
with reactor quench and recycle gas compressor.

e Longer catalyst life translates into lower catalyst cost and lower down time throughout
the operating life of the process unit.

[0045] The present invention provides the following illustrative non-limiting example to better
describe the workability of the present invention.

Examples:

[0046] The reactor system has been described schematically in Figure 1. Preheated liquid
hydrocarbon feed (1) is pre-mixed with gaseous hydrogen (2) at the mixing point 3. The
hydrogen saturated liquid (4) enters the horizontal reactor (10) axially through one end.
Gaseous hydrogen (2) apart from getting pre-mixed with hydrocarbon feed also enters the
bottom portion of the reactor through a longitudinal sparger/distributor (7) running throughout
the reactor. The sparger/distributor has multitude of nozzles (8) provided at the top periphery
of the distributor to redistribute gaseous hydrogen into the hydrogen depleted hydrocarbon
stream. The reaction products formed are withdrawn continuously from the reactor through the
multitude of vertically oriented gas separation means or vertical limbs provided at the top of the
reactor. Each limb is provided with pressure and level control devices to control pressure and
levels of each portion individually. The vertically oriented gas separation means or vertical
limbs comprise of a gas-liquid disengaging space (6A, 6B and 6C) and gas withdrawal
assembly (5A, 5B and 5C). The reactor liquid product exits (9) the reactor through the common
reactor outlet nozzle (11). Pressure of the entire reactor is controlled by a pressure control
device provided at the reactor outlet.
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PATENTKRAV

1.

Reaktorsystem til en enkeltfase, flertrinshydrobehandling af en flydende
carbonhydridtilfersel formeattet med hydrogen, hvor reaktorsystemet omfatter:

en horisontal reaktor (10) med en tilforselsindlgbsdyse (4) ved én sideende til aksial
indgang af en forblandet blanding af flydende carbonhydridtilfersel (1) og gasformigt
hydrogen (2) ved blandepunktet (3);

et katalysator med fast leje placeret inde i reaktoren (10) over hele reaktorens lengde,
hvor reaktoren er en reaktor med fast leje;

en langsgaende fordeler (7), der Igber langs bunddelen af reaktoren (10), med en flerhed
af dyser (8) tilvejebragt ved den gvre omkreds af fordeleren (7) til at fordele gasformigt
hydrogen;

en flerhed af vertikalt orienterede gasseparations- og -fjernelsesmidler (5, 6), som er
tilvejebragt ved reaktorens (10) top og fungerer som mikroseparationsbeholdere og
fjernelsesanordning, integreret med reaktoren for fjernelse af produktgasser omfattende
hydrogensulfid (H2S), ammoniak (NH3) og terre gasser, der stiger som bobler mod
horisontalt stremmende flydende carbonhydridtilfersel, hvor gasseparations- og -
flernelsesmidlerne (5, 6) er vertikale separationsben hvert forsynet med tryk- og
niveaustyringsanordninger til at styre hver dels tryk og niveau, og hvor hvert vertikalt
ben omfatter et gas-vaske-frigerelsesrum (6A, 6B og 6C) og en gasfjernelsesanordning
(5A, 5B 0og 5C); og

en udlebsproduktopsamler (9) forsynet med sma udlebsopsamlere (12) ensartet fordelt
langs den horisontale reaktors tvaersnit og designet til at undga ophobning af veesker ved
den anden sideende af reaktoren (10) og til at muliggere fjernelse af flydende produkt

udtemt for heteroatomer.

Reaktorsystem ifalge krav 1, hvor reaktorens (10) horisontale leengde ligger i omradet

fra 3 til 30 gange reaktorens diameter.
Reaktorsystem ifelge krav 1, hvor fordeleren (7) er forsynet med en flerhed af dyser til
at holde den flydende carbonhydridtilfersel mettet med hydrogen og dyserne er forsynet

med huller med en diameter i omradet fra 0,01 mm til 1,0 mm.

Reaktorsystem ifalge krav 1, hvor hgjden pa det vertikale separationsben ved reaktorens
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(10) top ligger i omradet fra 5 til 20 gange diameteren pa de vertikale separationsben.

Reaktorsystem ifelge krav 1, hvor diameteren pa det vertikale separationsben ligger i

omradet fra 0,1 til 1 gange reaktorens (10) diameter.

Reaktorsystem ifelge krav 1, hvor de vertikale separationsben er placeret med ens afstand
langs reaktorens (10) horisontale leengde (10); og hvor det samlede antal af de vertikale

separationsben til stede over hele reaktorens lengde ligger i omradet fra 1 til 10.

Reaktorsystem ifoelge krav 1, hvor afstanden for det vertikale separationsben lige ved
siden af tilforselsindlgbsdysen fra reaktorens tangentielle lengde er samme afstand
mellem hvilke som helst to pa hinanden felgende vertikale separationsben, og afstanden
for det vertikale separationsben lige for udlebsproduktaflebsdysen fra reaktorens
tangentielle lengde er samme afstand som mellem hvilke som helst to pa hinanden

folgende vertikale ben.

Reaktorsystem ifelge krav 1, hvor det flydende produkt fra reaktorens udleb er opsamles
i en flerhed af sma udlebsopsamlere (12) fordelt pa en ensartet made langs hele den

horisontale reaktors tvaersnit for at undga ophobning af nogen som helst vasker.

Fremgangsmade til flertrinshydrobehandling af en enkeltfase af flydende
carbonhydridtilfersel ved hjlp af et horisontalt reaktorsystem ifelge krav 1 til 8, hvor
fremgangsmaden omfatter:

indfering af en flydende carbonhydridtilfersel formettet med hydrogen i1 en
tilferselsindlebsdyse 1 en horisontal reaktor som et enkeltfasesystem, hvor den flydende
carbonhydridtilfersel formeattes med hydrogen ved forblanding med hydrogen og
foropvarmes til en hydrobehandlingsreaktionstemperatur i omradet fra 120 til 450 °C;
hydrobehandling af enkeltfasesystemet af flydende carbonhydridtilfersel formattet med
hydrogen ved passage af enkeltfasesystemet aksialt langs reaktoren over et
katalysatorsystem med fast leje, hvor oplest hydrogen til stede i enkeltfasesystemet er
udtemt pa grund af forbruget af hydrogen under hydrobehandlingen;

tilseetning af nyt hydrogen ved flere diskrete intervaller gennem fordeleren ved reaktorens
bund for at efterfylde hydrogenudtemning ved en rate for altid at holde den flydende

carbonhydridtilfersel 1 reaktoren mattet med hydrogen;
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fjernelse af gasformige produkter opnaet under hydrobehandlingen gennem en flerhed af
vertikalt orienterede gasseparations- og -fjernelsesmidler ved reaktorens top, hvor
gasseparations- og  -fjernelsesmidlerne  er  forsynet med  tryk-  og
niveaustyringsanordninger, der separerer de gasformige produkter fra en
reaktionsblanding;

opsamling af flydende produkt fra reaktoren gennem en udlebsproduktopsamler
tilvejebragt ved den anden ende af reaktoren, hvor opsamleren omfatter sma
udlgbsopsamlere ensartet fordelt langs hele tvaersnittet af den horisontale reaktor designet

til at undga ophobning af flydende produkt.

Fremgangsmade ifelge krav 9, hvor hydrobehandlingsreaktionen sker ved en temperatur
i omradet fra 120-450 °C, et tryk i omradet fra 15-200 barg og en rumhastighed i omradet
fra 0,5 til 4,0 h™.

Fremgangsmade ifelge krav 9, hvor den flydende carbonhydridtilfersel omfatter direkte
og krakket naphtha, gasolie, vakuumgasolie eller en kombination deraf bestdende af

heteroatomer valgt blandt svovl og nitrogen eller langkadede carbonhydrider.

Fremgangsmade ifolge krav 9, hvor raten af hydrogenudtemning fra fordeleren ligger i

omrédet fra 1 til 100 Nm?® pr. m? flydende carbonhydridtilfersel.

Fremgangsmade ifeolge krav 9, hvor det gasformige produkt omfatter hydrogensulfid
(H2S), ammoniak (NHs3) og terre gasser, og det flydende produktomfatter et

hydrobehandlet benzin- eller dieselproduct, der indeholder mindre end 10 ppm svovl.
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Figure 1
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