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Title: A sequential cracking process 

The present invention relates to a sequential thermal cracking 

process for the thermal cracking of a hydrocarbon feedstock in a cascade of cracking 

5 units where the hydrocarbon feedstock is heated in a furnace to a predetermined 

maximum temperature and then thermally cracked in the cascade of cracking units. 

EP 0 005 643 relates to a process of converting petroleum residuum 

to distillate products and premium coke. A heavy liquid hydrocarbonaceous material 

having an initial boiling point above 340°C is combined with a hydrogen donor diluent 

10 and fed to a cracking furnace, operating at a temperature of from 480 to 540°C and a 

pressure of 10.5 to 70 kg/cm2. The furnace effluent passes to a fractionator, where 

gases and distillates are taken off the upper section through lines, and a gas-oil 

fraction is taken off the mid portion of the fractionator, combined with hydrogen, and 

hydrogenated in a catalytic hydrotreater for reuse as hydrogen donor diluent. A 

15 portion of the hydrotreated gas-oil from the hydrotreater 14 is combined with the 

pitch fraction boiling above 510 °C from the bottom of the fractionator, and passed to 

a coker furnace where it is heated to coking temperature. The coker furnace effluent 

is then passed to a delayed coke drum for formation of premium coke. Vapors from 

the coke drum are returned to the fractionator, and coke is withdrawn from the 

20 bottom of coke drum. This document also teaches the addition of a second stage 

cracking furnace and a flash to remove light ends from the coker feedstock, wherein 

a first portion of the hydrogen donor diluent, after passing through the hydrotreater, 

is fed to the second stage cracking furnace, and a second portion is fed to the coker 

furnace. 

25 US Patent No 1 958 959 relates to the cracking of hydrocarbon oils 

for the production of lower boiling products such as gasoline or naphtha distillates, 

comprising passing fresh clean charging oil through a heating zone wherein it is 

raised to a cracking temperature under pressure, subjecting the resulting hot oil in a 

primary cracking zone to cracking temperatures at a superatmospheric pressure to 

30 effect cracking and vaporization, subjecting evolved vapors to fractionation to form a 

vapor fraction of light distillate and a higher boiling point condensate, withdrawing 

the condensate from the fractionating zone, passing condensate so withdrawn to 

heat the oil to a cracking temperature higher than that obtaining in the primary 

cracking zone, directing the oil thus heated into an enlarged digestion zone and 



WO 2015/128044 PCT/EP2014/079235 

2 

maintaining the oil therein at a substantially constant temperature higher than that 

obtaining in the primary cracking zone and under higher pressures to effect cracking 

and digestion, expanding the cracked products from the enlarged zone into the 

primary cracking zone for distillation and preventing residual products of cracking 

5 from entering the heating zone. 

GB 2 138 840 relates to a process for thermally cracking a heavy 

hydrocarbon oil, comprising the steps of: (a) feeding the heavy hydrocarbon oil into a 

first thermal cracking zone for thermally cracking the heavy hydrocarbon oil and for 

obtaining a first, thermally cracked product; (b) introducing the first product into a 

10 second thermal cracking zone for thermally cracking the first product and for 

obtaining a second, thermally cracked product and a pitch product, the second 

cracking zone having a plurality of cracking reactors which are connected in series, 

through which is successively passed the first product and to each of which is 

supplied a gaseous heat transfer medium to maintain the liquid phase therein, 

15 including the first product, at a temperature sufficient for effecting the thermal 

cracking and to strip the resulting distillable, cracked components from the liquid 

phase, the thermal cracking temperature in one reactor being so controlled as to 

become higher than that in its adjacent upstream-side reactor, the distillable, 

cracked components in respective reactors being removed overhead therefrom as 

20 the second product, the liquid phase in the downstream-end reactor being 

discharged therefrom for recovery as the pitch product; (c) separating the second 

product into a heavy fraction and a light fraction, (d) recovering the light fraction as 

a light product oil, (e) introducing the heavy fraction into a third thermal cracking 

zone for thermally cracking same and for obtaining a tar-containing product; and (f) 

25 recycling the tar-containing product to at least one of the reactors of the second 

thermal cracking zone. In the second thermal cracking zone the thermal cracking in 

the first cracking reactor is performed at a temperature of between 400 and 420 

degr. C, that in the second reactor is between 410 and 430 degr. C and that in the 

third reactor is between 420 and 440 degr. C. 

30 US Patent No 3,245,900 relates to a hydrocarbon conversion 

process wherein a reduced crude oil feed is supplied to vacuum distillation column, 

wherein the light gas oil is passed to hydrocracking zone, gasoline and lighter 

fractions comprising C4- hydrocarbons are withdrawn from the system, through line 

8, the heavy gas oil is passed to a catalytic cracking zone, light cycle oil is passed to 
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a hydrocracking zone, heavy cycle oil is passed to hydrocracking zone. Residuum is 

passed to solvent deasphalting, wherein the deasphalted oil is passed to a 

hydrocracking zone, to a coking zone, or to a thermal cracking zone. 

US Patent application No 2012/298552 discloses a delayed coking 

5 process for the thermal cracking of whole crude oil in a delayed coking unit, where 

the whole crude oil feed stream is heated in a furnace and introduced into the 

delayed coking unit, wherein the gaseous and liquid product stream from the delayed 

coking unit are passed to a delayed coking unit fractionating column for recovering 

as separate side streams from the fractionating column naphtha, light gas oil and 

10 heavy gas oil, and recycling a portion of the heavy gas oil and reintroducing it with 

the coking unit product stream into the fractionating column. At least a portion of the 

fractionating column bottoms is mixed with the whole crude oil feed stream to form a 

mixed feed stream and introduced into the furnace. 

Delayed coking is a thermal cracking process used in petroleum 

15 refineries to upgrade and convert petroleum residuum, which are typically the 

bottoms from the atmospheric and vacuum distillation of crude oil, into liquid and gas 

product streams leaving behind petroleum coke as a solid concentrated carbon 

material. A fired heater or furnace, e.g., of the horizontal tube type, is used in the 

process to reach thermal cracking temperatures of 485[deg.] C. to 505[deg.] C. With 

20 a short residence time in the furnace tubes, coking of the feed material is thereby 

"delayed" until it is discharged into large coking drums downstream of the heater. 

In the practice of the delayed coking process, hydrocarbon oil is 

heated to a coking temperature in a furnace or other heating device and the heated 

oil is introduced into a coking drum to produce a vapour phase product, which also 

25 forms liquid hydrocarbons, and coke. The drum can be decoked by hydraulic means 

or by mechanical means. In most configurations of the delayed coking process, the 

fresh hydrocarbonaceous feed to the coking unit is first introduced into a coker 

product fractionating column, or fractionator, usually for heat exchange purposes, 

where it combines with the heavy coker oil products that are recycled as bottoms to 

30 the coking unit heater. 

In a continuous process like fluid coking the coking reaction takes 

place in a fluidized coke-bed reactor (450-500 C), while part of the newly formed 

coke from the reactor is continuously withdrawn and heated in a separate heater 
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vessel with air (500-600 C). This is done for heat balancing the unit and maintaining 

reactor temperature. 

The present inventors assume that the cracking reactions take place 

at a fixed temperature that are high enough for coke precursors like diolefins to be 

5 formed which would in turn require more severe downstream upgrading for 

conversion to useful middle distillates. In addition, the coking yields from these 

processes are expected to be high because of the competing side reactions that 

convert saturates into coke precursors like diolefins and accelerate coke formation 

from these precursors. 

10 An object of the present invention is to provide a method of 

sequential cracking wherein the formation of coke is reduced. 

Another object of the present invention is to provide a method of 

sequential cracking wherein the formation of useful products, such as middle 

distillates, is increased. 

15 Another object of the present invention is to provide a method of 

sequential cracking wherein the agglomeration of asphaltenes is prevented. 

The present invention thus relates to a sequential cracking process 

for the thermal cracking of a hydrocarbon feedstock in a cascade of cracking units 

wherein said hydrocarbon feedstock is heated in a furnace to a predetermined 

20 maximum temperature and thermally cracked in said cascade of cracking units, the 

process comprising the following steps: 

a. heating said hydrocarbon feedstock in said furnace to a cracking 

temperature T1; 

b. introducing the heated hydrocarbon feedstock into a first cracking 

25 unit operating at a temperature T1; 

c. passing the product stream from said first cracking unit to a first 

fractionation; 

d. recovering as separate streams from said first fractionation a light 

fraction boiling below 370[deg.] C. and a heavy fraction boiling above 370[deg.] C.; 

30 e. introducing said heavy fraction from said first fractionation into a 

second cracking unit operating at a temperature T2; 

f. passing the product stream from said second cracking unit to a 

second fractionation; 
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g. recovering as separate streams from said second fractionation a 

light fraction boiling below 370[deg.] C. and a heavy fraction boiling above 370[deg.] 

C.; 

h. introducing said heavy fraction from said second fractionation into 

5 a third conversion unit operating at a temperature T3, wherein temperature T1 is not 

equal to temperature T2, and temperature T2 is not equal to temperature T3, 

wherein the temperature in the first cracking unit T1, the second cracking unit T2 and 

the third conversion unit T3 is in the sequence of T1 <T2<T3. 

According to the present method hydrocarbon feedstock, such as 

10 atmospheric or vacuum residue, is fed to a sequential cracking process, where in the 

first cracking unit operating at a temperature T1 (preferably tubular reactor with a 

high surface area design) the temperature of the reactor is maintained at a value 

lower than that of second cracking unit operating at a temperature T2. The residence 

times in these tubular reactors are short enough to prevent coke precursor formation. 

15 The effluent from the first cracking unit operating at a temperature T1 is sent to a 

first fractionation separator which is operated such that the 370C- cut is withdrawn 

as the gaseous product and everything heavier is sent to second cracking unit 

operating at a temperature T2. The cut temperature is adjusted to keep asphaltenes 

in solution. The effluent from second cracking unit operating at a temperature T2 is 

20 sent to a second fractionation with preferably similar conditions as the first 

fractionation and the heavier liquid residue is sent to a third conversion unit 

operating at a temperature T3, where further cracking is allowed to proceed leading 

to formation of coke and further products. Temperature T3 is higher than 

temperature T2 and the coker drum for this third conversion step has a much higher 

25 reaction time as compared to the upstream conversion reactors. 

The separation steps in both the first and second fractionation, i.e. a 

separator, should be carried out such to prevent the unwanted formation of coke. 

Therefore, the residence time and the temperature should be kept low. The 

fractionation is carried out in equipment with minimum internals and probably with 

30 specific entry and outlet to cope with the fouling. The product exiting the 1st cracking 

unit or 2nd cracking unit or 3rd conversion unit would be preferably cooled by a heat 

exchanger to below 370deg C before entering the fractionation step. An example of 

such a heat exchanger is the type feed-effluent exchanger or heat exchangers using 

dedicated utilities for effecting this cooling. The effluents resulting from the 
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fractionation have preferably an outlet gas pressure sufficient enough for 

downstream gas handling, e.g. 0-1barg. This would ensure that the liquid product 

leaving the fractionation has very little material boiling below 370deg C. The liquid 

product leaving this fractionation is pumped to the required pressure needed for the 

5 subsequent reaction stage. The residence times in this fractionation are preferably 5 

min or less. According to a preferred embodiment the product exiting 1st cracking 

unit or 2nd cracking unit or 3rd conversion unit would be cooled by flashing and/or 

heat exchanging, or a combination of these. 

In the present process its is preferred to heat the heavy fraction 

10 boiling above 370[deg.] C from said first fractionation before introducing it into said 

second cracking unit. It is also preferred to heat the heavy fraction boiling above 

370[deg.] C from said second fractionating before introducing it into said third 

conversion unit. These heating steps are required to achieve the desired thermal 

cracking temperature in the respective cracking units. These heating steps can be 

15 carried out in different heater furnaces, or the same furnace with different heating 

banks. The heating steps require short residence times to prevent coke formation. 

Thus, the present process provides a sequence of cracking units, 

wherein the temperature in the first cracking unit T1, the second cracking unit T2 and 

the third conversion unit T3 is in the sequence of T1<T2<T3, especially the 

20 temperature ranges for T1, T2, and T3 are (250[deg.] C. - 430[deg.] C.), preferably 

(380[deg.] C. - 420[deg.] C.), (390[deg.] C. - 460[deg.] C.), preferably (410[deg.] 

C. - 460[deg.] C.), and (300[deg.] C. - 530[deg.] C.), preferably (450[deg.] 

C. - 500[deg.] C.). If the third conversion unit is of the type coker drum, T3 is 

preferably in the range of 440[deg.] C. - 530[deg.] C. If the third conversion unit is of 

25 the type hydrocracking unit said, T3 is preferably in the range of 

300[deg.]C. - 530[deg.] C. It is to be noted that the ranges mentioned here for T1, 

T2 and T3 may show an overlap, but the temperature from T1 to T2 to T3 will 

increase according to the present method. 

According to a preferred embodiment the conditions prevailing in the 

30 first fractionation correspond to the conditions prevailing in the second fractionation. 

The operating conditions in 1st cracking unit and 2nd cracking unit are such that 

streams exiting these units have asphaltenes in their dissolved state. The cut point 

of 370deg C for collecting liquids from fractionation has been chosen in order to 

retain sufficient quantity of resins and aromatics in the stream exiting the respective 
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unit so as to keep asphaltenes in dissolved state. Also, the cut point of 370deg C or 

below is selected so as to remove a suitably upgraded stream from a boiling point 

perspective out of the conversion zone. 

The conversion of the mixed feed is limited in first and second 

5 reactors in order to ensure asphaltenes remain in solution. According to the present 

invention the Saturates, Aromatics, Resins (SAR) portion of the total feed is cracked 

only in a limited manner, so that (As)phaltenes does not precipitate out. Amongst 

(S)aturates, (A)romatics, (R)esins, (As)phaltenes, the order of difficulty of conversion 

to lights is As>R>A>S. Hence with an objective of maximizing conversion of 

10 asphaltenes but without precipitating out the present method limits the conversion of 

R, A, S to keep As in solution. This is a reason for specifying low residence times in 

the first two cracking units. Thus, the present specification of residence times and 

temperatures is purposive. Since after every stage of cracking it is preferred to add 

an asphaltenes-lean solvent the overall composition of the asphaltenes in the 

15 combined feed is continuously diminishing while the concentration of S,A,R is 

continuously increasing. Hence the inventors found to go for complete conversion of 

asphaltenes with conversion of S,A,R progressively. The final step of the present 

method could be only SAR conversion. The present inventors found it is possible to 

conduct any of the present thermal cracking steps at higher pressures which would 

20 anyway facilitate keeping lighter solvents in liquid state. 

According to a preferred embodiment it is preferred that the 

residence time of the feedstock in the third conversion unit is longer than the 

residence time in any one of the first and second cracking unit. In order to prevent 

unwanted coke formation in both first and second cracking unit short residence times 

25 are preferred. Residence times can be shortened by the injection of steam. 

Residence times in first and second cracking unit are 0-5min and 0-5min, 

respectively. 

The present inventors found that the third conversion unit is 

preferably a coker drum if there is a deficiency in hydrogen. According to another 

30 embodiment the third conversion unit is a slurry hydrocracker if there is hydrogen 

available on site. 

As mentioned above, it is preferred to heat the heavy fraction boiling 

above 370[deg.] C from said first fractionation before introducing it into said second 
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cracking unit. It is also preferred to heat the heavy fraction boiling above 370[deg.] C 

from said second fractionating before introducing it into said third conversion unit. 

Residence times for the heaters positioned upstream from first cracking unit and 

second cracking unit are 0-5 min, preferably 0-3 min. Such a heater is a furnace with 

5 appropriate length of reaction coil as per residence time and feed rate. The heating 

as well as conversion occur in the furnace. An additional residence time of 0-3 min is 

provided after the furnace in the reaction chamber of first cracking unit and second 

cracking unit which would account for further cracking and coke deposition. The 

heater for the third conversion unit would have a residence time of 0-5min and will be 

10 followed by a reaction chamber. The residence time in this reaction chamber R-3 will 

be from 10 min-8 hrs. if this reaction chamber is a coker drum. If the reaction 

chamber R-3 is a hydrocracker, then WHSV of 0.1-10hr-1 is employed. Pressures in 

heater inlets before reaction chamber R-1 or R-2, i.e. for first cracking unit and 

second cracking unit, are in the range of 10-30 barg. Outlet pressure from R-1 and 

15 R-2 are 0-10 barg. Pressures in R-3 (coker) are 0-10 barg, whereas pressures in R-3 

(Hydrocracker) are 50-200 barg. 

In order to prevent the agglomeration of asphaltenes in a feed it is 

preferred to mix the feed of at least one of the feed to the 1st cracking unit, 2nd 

cracking unit and 3rd conversion unit with a solvent. This means that the feed to, for 

20 example, the 1st cracking unit, is mixed with solvent and the mixture of feed and 

solvent is subsequently introduced into the 1st cracking unit. 

Thus, according to a preferred embodiment, the feed to any or all of 

1st cracking unit, 2nd cracking unit and 3rd conversion unit is mixed with a solvent and 

then introduced in the respective heaters before the reactors. The solvent used is 

25 primarily liquid at the conditions prevailing in 1st cracking unit, 2nd cracking unit and 

3rd conversion unit or their feed heaters. The solvent degrades under the conditions 

of operations in these reactors and heaters, preferably partly. The conversion of feed 

and solvent in any reactor of the 1st cracking unit, 2nd cracking unit and 3rd 

conversion unit is limited to ensuring that asphaltenes remain in a dissolved state 

30 and do not precipitate out. The solvent used is preferably rich in aromatics and 

resins and lean in asphaltenes as compared to the feed to be cracked such that the 

combined mixture of the feed and solvent prior to entering the 1st cracking unit, 2nd 

cracking unit and 3rd conversion unit or their heaters has a S value measured as per 

ASTMD7157-12 of greater than 1. A preferred solvent is vacuum gas oil cut boiling 
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in the range of 350-550deg C from petroleum crude oil distillation. Other solvents 

suitable for this application are crude oil atmospheric tower bottoms, crude oil 

vacuum tower bottoms, steam cracker cracked distillate, mixed plastic pyrolysis oil 

and other such streams rich in aromatics that would provide a stable mixture as per 

5 criteria above. Mixtures of the afore-mentioned solvents can be used as well, as long 

as they meet the ASTMD7157-12 requirement. The solvent is mixed with feed in 

proportions from 1-99wt% of solvent in the mixture with feed. Preferably the solvent 

is mixed with feed to result in a 25-95wt% of solvent in the combined mixture. The 

present inventors found that a preferred solvent comprises a total concentration of 

10 aromatics plus resins in a range of 60 -95 wt.%, based on the total weight of the 

solvent. 

The solvent mentioned above is substantially liquid at the prevailing 

conditions in the cracking units or their feed pre-heaters. This ensures that the 

solvating power of the solvent doesn't diminish. As compared to prior art, the present 

15 invention is hence using wider boiling ranges of the solvent. Typically cracked 

distillate or decant oil or pyrolysis tar(solvents mentioned in the above discussed EP 

0 005 643) would substantially evaporate under the thermal cracking conditions in 

the cracking units/furnaces as a result of which their full solvating power to keep 

asphaltenes in solution is not utilized. 

20 An example of a suitable hydrocarbon feedstock comprises 

hydrocarbons originating from a crude oil distillation unit (CDU) and /or vacuum 

distillation unit (VDU). 

The present invention further relates to the use of a cascade of 

cracking units for cracking of a hydrocarbon feedstock wherein the thermal cracking 

25 conditions from the first to the subsequent cracking unit(s) increase from least 

severe to most severe. By conducting the present cracking process in a sequential 

manner and with gradually increasing severity of operation, the formation of coke 

precursors is delayed until the last step of the process thereby resulting in an overall 

coke yield that is lower than state of the art known processes such as delayed 

30 coking and fluid coking. This means less wt.% of coke precursors such as diolefins 

and polyaromatics in the final liquid product from the present process, which in turn 

means the hydrogen requirement for upgrading the liquid products further (in 

processes such as say, hydrocracking) is less as compared to conventional 

methods. 
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In addition, the present invention relates to use of a cascade of 

cracking units for thermal cracking of a hydrocarbon feedstock for the reduction of 

the formation of coke. 

The present inventors further assume that due to absence of any 

5 hydrogen requirement in the present process, the sequential cracking process can 

become a possible alternative to expensive residue hydrocracking processes. 

Another embodiment relates to sequential cracking in first and second cracking unit 

followed by replacement of the coking drum by a slurry hydrocracker optimized for 

H2 consumption. 

10 The invention will be described in further detail below and in 

conjunction with the attached drawing. 

Figure 1 is a schematic illustration of an embodiment of the process 

of the invention. 

Referring now to the process and the apparatus 101 schematically 

15 depicted in the sole figure, there is shown a crude oil distillation unit (CDU)/vacuum 

distillation unit (VDU) 1 from which the bottom stream 2 is sent to a heater 15. In a 

preferred embodiment a solvent stream 25 is mixed with stream 2 before entering 

first cracking unit 3. The stream 20 thus heated is sent to a first cracking unit 3 

operating at a temperature T1. The effluent 4 from the first cracking unit 3 is sent to 

20 a cooler 16 and its effluent 21 is sent to a first fractionation 5. The first fractionation 

separates the effluent 4 from first cracking unit 3 into a light fraction 6 boiling below 

370 °C and a heavy fraction 7 boiling above 370 °C. The separation here should be 

carried out such that fouling is minimized, for example with minimum internals and 

specifically designed entry and outlet ports. Heavy fraction 7 is sent to a heater 17 

25 and its effluent 22 is sent to a second cracking unit 8 operating at a temperature T2. 

In a preferred embodiment a solvent stream 26 is mixed with stream 7 before 

entering second cracking unit 8. The effluent 9 from the second cracking unit 8 is 

sent to a cooler 18 and its effluent 23 is sent to a second fractionation 10, which 

fractionation 10 provides a light fraction 11 boiling below 370 °C and a heavy fraction 

30 24 boiling above 370 °C. Heavy fraction 24 from second fractionation 10 is sent to a 

heater 19 and its effluent 12 is sent to a coking unit 14, e.g. a coker drum, operating 

at a temperature T3. In a preferred embodiment a solvent stream 27 is mixed with 

effluent 12 before entering coking unit 14. Coking unit 14 provides an effluent 13. 

The step of cooling in cooler units 16, 18 can be carried out by flashing and/or heat 
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exchanging, or a combination thereof. 

The temperature ranges for T1, T2 and T3 are (250-430) °C, (390-

450) °C and (440-530) °C, respectively. 

It should be appreciated that the example below is merely 

5 exemplary, and is not intended to be limiting. 

Example 

A combined feed is prepared by mixing a 10% by weight Arab heavy 

vacuum residue (SARA analysis 5.4/10.4/60.3/23.9) with 90% by weight Jinzhou 

vacuum residue (17.2/29.6/51.3/1.9) upstream of first cracking unit and heated to a 

10 temperature of 410 deg C. The effluent from first cracking unit reactor is separated 

into gas stream and a liquid stream boiling above 370deg C by fractionation. The 

liquid boiling above 370 deg C is heated in a 2nd heater to 450 deg C and fed 

second cracking unit R-2. The effluent from R-2 is separated again into a gas stream 

and a liquid boiling above 370 deg C. This liquid boiling above 370deg C is fed to a 

15 coker drum operating at 450-530 degC. Alternatively this liquid boiling above 370 

deg C from 2nd fractionation is fed to a hydrocracker, preferably a slurry 

hydrocracker, operating at 300-530 deg C. The combined feed to first cracking unit 

reactor and the streams exiting first cracking unit reactor and second cracking unit 

reactor or their heaters are evaluated as per ASTM D7157-12 to ensure asphaltenes 

20 are stable and dissolved. Reactor or heater temperatures are adjusted to ensure 

these stable solutions. 

25 
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