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CHAPTER 1 

INTRODUCTION 

Petroleum is a complex mixture of predominantly hydrocarbons. The mkture 

contains some very high molecular weight molecules that will not vaporize even at the low 

pressures and relatively high temperatures in vacuum distillation units. A number of 

processes are available to upgrade these residues to more valuable products such as 

transportation fuels. These include visbreaking, coking, fluid catalytic cracking, 

hydrovisbreaking, and catalytic hydrocracking (Heck et al., 1992). 

Coking is the primary process used to upgrade petroleum residues. This process 

produces a solid coke which has a high carbon content. There are two types of coking 

processes, fluid cokers and delayed cokers. The delayed coking process is much more 

prevalent. In delayed coking, the process is designed so that the coke forms in a drum. 

U. S. coke production increased fi"om 40,970 tons/day to 67,425 tons/day fi'om 

1980 to 1990. During the same time period, coke yields increased fi^om 3.04 tons/1000 

BBL crude to 5.03 tons/1000 BBL crude (Swain, 1991). The increase in coke production 

is partly due to an increase in the amount of heavier crude refined. However, a greater 

part can be attributed to the overall refinery goal of increasing the yield of more valuable 

light products at the expense of heavier products such as asphalt and residual fiiel oil. The 

trend towards increased coker capacity is anticipated to continue. One recent estimate 

(Bansal et al., 1994) predicted a 30% increase in the installation of delayed coker capacity 

over the next 10 years. 

Due to the complex nature of delayed coking, an extensive literature search was 

required to develop a good understanding of the delayed coking process. Chapter 2 is a 

review of the research into coke formation. The distillate produced by the delayed coking 

process covers a wide boiling range. Some H2 is produced. In addition, the normal 



boiling point (NBP) of the heaviest distillate molecules typically exceed 900OF. The NBP 

is the boiling point at atmospheric pressure. The fi-actionation of the distillate into 

fi'actions depends on the configuration of the rest of the refinery. One example is 

presented. Three different coke grades, dependent on the end use, can be produced. 

Needle grade coke is used to manufacture graphite electrodes, anode grade coke is used 

to manufacture carbon anodes, and fiiel grade coke is used as fiiel. The differences in 

feeds and operating conditions that produce each grade is discussed. Studies into coke 

formation have been done by three different means. Some of the research using bench 

scale, tube bomb reactors, and pilot plants is discussed. 

Feed quality is the primary variable involved in delayed coking. Research into the 

effect of feed quality, as well as the effects of the operating variables of temperature, 

pressure, and heavy gas oil recycle is covered in Chapter 3. Feed analysis and 

characterization are covered in Chapter 4. The traditional method is separation of resid 

into pseudocomponents based on solubility/absorption criteria. Besides being difScult and 

expensive, this approach has not provided data that can be reliably correlated to the 

coking process. A recent development in this area of research, the solvent-resid diagram, 

is also discussed. 

Research into determining the reactions involved in delayed coking is reviewed in 

Chapter 5. One interesting aspect of delayed coking is that the reactions that produce 

coke proceed through an intermediate mesophase. Research into the formation of this 

second liquid phase and the transformation of mesophase to coke is reviewed. Hydrogen 

transfer reactions are another important aspect of the chemistry of delayed cokers, 

particularly coke quality. Research in this area is also reviewed. 

Of course, the purpose of the research is the development of models to improve 

the ability to predict yields and quality. Most of the research has been into developing 

yield models. Three different modeling approaches that have been tried use kinetic, Monte 



Carlo, and empirical techniques. This, as well as research into models to predict coke 

quality, is reviewed. Models can also be used to improve the control and optimization of 

the delayed coking process. Advanced control and optimization techniques extensively 

use coker models. Some commonly used techniques are also reviewed in Chapter 6. 

As a result of the literature review, it was determined that the primary problem 

with modeling a delayed coker is the ability to adequately characterize the large, 

multifiinctional molecules involved. Therefore, the more desirable kinetic modeling 

approaches lack generalizability. At present, empirical modeling techniques appear to be 

the best approach. Chapter 7 covers the implementation of an empirical model that has 

shown good agreement with commercial units. An optimization objective fiinction was 

developed fi'om this yield model. 

The objective fiinction developed was used in some studies to determine how the 

optimum operating conditions were affected by changes in some parameters. Since 

operating temperature is constrained within a narrow range by coke quality and heavy gas 

oil recycle is typically constrained by heavy gas oil specification or the elimination of shot 

coke formation, pressure is essentially the only degree of freedom. The optimization 

studies indicate that the coke formation tendency of the feed is the primary factor in 

determining the optimum operating pressure. 



CHAPTER 2 

COKING PROCESS 

2.1 Process Description 

A simplified flowsheet of a typical delayed coker is shown in Figure 2.1 (Maples, 

1993). Fresh feed, which is typically some type of petroleum residue, is preheated and 

enters the bottom of the main fractionator. Fresh feed combines with heavy gas oil recycle 

and is pumped through a fiimace to bring it to the desired temperature. The combined 

feed then enters the bottom of a coke drum where the reactions, which will be discussed in 

detail later, take place. The net result is the formation of a solid coke, which accumulates 

in the drum, and a vapor, which is directed to the main fractionator. The fiimace is 

designed for a low residence time and the vapor is quenched with cold gas oil. As a result, 

the reactions essentially occur only within the coke drums. 

The vapor is distilled into a number of products. This distillation is dependent on 

the configuration of the rest of the refinery. The following example is fairly typical. 

Molecules with a NBP of less than approximately 400OF is taken as the overhead of the 

main fractionator. This material is increased in pressure to around 200 PSIG so it can 

enter the high pressure receiver (HPR) of a gas concentration unit. The gas concentration 

unit typically consists of an absorber, a stripper, and a stabilizer. The heavier molecules in 

the HPR vapor are removed and recycled to the main fractionator by the absorber. The 

vapor from the absorber is typically the C2's and lighter and is sent to the refinery fiiel gas 

system. The lighter molecules in the HPR liquid are removed by the stripper and recycled 

to the HPR. The bottoms from the stripper is fed to the stabilizer. The stabilizer 

overhead typically consists of the C3's and C4's and is used as feed for an alkylation unit. 

The stabilizer bottoms, typically referred to as naptha, is treated for mercaptan removal 

and becomes a gasoline blending stock. 



There are typically two side draws on the main fractionator. The upper side draw 

is referred to as light gas oil or coker cycle oil. It is typically hydrotreated and then used 

in distillate blending. The lower side draw is called heavy gas oil and it is used as a 

fluidized catalytic cracking unit (FCCU) feed. There is some overiap between the final 

boiling point of the light gas oil and initial boiling point of the heavy gas oil. Therefore, 

the fractionation between these two products is defined by the cutpoint which is typically 

600OF. The final boiling point, or endpoint, of the heavy gas oil is generally set by 

specifications such as metals and is 900OF or greater. 

Delayed coking is a cyclic operation and, therefore, the coke drums are 

constructed in pairs. After the feed is switched to a new drum, the drum is steamed for 2 

to 3 hours to complete the reactions. Water is then directed into the drum to reduce the 

temperature. After the coke has cooled, the drum is opened and the coke removed. A 

pilot hole is cut through the center of the coke. The coke is then removed by cutting it 

from the bottom with high pressure water jets. After the coke is removed and the heads 

replaced, the drum is warmed by passing some of the vapors from the on-line drum into it. 

The cycle is then completed at the next drum switch. The cycle is typically completed in 

24 hours. 

2.2 Coke Grades 

There are three grades of delayed coke. These are needle, anode, and fiiel grade. 

The coke grade depends primarily on the feed used. However, coke quality and product 

yields can be affected by coker operation also. 

Needle grade is the highest value coke produced. This coke has a lower electrical 

resistivity and lower coefficient of thermal expansion than other grades and is used in the 

manufacture of graphite electrodes used in electric arc fiimaces. The production of needle 

coke requires a special feed, such as FCCU decant oil. The decant oil is the bottoms of 



off the main fractionator. In addition, coker operation is done at high pressures and 

recycle ratios. The drum is typically 100 PSIG and the recycle ratio is typically 2.0 (Gary 

and Handwerk, 1975). 

Anode grade coke is used in the manufacture of carbon anodes used in the 

aluminum industry. Because the coker is operated at a higher temperature and pressure, 

anode grade coke is harder than fiiel grade coke. The value of fiiel grade coke is 15 -

30% of that for anode grade coke (DeBiase and Elliott, 1982). One requirement for 

anode grade coke is a low sulfiir content because sulfiir is not removed by calcining (Gary 

and Handwerk, 1975). 

Fuel grade coke is essentially an unwanted byproduct of residue upgrading. 

Because of the high sulfiir (>3.0 wt %) and metals (Ni & V >300 wt ppm), fiiel grade 

coke is typically disposed of by export sales or in coke-fired cogeneration units. 

However, it may be possible to use this coke to replace other fiiels in the refinery. Flue 

gas scrubbing or blending with low sulfiir coal may be required to meet emission 

requirements. Blending with coal can also be used in fluidized bed boilers (DeBiase and 

Elliott, 1982). The coke is mixed with limestone. The limestone absorbs the SO2. The 

lower temperatures also reduce NO^ formation and the slagging, fouling, and corrosion 

caused by vanadium. Estimates of U. S. fiiel grade coke production range from slightly 

over 50% (Teichman et al., 1982) to about 65% (Elliott, 1989) of U. S. production. 

Fuel grade operations are typically done at conditions which minimize coke yield. 

Therefore, they are operated at low pressures and low recycle ratios. New fiiel grade 

cokers are being designed to operate at recypl̂ S of less than 5%. Unfortunately, these 

operating conditions may resuh in the formation of shot coke. Shot coke is small spheres 

which often cluster like grapes or are spread through the coke product. Shot coke is 

harder and denser than fiiel grade coke. As a result, shot coke cools less quickly upon the 

addition of water and the water drainage is also more difiScuh. The hot spots that resuh 



can be dangerous when the drum heads are removed and the coke is removed. Shot coke 

formation is typically avoided by increasing the recycle ratio and to a lesser extent by 

increasing the drum pressure (Bansal et al., 1994). 

2.3 Studies into Coke Formation 

Research on coke formation has been done by three different methods. These are 

following the reactions on a bench scale, the usage of tube bomb reactors, and simulating 

commercial units with pilot plants. It has been found that a second liquid phase, referred 

to as the mesophase, develops. Coke is eventually formed from the mesophase. 

2.3.1 Bench Scale 

Coke formation has been followed on a bench scale. One example is Rodriquez et 

al. (1989). In this method, a sample is placed on a hot plate and the changes in the fluid 

are monitored with a microscope. It has been found that after a period of time a second 

liquid phase that can be seen under polarized light appears. This mesophase, as it has been 

called, initially appears as small spheres dispersed through the bulk liquid phase. There is 

typically some coalescense into larger regions as the reactions progress. For highly 

aromatic feed, there is essentially complete coalescense before a solid coke is formed. 

2.3.2 Tube Bomb Reactors 

Most of the research into coke formation has been accomplished through the use 

of tube bomb reactors. The procedure of Eser and Jenkins (1989) is typical. A weighed 

sample is added to the reactor. This is then immersed for a measured amount of time into 

a fluidized hot sand bath. The reactions are then quenched by inserting the reactor into a 

cold water bath and the products analyzed. 



There has been fairly extensive research concerning shot coke formation. Eser et 

al. (1986) noted that shot coke formation can be suppressed by increasing heavy gas oil 

recycle and the addition of an aromatic stream to the feed. They commented that low 

quality coke resulted from a high reactivity mesophase. Feeds likely to result in shot coke 

formation are characterized by high fimctionality, high heteroatom content, and low 

napthenic hydrogen content. 

Typically, shot coke formation is more probable when processing resids that have a 

high density (Mochida et al., 1986). This is probably due to the high viscosity prohibiting 

coalescense of the mesophase. However, blending different types of resids may increase 

shot coke formation. Maya crude produces an aromatic resid while the fractionation of 

Minas crude produces a relatively paraffinic resid. Blends made from Maya resid and 

Minas resid produced more shot coke than either component alone. It was also noted that 

shot coke formation is more likely if the drum operating pressure is 3-5 atmospheres. 

Mochida et al. (1989) and Nesumi et al. (1989) both noted that shot coke was 

more likely to form in the bottom of a coke drum. This was attributed to the most 

reactive asphaltenes losing alkly side chains and the polynuclear aromatic (PNA) core that 

results becoming insoluble in the paraffin rich matrix. The material that separates is 

sufficiently reactive that the condensation reactions occur before coalescense can occur. 

Additional proof for this mechanism is that shot coke formation is more likely at high 

temperatures. 

Heavy gas oil recycle can reduce shot coke formation. Zaitseva et al. (1989) 

attributed this to a concentration effect in that recycle has a much lower concentration of 

reactive asphaltene molecules than the fresh feed. Mochida et al. (1986) attributed this to 

a solubility effect in that recycle typically is a medium volatility, aromatic rich stream 

which has the ability to dissolve the heavy aromatics. 
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There has also been extensive research into needle coke formation. Mochida et al. 

(1987, 1988) have done several studies with the goal to produce the highest quality coke. 

They have determined that there exists an optimum temperature and pressure that is very 

characteristic of the particular feed. They noted that at this temperature, there is little 

increase in the fluid viscosity with reaction time. This allows the growth and coalescense 

of the mesophase. Nesumi et al. (1990) have concluded that FCCU decant oil is the best 

feedstock for needle coke production. They noted that decant oils have no asphaltenes, 

60-95 % aromatics, and that the saturates are predominantly straight chain paraffins. Both 

Ellis and Hardin (1993) and Mochida et al. (1989) have noted a vertical orientation in 

needle coke. Both research groups have attributed this to alignment by the internal gases 

floating upward. Addition of vacuum resid to FCCU decant oil may be necessary for 

sufficient gas evolution to ensure coke quality. 

2.3.3 Pilot Plants 

Coke formation has also been studied using pilot plants. It has been found that 

conduits are left in the forming coke to allow the passage of the incoming feed (Ellis and 

Hardin, 1993). As the cycle time increases and the drum begins to fill, the feed channel 

breaks into smaller and more numerous passages. The evidence for this is that the coke in 

and around the channels has a different luster than the coke from the rest of the drum. 

There is also an area of frothing liquid above the coke. This is caused by vapor 

formed by the reactions passing through the recently introduced feed. This is the reason 

antifoam is added to the drum near the end of the cycle. The antifoam prevents the 

carryover of liquid to the main fractionator. 

Ellis and Hardin also inadvertently discovered the reason for steaming the drum 

after feed switches. In one run, the unit had to be shut down before steaming because of a 



plugged vapor line. When the drum was opened, there were balls of pitch on top of the 

coke. This indicates that the coking reactions were not carried to completion. 

2.3.4 Conclusions 

Based on the research, it is apparent that coke formation proceeds through a 

intermediate mesophase. The combined feed that enters the coke drum is initially a single 

isotropic phase. After the reactions proceed for some time, the more aromatic 

constituents in the fluid become insoluble in the relatively paraffinic bulk phase and form a 

second liquid phase. This phase, referred to as the mesophase, initially takes the form of 

small anisotropic spheres. If the conditions are favorable, the spheres coalesce into larger 

regions before the reactions that transform the mesophase into coke occur. 

Coke quality depends on mesophase coalescense. Very good correlations have 

been established between mesophase average domain size and coke quality. A highly 

reactive mesophase reacts quickly to form shot coke. This is a hard, dense material that 

presents problems with coking operations and reduces the value of the coke. If the 

mesophase coalesces, higher value needle coke will be formed. 

10 
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Figure 2.1 Simplified Delayed Coker Flowsheet 
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CHAPTER 3 

VARIABLES 

The primary variable involved in delayed coking quality and yields is the feed. 

How coke quality is defined depends on the grade. The primary specification for needle 

grade coke is the coefficient of thermal expansion (CTE). The primary difference between 

anode and fiiel grade coke is contaminant levels, particularly metals and sulfiir. The 

quality of the feed, particularly with regards to contaminant concentrations, can be 

improved by hydrotreating. The operator also has three variables he can control to 

improve yields and quality. These are the temperature, pressure, and heavy gas oil 

recycle. 

3.1. Feed 

The coke quality and yields are strongly dependent on the feed to the unit. Lewis 

et al. (1988) have done some studies on the effect of feed. Some of their studies were 

with known polynuclear aromatics (PNA). They found that nonplanar and strained ring 

aromatics form reactive intermediates. This results in a viscous, small-domained 

mesophase and poor quality coke. Examples of these compounds are p-terphenyl and 

fluorathene. In contrast, planar aromatic molecules have low reactivity. This results in a 

low viscosity mesophase and a high quality needle coke. Examples are anthracene and 

acenaphthylene. 

Lewis and his colleagues have also studied coke formation with three widely 

different coker feeds, a FCCU decant oil, a pyrolysis tar, and a vacuum resid. In this 

study, high coke quality was defined by a low CTE. FCCU decant oil consists 

predominantly of condensed PNA substituted by methyl and other short chain alkyl 

groups. In addition, decant oil contains a separate fraction of high molecular weight 

12 



paraffins. Decant oil produces high quality coke. Pyrolysis tar consists of small aromatic 

nuclei with mainly methyl substituents. The nuclei are joined by biaryl bonds or aliphatic 

bridges. Pyrolysis tar produces intermediate quality coke. Vacuum resids have a high 

degree of aliphatic substitution on the polynuclear structures and a large concentration of 

very high molecular weight nonplanar asphaltene species. This results in reactive radicals 

which polymerize rapidly. This results in poor quality coke. 

Eser and Jenkins (1989) have also done some studies on comparing the quality of 

the coke produced from various feeds. They used seven different feeds. In addition to the 

whole feed, they separated the feeds and also experimented with two fractions, the 

asphaltenes and maltenes. The maltenes are the molecules soluble in a paraffinic solvent 

and are, therefore, nonpolar. Asphaltenes are not soluble in a paraffinic solvent and are 

highly polar. The average mesophase domain size, which correlates very well with coke 

quality, was the measure used for coke quality. The results are presented in Table 3.1. 

The experiments were conducted in tube bomb reactors at 773 ̂ K and an initial 

pressure of 0.2 MPa. The reaction time was two hours. It was noted that the ethylene tar 

asphaltenes had longer alkly substituents than those from the decant oil. This is the reason 

for the lower quality coke. The highest quality coke from the maltene fractions was 

derived from the ethylene tar. This fraction was so unreactive that the reaction 

temperature needed to be increased in order to complete the coking reactions. 

The seven feeds ranged from a highly reactive vacuum resid to a highly unreactive 

pitch. Eser and Jenkins concluded that the asphaltene fraction had the dominant effect on 

mesophase formation and that the effect was dependent on the chemical nature of the 

asphaltene rather than asphaltene concentration. They also concluded that carbonization 

behavior was governed by the structural features of the individual components rather than 

an "average" structure. Producing high quality coke resuhed from maintaining a balance 

between reactivity and fluidity. 

13 



Coal tar pitches are also a possible feed for delayed cokers. However, it is 

necessary to extract the quinoline insolubles from these pitches before they can be used in 

the manufacture of high quality needle coke (Mochida et al., 1987). Removal of the 

quinoline solubles retards the development of the mesophase. 

3.2. Feed Hvdrotreating 

The quality of a coker feed can be improved by hydrotreating, that is the addition 

of H2. Resid hydrotreating reduces sulfiir, Conradson Carbon Residue (CCR), 

asphaltenes, metals, and the C/H ratio (DeBiase and Elliott, 1982). As a result, this 

improves the yield of clean liquid products. For example. Savage et al. (1988) have 

shown that hydrotreating a feed resulted in a distillate product that was almost exclusively 

maltenes. The gases that were produced was almost exclusively H2S and paraffins. 

Hydrotreating resids also makes it possible to produce anode grade coke from heavy, high 

sulfiir, high metals feed. 

Reynolds (1989) has presented some results on how mildly hydrotreating a resid 

obtained from an atmospheric distillation of a Maya crude oil altered the composition. As 

shown in Table 3.2, there was a shift towards lighter molecular weight compounds. 

Reynolds noted that H2 can be consumed by hydrogenation, hetreoatom removal, and 

cracking reactions. For example, hydrotreating Hondo resids results in high H2 

consumption primarily because of sulfiir removal. 

Adding a resid hydrotreater can greatly increase a refinery's flexibility (Teichman et 

al., 1982). The quality and quantity of the coke can be varied by blending straight run and 

desulfiirized resids. However, high metals resids cannot be economically hydrotreated 

first because of the high operating cost. In this case, the gas oil produced may need to go 

through a hydrodenitrification (HDN) process before it is suitable for a FCCU feed. 

14 



3.3 Temperature 

One of the variables that affects delayed coking product quality and yields is the 

drum temperature. Ghosal (1988) has done some research in this area. He found that 

increasing the temperature of delayed coking increased the gas and naphtha yields while 

reducing the gas oil and coke yields. This also resulted in an increase of olefins and 

aromatics in the distillate products. There was also a slight increase, from 64 to 67, in the 

naphtha octane number. Higher coking temperature also increased the C/H ratio of the 

coke. 

Of course, increasing the temperature increases the reaction rate. For example, 

Mochida et al. (1988) mentioned that the coking of a low sulfiir vacuum resid required 

approximately 135 minutes at 480®C and approximately 175 minutes at 460OC. This may 

have a negative effect on coke quality because higher reaction rates results in less 

homogeneous coke (Shigley and Fu, 1988). The reaction temperature required depends 

on the reactivity of the feed. For example, Mochida et al. (1988) have found that the 

temperature required for the coking of a hydrotreated vacuum resid is significantly lower 

than that for a coal tar or a FCCU decant oil. 

The actual temperature control point is at the heater outlet. Since the reactions are 

endothermic, the coke drum temperature will be lower. Actual operating temperatures are 

within a narrow range. If the temperature is too low, the coke will be too soft and 

volatile combustible matter (VCM) specifications will not be met. If the temperature is 

too high, the coke will be too hard and difficult to remove. This could delay the coking 

cycle (Elliott, 1991). 

Changing the temperature can reduce the upset caused by drum switches. Elliott 

(1991) mentioned that some refiners increase the heater outlet temperature about 5^¥ 

during the latter stage of drum warmup through the first 0.5 to 1.0 hour after drum switch 

for this purpose. 

15 



3.4. Pressure 

Coke drum pressure also affects product quality and yields. Numerous researchers 

have noticed that coke yield increases with operating pressure (Mochida et al., 1987; 

Nesumi et al., 1990). DeBiase and Elliott (1982) have attributed this effect to vapor liquid 

equilibrium. At higher pressure, more of the material in the drum remains in the liquid 

phase and can therefore be involved in the reactions that lead to coke formation. One 

method that can be used to lower the effective pressure is the usage of injection steam 

(EUiott, 1991). 

Pressure has a great effect on delayed coker design and operation. Typically, the 

pressure control point is the fractionator overhead accumulator/compressor suction. If the 

drum pressure drops below 15 PSIG, the compressor inlet will be near atmospheric 

pressure. This could require that the compressor be changed from two to three stages 

since the maximum compressor discharge temperature is approximately 300 to 3150F. 

Also, reducing the drum pressure from 25 to 15 PSIG for a typical coker requires 

increasing the drum diameter from 12 to 13 feet (Elliott, 1991). 

Bansal et al. (1994) have noted that optimizing fiiel grade cokers means operating 

at lower than traditional pressure. New cokers are being designed for a drum pressure of 

15 PSIG where the norm used to be 25-30 PSIG. One resuh is that the fractionator 

overhead condenser area must be increased. The biggest effect is that the size of the wet 

gas compressor and driver must be increased. For a typical 26000 BBL/Day delayed 

coker, the increased capital investment is approximately $660,000 and the increased 

operating cost is approximately $1000/Day. 

An existing fiiel grade coker typically runs into one of several constraints when 

trying to operate at lower pressure (Bansal et al., 1994). One is liquid entrainment in the 

vapor from the drum to the fractionator. The allowable vapor density is a fiinction of the 

16 



density and foaming tendency. Another possibility is flooding in the fractionator. 

However, wet gas compressor capacity is usually the bottleneck. 

3.5. Heaw Gas Oil Recvcle 

One final operating variable is the amount of heavy gas oil (HGO) recycle. 

Recycle is usually quantified by the throughput ratio (TPR). This is calculated by dividing 

the volumetric flowrate of the drum feed by the volumetric flowrate of the fresh feed. 

Recycle has a dramatic effect on product yields. Ghosal (1988) demonstrated that 

increasing recycle increased the yield of all products except the HGO. DeBiase and Elliott 

(1982) stated that increasing recycle raises coke and gas yields while the yield of C5+ 

liquids decreases. The coke yield of a 20 wt% CCR feed can vary between 21 and 45 

wt% depending on the amount of recycle (Nelson, 1974). 

Recycle also affects the quality of the coke and HGO. Higher recycle improves the 

coke quality. This may be due to reducing the concentration of the more reactive species 

(Heck et al., 1992). Typical practice is to adjust the recycle to control the HGO endpoint. 

As recycle is reduced, the endpoint of the HGO increases. This is accompanied by an 

increase in sulfiir, oxygen, nitrogen, metals, and CCR (Colin et al., 1988). If the 

downstream units can handle this, coker fractionators in fiiel grade service are being 

designed for "ultra low recycle." Part of this is segregating the bottom of the fractionator 

to reduce condensation (Elliott, 1991). 
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Table 3.1 

Coke (Quality of Resid and Resid Fractions 

Resid 

Ashland 240 Pitch 

FCCU Decant Oil 

Ethylene Tar 

Solvent Separated Asphalt 

Vacuum Resid 1 

Vacuum Resid 2 

Vacuum Resid 3 

Composition Cwt%'> 

Asphaltene 

77.1 

23.1 

41.0 

49.9 

20.0 

43.0 

33.0 

Maltene 

16.0 

76.9 

59.0 

50.1 

80.0 

57.0 

67.0 

Average Domain Size fmicron) 

Feed 

500 

200 

200 

60 

50 

25 

5 

Asphaltene 

500 

200 

120 

60 

50 

15 

2 

Maltene 

100 

100 

200 

30 

60 

30 

30 
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Table 3.2 

Effect of Hydrotreating on Resid Fractions 

Fraction (wt%) 

Saturates 

Aromatics 

Resins 

Asphaltenes 

Feed 

20.7 

26.5 

29.9 

20.6 

Product 

23.4 

32.9 

23.3 

17.8 
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CHAPTER 4 

FEED ANALYSIS/CHARACTERIZATION 

Petroleum is a complex mixture of many compounds. Therefore, the traditional 

approach in understanding petroleum processing is to separate petroleum fractions into 

pseudocomponents which vary from each other in some important characteristic. For 

example, pseudocomponents are typically defined by a boiling range when designmg 

distillation equipment. The paraffin/aromatic character of a petroleum fraction is typically 

quantified by the use of the Watson characterization factor. This is defined as the cube 

root of the mean average boiling point (in degrees R) divided by the specific gravity. 

K = MeABP(R)l/3/ Sp Gr 4.1 

A petroleum fraction with a high concentration of paraffins will have a higher Watson K 

than one with a high concentration of aromatics. 

Characterization of resids is more difficult than that of distillates because boiling 

point is not a parameter that can be used. The typical approach is to define resids based 

on solubility/adsorption criteria. This chapter covers the research that has been done to 

increase the understanding of the molecular composition and structure of petroleum 

residues. 

4.1 Characterization Based on Solubility/Adsorption 

Separation of petroleum residues into pseudocomponents has not been 

standardized. A fairly typical approach is shown in Figure 4.1. The first step is to contact 

the resid with a paraffinic solvent. The soluble fraction is defined as maltenes. The 

maltenes are then passed through attapulgate clay. The highest polarity compounds are 

adsorbed. This fraction is referred to as the resins. The fraction that passes through the 
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clay is passed through silica gel. The fraction retained on the silica gel is referred to as 

aromatics while the material that passes is referred to as saturates (Reynolds, 1987). 

Danil'yan et al. (1987) refer to the paraffin insoluble fraction as high molecular 

weight compounds (HMWC). The fraction of the HMWC that is not soluble in quinoline 

is referred to as carboids. The fraction that is soluble in quinoline but not soluble in 

toluene is referred to as carbenes. The fraction that is soluble in both quinoline and 

toluene is referred to as asphaltenes. The content of the HMWC is highly dependent on 

previous processing. Resids from crude distillation processes typically contain no carboids 

or carbenes. Therefore, asphaltenes may be defined as the paraffin insoluble components 

(Reynolds, 1987). 

Characterization by these methods is highly dependent on the procedure used. For 

example, Reynolds (1987) compared results when using isooctane and heptane as the 

paraffinic solvent. This essentially changed the split between the resin and asphaltene 

fractions. Using heptane lowered the asphaltene concentration and resulted in poorer 

recovery. It was suspected that the incremental resins were highly polar and could not be 

eluted from the clay. Asphaltenes also have a tendency to form complexes. Therefore 

Speight (1989) recommends using a reprecipitation technique to removed the adsorbed 

resins. 

There are variations of this procedure. For example, Wiehe (1992) divides the 

HMWC into only two fractions. The material that is not soluble in toluene is referred to 

as coke while the toluene soluble fraction is referred to as asphaltene. Wiehe also based 

the separation of the aromatics and saturates on solubility in methyl ethyl ketone (MEK). 

The saturates are defined as the insoluble fraction. 

A number of researchers have attempted to determine the structural differences 

between the fractions of resids. Reynolds (1987) has studied the differences in elemental 

composition. The H/C elemental ratio is approximately 2.0 for saturates, 1.6 for 
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aromatics, 1.4 for resins, and 1.2 for asphaltenes. The relatively high ratio for the 

aromatics indicates a high degree of aliphatic substitution. Reynolds also noted that the 

heteroatoms were predominantly in the more polar resin and asphaltene fractions. There 

was an absence of sulfiir and nitrogen in the saturates. There was insignificant nitrogen in 

the aromatics but a significant amount of thiophenic sulfiir. One interesting aspect of 

elemental analysis is that the C wt% is fairly constant for all fractions. The reduction in 

the hydrogen content that results from the increase in aromatic character is offset by an 

increase in heteroatoms. This has been noted by Eser and Jenkins (1989) and Wiehe 

(1992). 

Ali et al. (1989) have also investigated differences between fractions. They noted 

that the saturates consist of paraffin and napthene molecules. They noted that the resin 

fraction has a relatively high oxygen content which was attributed to the presence of 

carboxylic acids and phenols. Amide and amine structures were also noted in resins. The 

difference between resins and asphaltenes was primarily attributed to a larger degree of 

ring condensation. Unit sheets with up to 17 rings were noted. There were indications of 

methylene linkages and strong hydrogen bonding between the unit sheets. 

Another group that has done research in this area is Liang et al. (1991). They 

noted that the aromatic fraction contains a considerable amount of heteroatoms. The main 

nonhydrocarbon fraction was the resins in that this fraction contained a high content of 

heterocycles. These researchers concluded that the asphaltene fraction consisted of unit 

structures of condensed polycyclic napthenoaromatic nuclei with chains, heteroatoms, and 

metals. 

Speight (1980) has concentrated his research into the differences between resins 

and asphaltenes. He also noted a higher concentration of nitrogen, sulfiir, and oxygen in 

resins than asphaltenes. Resins have between 6 and 16 rings per unit sheet and infrared 

spectrosophy indicates the presence of hydroxyls and pyrroles in resins. X-ray diffraction 
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studies of asphaltenes indicate they consist of polycyclic sheets with aliphatic substituents. 

The heteroatoms in the asphaltenes exist in both cyclic and noncyclic locations. 

Experiments comparing infrared absorption between low and relatively high asphaltene 

concentrations showed that there is hydrogen bonding between unit sheets that results 

from the presence of phenolic hydroxyl groups. 

There has also been some research into dividing resid fractions into subfractions to 

see if this could improve the understanding of these complex molecules. Sarowha and 

Singh (1988) separated a resin into subfractions based on ion exchange absorbence. No 

clear cut differences between the subfractions was noticed. The conclusion reached was 

that resins are muhifiinctional and that separations are based on the relative concentration 

of the various fiinctional groups. 

Speight (1986) separated an asphaltene into bases, acids, and neutral components. 

Each subfraction produced the same type of products but the yields were different. Once 

again, the conclusion reached was that resid molecules are multifiinctional and that 

separations depend on the relative concentration of the various fiinctional groups. 

4.2 Instrumental Analvsis 

Instrumental analysis of petroleum resids is hampered by the very large molecules 

involved. The high polarity of some of the molecules also presents a problem. However, 

some research in this area has been accomplished. 

High performance liquid chromatography (HPLC) is one technique that has been 

applied to resid analysis. However, due to the high polarity of asphaltenes, it has only 

been applied to the maltene fraction. Even in this case, some of the more polar resins may 

be irreversibly absorbed (Carbognani et al., 1989). Using model compounds, it was found 

that even small heterocycles, for example phenol, elude more slowly than five ring 

aromatics. Therefore, applying HPLC to maltenes results in separation of saturates first, 
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then aromatics, and then resins. The elution of the aromatics is fine enough that separate 

concentration values can be obtained for one ring through five ring aromatics (Changming 

et al., 1989). 

It is possible to obtain even more molecular structure detail by the usage of HPLC 

combined with mass spectrosophy (MS). However, MS is even more limited by molecular 

size than is HPLC. Even some of the aromatic fraction of resids fail to evaporate in the 

ion source of a MS. 

Nikitina et al. (1989) applied this technique to the saturate and aromatic fractions a 

500-540OC distillate and 540+oc resid. The initial fraction from the distillate was 

saturates with long chains. This was followed by polycyclic napthenics and then 

aromatics. Sulfiir compounds were eluted next and then the saturated organosulphur 

compounds. Not as clean a separation was obtained with the resid. This was attributed to 

the larger molecules in the resid being more polyfiinctional than those in the distillate. 

However, it was noted that the aromatics were largely substituted. Typically, there was 

one long alkyl and several methyl and ethyl substituents. One to nine napthenic and one to 

eight aromatic rings were found in the condensed structures. 

Fourier transform infrared spectrosophy (FTIR) is one method that can be applied 

to asphaltene fractions. This indicates (Eser and Jenkins, 1989) that this fraction consists 

of highly conjugated polycyclic aromatic systems. The substituents are predominately 

methyl groups. 

Nuclear magnetic resonance (NMR) is another technique that is applied to 

petroleum resids. For example, Danil'yan et al. (1987) have presented the results in the 

NMR comparison of three coking feeds. Over half of the vacuum resid, 53.7 wt% to be 

exact, consisted of paraffin, napthenic, and one or two ring aromatic structures. In 

contrast, a distillate cracking tar and pyrolysis gas tar showed more highly condensed 

structures. The total concentrations of polycyclic aromatics, resins, asphaltenes, carbenes, 
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and carboids was 88.3 and 95.7 wt%, respectively. It was also noted that the cracking tar 

aliphatic substituents were predominantly methyl groups. 

In conclusion, there is much speculation about the actual structure of resid 

molecules. This is particularly true of the resins and asphaltenes since structures can only 

be theorized from parmeters obtained from available analytical techniques. An example 

for a resin (Ali et al., 1990) is presented in Figure 4.2, while an example for an asphaltene 

(Speight, 1980) is presented in Figure 4.3. 

4.3. Solvent-Resid Diagram 

In addition to being a long, costly procedure, a SARA separation provides little or 

no correlatable information. Reynolds (1989) has concluded that resids are more 

complicated than expected or the technique is simply not producing the right type of 

information. 

Wiehe (1992) has presented an alternative for characterizing resid 

pseudocomponents. The proposed method, the solvent-resid diagram, is presented in 

Figure 4.4. Wiehe noted that petroleum fractions are typically characterized by two 

properties, one that measures molecular attraction and one that measures size. The 

proposed parameters are wt% H and molecular weight (MW). One assumption that is 

implicit in the selection of these parameters is that the effect of the nonhydrocarbons is 

negligible. It was noted that MW determination of asphaltenes is difficult because they 

have a tendency to form aggregates. The recommended procedure for MW determination 

is vapor pressure osmometry (VPO) at 130^0 using ortho-dichlorobenzene as the solvent. 

Pseudocomponents can then be defined by an area on the diagram. It was noted that 

asphaltenes cover a wide area on this diagram. This procedure also demonstrates the 

significant difference between feed and product asphaltenes. 

25 



Suspected reactions can be tracked on the solvent-resid diagram. A dealkylation 

reaction resuhs in one molecule with a low MW and a relatively high H content and a 

second molecule with a MW and H content less than the reactant molecule. The 

condensation reaction of two low H content molecules would result in a molecule with a 

high MW. If the MW were sufficiently high, coke formation would result. The diagram 

can also be applied to hydrotreating. Addition of hydrogen results in an increased yield of 

lighter products (Wiehe, 1992). 

The resuhs of the pyrolysis of asphaltene subfractions (Speight, 1986) is also 

consistent with this diagram. As expected, the more highly aromatic subfractions, as 

indicated by a low H/C ratio, produced a higher yield of coke. Also, the distillate 

produced had a lower concentration of aromatics. The results are presented in Table 4.1. 
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Table 4.1 

Pyrolysis of Asphaltene Subfractions 

Subfraction 

Amphoterics 

Bases 

Acids 

Neutrals 

Feed 

H/C 

1.04 

1.06 

1.23 

1.29 

Feed 

MW 

2350 

2250 

1910 

1420 

Aromatics 

(wt%) 

51 

48 

40 

33 

Coke 

(wt%) 

63 

60 

43 

38 

27 



RESID 

Soluble In 

Quinoline? 

Yes 

Soluble in 
Toluene? 

N 

[ea 

No 

CARBENES 

Soluble in 
Isooctane? 

ASPHALTENES 

Yes MALTENES 

RESINS .Yes Absorbed on 
Attapulgite Clay? 

AROMATICS .Yes 
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HMWC - High Molecular Weight Compounds 

Figure 4.1 Resid Characterization 
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CHAPTERS 

REACTIONS 

This chapter concerns research done to try to determine the reaction mechanisms 

involved in the delayed coking process. Some possible reaction mechanisms can be 

deduced by comparing feed with the products obtained. Delayed coking also involves two 

special mechanisms. One is the formation ofan intermediate mesophase. Another is 

hydrogen transfer reactions which reduce the reactivity. Some of the research which 

increases the understanding of these mechanisms is also covered. A reaction mechanism 

which explains the observations is proposed. 

5.1 Feed Product Comparisons 

The net effect of the reactions are to produce a coke that has a higher C/H ratio 

than the feed. Therefore, the average C/H ratio of the distillate must be lower than the 

feed. There is also a change in the structures of the hydrocarbons. Rodriguez et al. 

(1991) compared the NMR data of a typical feed and the products obtained from it by 

coking. There was a shift from napthenic to condensed aromatic structures. The aromatic 

carbons increased by 39.4% while the napthenic carbons decreased by 35.0%. The 

aromatic hydrogen was reduced by 79.8%. 

Wiehe (1992) did an interesting experiment in which the coking reactions were 

stopped after one hour and the products were compared to the feed. He noted that the 

product resins and asphaltenes had a much lower H content than the feed resins and 

asphaltenes. Savage et al. (1985) noted that there was little reaction of hydrocarbon 

structures until the temperature reached 400OC. At this temperature, toluene and xylenes 

appeared in the distillate product. Both of these observations have been attributed to the 
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dealkylation of side chains, leaving a more highly aromatic core. The substituents could 

be either alkly or phenylalkly groups. 

Speight (1986) reported on the MS analysis of the distillate obtained from delayed 

coking. He noted that the 3 and 4 ring aromatics only had methyl substituents. 

Apparently, the end point of the distiUate was approximately 600OF. A heavy gas oil end 

point is typicaUy 900+OF. Therefore, 8 ring PNA's are possible in the heavy gas oil. 

The conclusion that the mesophase consists of 8 or more ring PNA's with 

predominantly methyl substituents is also supported by the analysis of the coke. Michel et 

al. (1994) and Pruski et al. (1994) analyzed a number of cokes produced by a Mobil pilot 

plant. They noted that the C/H mole ratio was approximately 2.0 for all cokes. Also, the 

aliphatic H was in methyl and methylene groups and the H/C ratio for the aliphatic portion 

of the coke ranged from 2.1 to 2.6. Based on this, the most likely structure for coke is 

that it consists of approximately 10 aromatic ring sheets connected by methylene bridges. 

This structure could be produced by condensation reactions of the mesophase 

constituents. 

The coke analysis also produced some other interesting results. The H 

concentration by NMR agreed closely with that obtained by combustion analysis and is 

repeatable. Therefore, NMR was seen to be a quick and reliable method of measurement. 

The samples also included one produced from "an aromatic stream." This coke had a 

much higher hydrogen aromaticity than the others. It is suspected that this is a needle 

grade coke. If it is, this is an indication that coke quality is probably due to the degree of 

methyl substitution. 

Product analysis also provides an indication of the type of structures that contain 

the heteroatoms. Stekhun and Varfolomeev (1987) have performed delayed coking 

experiments with resids from high sulfur Cuban and Syrian crudes. Even though the 

product yields were roughly comparable, the sulfur yields were significantly different. The 
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sulfiir yields from the Cuban resid were 57.4% in the gas, 19.8% in the distillate, and 

22.8% in the coke. The sulfur yields from the Syrian resid were 17.2, 45.6, and 37.2%, 

respectively. 

It is apparent that the heteroatoms can exist in aliphatic structures that are likely to 

decompose and form distillate products or relatively stable heterocyclic structures that are 

likely to eventually form coke. Speight (1980, 1989) has noted that aknost all N is in the 

coke, ahnost all O is in the distillate, and S is intermediate. From this he concluded that 

heterocyclic rings must be stable, the N exists ahnost exclusively in cyclic structures, and 

that S exists in both aliphatic and cyclic structures. Similar conclusions have been reached 

by Savage et al. (1988) and Liang et al. (1991). 

Savage et al. (1988) noted that there is little asphaltene reaction at 350OC. 

However, there is a significant production of H2S and CO2. These resuhs were attributed 

to some of the substituents containing reactive thioether and carboxylic acid moieties. 

These are apparently more reactive than alkyl substituents. 

Petroleum resids can also contain significant amounts of metals. The metals 

appear in porphyrin structures (Speight, 1989). The metals exist almost exclusively in the 

resin and asphaltene fraction of the resid. Resins that contain metals are highly polar and 

recovery from the absorbent used to separate resins from asphaltenes is difficult 

(Reynolds, 1987). 

Filipenko et al. (1989) have monitored metals concentrations in the asphaltene 

fraction during the coking reactions. Initially, only 30% of the vanadium and 6% of the 

nickel were in the asphaltene fraction. However, there was a sharp increase in the metals 

concentrations and the maxima were reached after the reactions had proceeded 

approximately 30 minutes. The conclusion reached was that metals containing resins were 

the most reactive. 
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5.2 Mesophase Formation 

One interesting aspect of delayed coking is that the reactions proceed through an 

intermediate mesophase. For example, Filipenko et al. (1989) have noted that coke 

formation can only begin after a critical asphaltene concentration, typically 23-25 wt%, is 

reached and that the coke induction period had an inverse relationship with the asphaltene 

concentration. They also concluded that the "asphaltene-coke" particles increase in size as 

the reactions progress. The phenomenon was expressed in other terms by Greinke and 

Singer (1988). They concluded that the mesophase initially forms as anisotropic spheres 

in the isotropic pitch phase, followed by coalescence to form large anisotropic regions. 

Eser and Jenkins (1989) studied the coking tendencies of seven feeds which ranged 

from a highly reactive vacuum resid to a highly unreactive pitch. They noted a good 

correlation between hydrogen aromaticity and mesophase development. The pitch, FCCU 

decant oil, and ethylene tar resid (ETR) which produced better quality coke had a majority 

of the aliphatic H in methyl groups while the vacuum resids had longer chain substituents. 

It was noted that the long alkly chains are more easily broken, resulting in higher 

reactivity. The ETR was a relatively poor feed since it contained long alkyl side chains. 

As a resuh of their experiments, Eser and Jenkins reached two additional 

conclusions. One was that hydrogen transfer reactions during the initial carbonization was 

important in determining the extent of mesophase development. The second was that the 

hydrogen aromaticity was the best measure for estimating feed quality. 

Similar conclusions were reached by Nesumi et al. (1990). They noted that 

sufficient aromaticity and napthenic rings favored mesophase growth. In contrast, long 

alkyl side chains, oxygen, and sulfur resuhed in higher reactivity molecules that inhibited 

mesophase growth. Large aromatic systems, such as those insoluble in quinoUne, also 

hindered mesophase development. 
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Mesophase initiation is probably due to solubility differences. Mochida et al. 

(1986) have concluded that the heavy aromatic and polar fractions separate from the 

paraffin matrix to form the mesophase. Speight (1994) noted that asphaltenes become 

increasingly polar as the parafi&nic fragments are formed by the scission of alkly 

substituents. These asphaltene cores eventually become insoluble in the surrounding 

medium. 

Greinke and Singer (1986, 1988) have monitored the coking of petroleum pitches. 

Results were reported on the coking of a pitch derived from a FCCU decant oil. This 

produced a large, homogeneous domain size mesophase which in turn produced a high 

quality needle coke. The reaction temperature was a relatively low 400OC. Therefore, the 

feed to mesophase transformation required approximately 16 hours while the entire 

transformation to coke required 263 hours. 

During the feed to mesophase transformation it was found that the lower MW 

molecules were more reactive and the molecules with a MW > 1000 were essentially 

unreactive. First order-kinetics with an activation energy of approximately 50 

KCAL/Mole applied. The rate determining step was probably free radical formation. The 

low reactivity of the large molecules was attributed to the formation of resonance 

stabilized free radicals. The low reactivity of the large molecules resuhed in a highly fluid 

mesophase. Another interesting aspect was that the mesophase number average MW and 

viscosity remained constant throughout the transformation. In contrast, the number 

average MW of the pitch fraction increased linearly with the mesophase concentration and 

appeared to approach that of the mesophase at complete conversion. 

During the mesophase to coke transformation the reactivity was independent of 

MW and second-order kinetics with an activation energy of 49 KCAL/Mole applied. The 

reaction rate was approximately 14% of the rate for the feed to mesophase formation. 

However, if the qumoline soluble material was removed from the reaction mixture, the 
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rate approached that of the initial step. It was also found that the rate of disappearance of 

methyl groups was similar to other reaction rates. On the basis of these observations, it 

was determined that the reactions involved methyl groups and the controlling step was 

now diffusion. 

Although the results of only one study were presented, the authors mentioned that 

similar resuhs were obtained with other pitches. However, they mentioned that the resuhs 

would probably not apply to more reactive, non-homogeneous vacuum resids. 

5.3 Hvdrogen Transfer 

Hydrogen transfer reactions appear to be important in delayed coking and several 

studies have been done on hydrogen donor methods. Two possible mechanisms are 

aromatization of saturated or partially saturated rings and the addition of H2. 

Savage et al. (1988) noted that the addition of hydrogen by either hydropyrolysis 

or the addition of a hydrogen donor (tetralin) reduced the reactivity of the asphaltenes, 

improved the selectivity to maltenes, and increased the induction period for coke 

formation. Addition of tetraUn reduced the gas yield and reduced the olefin concentration 

of the gas that was produced. They theorized that free radicals abstract hydrogen from 

napthenic rings and, as a resuh, the asphaltene core becomes increasingly hydrogen 

deficient. The presence of a hydrogen donor preserves the napthenic rings longer which 

results in lower reactivity. 

Heck et al. (1992) compared the effectiveness of three hydrogen donors in the 

coking of a Maya feed. They found that H2 in the presence of a MoS catalyst was the 

most effective. This was followed by tetralin and H2 without a catalyst. They found that 

the conversion of tetralin to naphthalene increased with reaction temperature and that 

there was essentially no H2 formation. An increase in the coke induction period was also 
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noted. One conclusion reached was that the initial step in resid conversion is free radical 

cracking. 

Del Bianco et al. (1993) also investigated the effect of using a hydrogen donor. 

They used dihydrophenanthrene (DHP) instead of tetralin. This was because the lower 

volatihty would increase the liquid phase concentration. Addition of DHP was found to 

reduce the reaction rates of both distillate production. Once again, hydrogen donor 

reactions were found to be very rapid and efficient with little H2 generated. DHP was 

found to help keep the viscosity low, probably by reducing the rate of condensation 

reactions. 

5.4. Other Reaction Studies 

Speight (1989) has noted that asphaltenes dealkylate primarily to methyl and to a 

lesser extent ethyl substituents. Other reaction of asphaltenes include the aromatization of 

napthenic rings and condensation. Similar reactions were noted for resins. Dealkylation 

of the aromatic fraction was noted to resuh in almost exclusively methyl substituents. 

The proposed mechanism of high reactivity for the dealkylation of long chain 

substituents certainly is consistent with other experimental observations. One is that gas 

evolution is most rapid during the initial part of carbonization ( Mochida et al., 1988). 

Another is that the H/C ratio of the asphaltenes decreases with reaction time (Speight, 

1986). 

Condensation reactions are also prevalent in delayed coking. Wiehe (1992) has 

shown that saturates ~ aromatics — resins ~ asphaltenes — coke is one reaction route. 

The increase in molecular weight is probably due to condensation reactions. 
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5.5 Conclusions 

The initial reactions in delayed coking are proposed to be the breaking of alkyl 

bonds in the substituents of the cycUc structures. If napthenic rings are present, these then 

very rapidly dehydrogenate to form aromatic rings and the hydrogen released stabilizes the 

free radicals formed by the thermal cracking reactions. This mechanism is consistent with 

the lack of napthenics and low concentration of olefins in the products. Whether the 

products remain in the Uquid phase or vaporize is dependent on the vapor Uquid 

equilibrium. 

After the reactions proceed to a certain point, a second Uquid phase, the 

mesophase forms. As the polycycUcs dealkylate and dehydrogenate, they become even 

more aromatic. Eventually, these structures become insoluble in the more paraffinic bulk 

Uquid phase. Condensation reactions probably predominate in the mesophase. There is 

Uttle abstractable hydrogen so the main reaction path for stabiUzing free radicals is the 

recombination of two free radicals. 

Condensation reactions also occur in the bulk liquid phase. After the napthenic 

rings become depleted, recombination of free radicals occurs. This mechanism explains 

why, for example, resins are formed when the feed is only the aromatic fraction of the 

resid. 
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CHAPTER 6 

MODELING AND OPTIMIZATION 

6.1 ModeUng 

Several approaches have been taken with regards to modeUng a delayed coker. 

One approach is kinetic modeling. Several different kinetic modeUng approaches have 

been attempted. Due to the large size and multifunctionaUty of resid molecules, another 

approach that has been used is a stochastic or Monte Carlo method. A third approach that 

has been used is empirical modeUng. Most research has been into developing yield 

models. However, there has been some success in developing methods to predict coke 

quaUty. 

6.1.1 Kinetic ModeUng 

There have been several different kinetic models developed for delayed coking. 

One model is shown in equation 6.1. 

A ka C + (1-a) V (6.1) 

In this model A, C, and V are the concentrations (in wt%) of the feed, coke, and volatUes 

and a is the ultimate coke yield. 

Studies that use this model are typicaUy done by thermogravimetric analysis 

(TGA). The procedure foUowed is to ramp the temperature up to 5250C and then hold at 

this condition. The material that remains is defined as coke. The coke is then burned by 

adding O2 and increasing the temperature up to 700OC (Schucker, 1983). 

Schucker (1983) reported on the TGA results for a Heavy Arab resid and the 

component fractions obtained from the resid. The coke yields were 0.2 wt% for the 

saturates, 1.3 wt% for the aromatics, 17.8 wt% for the resins, and 47.4 wt% for the 

asphaltenes. It was also noted that the activation energy increased as the amount of 
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material volatiUzed increased. For the saturate fraction, the activation energies obtained 

were consistent with the thermal cracking of paraffins and napthenes. The increase in 

activation energies with conversion is certamly consistent with an increase in stabiUty. 

That is, the less stable molecules undergo cracking at relatively low temperatures but as 

the reaction temperature increases, the more stable molecules wUl undergo reactions also. 

The activation energy for the asphaltenes over most of the range was between 176 and 

205 KJOL/Mole. This is consistent with the mechanism of the breaking of dibenzly bonds 

foUowed by stabUization by hydrogen donors. A drastic change in the activation energy 

was noted at high temperatures which is an indication of a change in reaction mechanism. 

When the sample was the whole resid, a higher conversion was achieved before the change 

in reaction mechanism was noted. This observation was attributed to the dilution effect 

and hydrogen donation by the other fractions of the asphaltene fraction. 

Yang et al. (1993) used TGA to analyze the coking of four Chinese resids. They 

noted that the coking reactions can be described by two first-order kinetic models in two 

temperature regions. However, the models did not apply at high conversion levels. It was 

suspected that the reason for this is that condensation reactions probably dominate in this 

range. It was also noted that the model parameters obtained varied widely depending on 

the feed. 

Reynolds (1987) reported on the TGA analysis of a Maya resid. Negligible coke 

was obtained from the saturate and aromatic fractions. The coke yield for the resins was 

14 wt% and the coke yield for the asphaltenes was 46 wt%. 

Several researchers have appUed kinetic models to the resuhs of tube bomb reactor 

studies. One example is by Neurock et al. (1991). This study concerned the pyrolysis of 

the asphaltenes from five different crudes. The model consisted of the primary reactions 

of the asphaltenes to maltenes, gas, and coke. Secondary reactions considered were of the 

coke to maltenes and gas and of the maltenes to gas. It was found that the coke was 
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nonreactive so the final model involved four reactions. The proposed model and the 

results are presented on Figure 6.1. 

A number of problems were noted with this approach. The main one is that no 

noticeable correlation was obtained between feed parameters and model parameters. It 

was also noted that asphaltenes from similar origins can have different product spectrums. 

The authors also acknowledged that this was an empirical lumped model and was, 

therefore, vaUd only for the Umited range for which the data was correlated. 

Del Bianco et al. (1993) noted that coke formation requires an induction period. 

Therefore, they assumed a kinetic model in which the there are parallel reactions of the 

feed to a distiUate and an intermediate. The intermediate then reacts to form coke. The 

results were mixed. It was found that the condensation reactions which were assumed for 

the coke formation from the intermediate did have a higher activation energy. This is 

consistent with the conventional visbreaking practice of using relatively low temperatures 

and longer reaction times to maximize Uquids while minimizing coke. However, even at 

visbreaking conditions, the net yields indicate that there are some maltenes to coke 

reactions. 

Wiehe (1993) also noted that coking proceeds through an intermediate. However, 

the model proposed accounts for mesophase formation by asphaltene solubiUty in the 

maltenes. This model also has separate species for reactant and product asphaltenes and 

maltenes to account for changes that occur as reactions proceed. The model was applied 

to the coking of one resid and found to model the data accurately. The question 

concerning this model is whether it can be generalized to other resids or if the parameters 

can be related to measurable variables of different feeds. 
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6.1.2 Monte Carlo ModeUng 

A second approach to modeUng resid reactions is a stochastic, or Monte Carlo 

method. In this approach, a number of resid molecules are constructed. Each of these 

then goes through a simulation of the reactions. The products are then lumped into 

psuedocomponents and compared to experimental resuhs. 

One aspect of this approach is to determine the kinetics by using the results from 

model compound studies. Savage (1990) has studied the reactions of a n-aUcyl benzene 

and a n-alkyl cyclohexane. It was found that the pyrolysis of the aromatic results primarily 

m toluene and styrene. Numerous minor products are formed. The formation of the 

primary products was attributed to the formation of resonance stabilized free radicals. 

The primary products produced from the napthenic were cyclohexane and methylene 

cyclohexane. Once again, there were numerous minor products. The primary products 

were again attributed to the formation of the most stable free radicals. 

This system could be modeled by traditional kinetic methods. The initiation step is 

the dissociation of the weakest C-C bond. There are then numerous chain transfer by 

hydrogen abstraction reactions possible. Termination occurs by the recombination of two 

free radicals. Even this relatively simple system, certainly much simpler than a resid, is 

exceedingly complex for tradhional kinetic modeling. 

Some other model compound studies that are applicable to resid processing have 

been done. Savage and Klein (1989) have determined that alkyl tetralins react to form 

almost exclusively napthalene. On the basis of this and earUer studies a number of 

conclusions applicable to resid processing were obtained. One was that aliphatic C-C 

bonds are the most prevalent thermally reactive groups in the temperature range of 350-

500OC. Two additional conclusions are that aromatic rings are stable and there is little 

opening of napthenic rings. Another is that the polycycUc portion of the unit sheets of 

resid molecules are thermally stable. 
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Neurock et al. (1990) studied the hydrogenation of condensed aromatics. It was 

determined that there was a Unear relationship between the logarithm of the reaction rate 

and the Pi electron density. 

Several studies using a Monte Carlo approach have been done. In one, Neurock et 

al. (1990) transformed the available analytical chemistry into cumulative probabiUty 

density functions (PDF) for each structural attribute. The asphaltene attributes considered 

were the degree of polymerization, the number of aromatic rings, the number of napthenic 

rings, the degree of substitution, and the chain length of each aUphatic substituent. A resid 

molecule was then constructed stochastically by Monte Carlo methods by using the PDF's. 

The PDF's are presented in Figure 6.2. 

The reactions considered were the breaking of bonds in the alkylaromatic and 

alkylnapthenic moieties, the hydrogenation of aromatic moieties, and the dehydrogenation 

of napthenic moieties. The reactions are presented in Figure 6.3. The reactions were 

simulated event by event until the final reaction time was reached. Another resid molecule 

was then constructed and the reaction procedure repeated. A total of 10,000 molecules 

were used in the simulation. The reaction products were separated into 

pseudocomponents by applying an iterative solution of soUd Uquid equilibrium, vapor 

liquid equilibrium, and mass balance equations. Pseudocomponents considered were coke, 

asphaltene, maltene, and gas. The pseudocomponents were characterized by their MW 

and H/C ratio. 

This method showed a tendency to under predict the reactivity at low 

temperatures. This was attributed to ignoring the more reactive heteroatom bonds and the 

catalytic effect of the metals. 

In another study, Neurock et al. (1989) characterized asphahenes by the usage of 

NMR and elemental analysis and molecular weight determination by VPO. They then 

used balance equations to determine structural attributes. The attributes consisted of 
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aromatic or aUphatic carbon, number of rings per unit sheet, number of unit sheets per 

molecule, and degree and nature of substituents attached to the ring. A normal 

distribution function was fitted to the available data for each attribute. It was assumed 

that a resid molecule is an oUgomer of covalently bonded unit sheets. The sulfur and 

oxygen can exist in ehher the core or in aUphatic chains. The nitrogen was assumed to 

exist in the core. 

Once again, the reaction rates were obtained from model compound studies. The 

probability of a reaction was weighted by the reaction rates. The procedure was appUed 

to a hydropyrolysis at 400OC. Initially, the MW of a unit sheet and the H/C ratio increases 

due to the faster hydrogenation reactions. Both of these parameters then decreased as the 

removal of the side chains dominated. 

The most recent development in the area of Monte Carlo simulation is the 

simulation of the whole resid (Trauth et al., 1993). In this approach the first step is the 

assignment of a molecule as a paraffin, naphthene, aromatic, resin, or asphaltene. The 

PDF's are assumed to have a chi-squared distribution. The difference in resids is then 

represented by the differences in the degrees of freedom and the minimum value in the 

chi-squared distribution for each attribute. These parameters are found by minimizing the 

difference between predicted and measured properties. The measured properties include 

the MW, the H/C ratio, NMR data, a saturates, aromatics, resins, aromatics (SARA) 

separation, and a simulated distillation. 

Testing of the procedure showed that the construction of the resid is insensitive to 

some parameters but that there was significant interaction among others. The authors 

therefore suggested using different starting points for the optimizer in order to get a "true" 

minimum. 

45 



6.1.3 Empirical ModeUng 

One method of modeUng a delayed coker is empirical modeUng. One example is 

presented by Maples (1993). The first step in the development of his regressions was that 

the coke yield correlated very weU with the Conradson Carbon Residue (CCR) of the feed. 

The yields of the other products was found to correlate better with the coke yield than the 

CCR. In his model. Maples only uses the feed API gravity for the material balance. It 

was found that CCR was a better predictor than feed API. 

The CCR is a measure of the carbon residue left after the evaporation and 

pyrolysis ofan oil. This test is intended to indicate the relative coke forming tendencies of 

an oil during a period of intense heating. The CCR is a standardized test (Institute of 

Petroleum, 1989). The repeatability of the test is approximately 10%. 

Predel (1992) compared several approaches to the empirical modeling of a delayed 

coker. As anticipated, he found that including operating conditions as variables improved 

the regression. It was also determined that inclusion of the feed HPLC analysis improved 

the model. Predicted coke yields were within 0.5 wt% of measured values. 

Pilot plants, as well as commercial units, can supply the data used for empirical 

modeUng. Hardin and EUis (1992) have noted that pilot plant operation aUows good 

control of all three operating variables and that pilot plants show good repeatability. 

Comparison of pUot plant with commercial units when processing the same feed show 

good correlation with respect to the yields and quality of both the coke and Uquid 

products. 

One empirical model has been published by CastigUoni (1983). This model 

appears to be very similar to the one proposed by Maples. The feed is characterized by 

the CCR and API but the API is only used for material balance calculations. The 

operating variables considered are the drum pressure, drum temperature, and the recycle 
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ratio. The first step is the determination of the coke yield and the yield of other products 

is correlated to this. 

6.1.4 Quality ModeUng 

Another aspect of delayed coking modeling, in addition to yield predictions, is the 

abUity to predict coke quaUty. Numerous researchers have noted the relationship between 

mesophase domain size and coke quaUty. Lewis et al. (1987) recommend using a 

weighted average domain size (WDS) as the correlating factor. The WDS is defined by 

WDS = Sum ((Nj (Pi) 3) / Sum ((Nj (P,) 2 ) (6.2) 

where N and P are the number and size of the individual mesophase domains. The WDS 

can be measured if the mesophase content exceed 30%. 

As an example, the WDS was determined for a vacuum resid, a pitch, and for 

blends of these feeds. The WDS for the resid was 13 microns and the WDS for the pitch 

was 231 microns. The WDS for the blends was intermediate. However, the WDS was 

certainly not Unear with the blend concentration. The effect of operating temperature on 

the WDS was also determined and it was found that there is an optimum temperature for 

the feed. 

Dynamic hot stage microscopy can be used to predict coke quaUty. This consists 

of in situ carbonization coupled with a polarized light microscope to measure mesophase 

domain size measurements (Rodriguez et al., 1991). This test requires approximately one 

hour. The procedure was tested with a wide variety of coker feeds and the resuhs were 

that the domain size ranged from <1 micron for a lube oil extract to >500 microns for 

Ashland A240 phch. 

Although it was not quantified, Lewis et al. (1987) also noted a good correlation 

between domain size and mesophase viscosity. If the viscosity remains relatively low, this 

indicates that the mesophase is nonreactive and coalescence can occur. 
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Empirical modeUng can also be used to predict coke quaUty. Predel (1992) found 

that inclusion of a HPLC analysis in a model aUowed accurate prediction of the CTE of 

needle cokes. 

6.1.5 Conclusions 

Both kinetic and Monte Carlo modeUng methods have drawbacks. The main 

problem with kinetic models is that there have been problems with characterizing the feed 

sufficiently so that correct model parameters can be determined. A second problem is that 

in these studies coke has been defined as the material insoluble in some aromatic solvent 

such as toluene or tetrahydrofliran. No studies have been done as to how similar this coke 

is to that produced in a delayed coker. Monte Carlo methods are difficult to implement 

and there is stUl the question of how weU the feed is simulated. Speight (1986) noted that 

drasticaUy different structures have been proposed from the same analytical data. One 

problem common to both methods is that they ignore the effect of heavy gas oU recycle. 

As a result, it appears that at present the best approach to modeling a delayed 

coker is empirical modeUng based on actual operations. Luckily, pilot plants have proven 

to simulate commercial units very well. Therefore, data from pilot plants can be used for 

model development. One advantage is that pUot plants are less susceptible to unmeasured 

disturbances. For example, feed quality drifts can be essentially eliminated in pilot plant 

operations. 

6.2 Control and Optimization 

The advanced control and optimization of a delayed coker has generated great 

interest. An indication of this is that a recent handbook on advanced controls and 

information systems included submissions on delayed cokers from six different companies 

(1995). 
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The primary control problem with delayed cokers is the handUng of the 

disturbances caused by the cycUc operation of the coke drums. For example, there is a 

significant reduction in the vapor to the fractionator at a drum switch. AU six advanced 

control schemes mclude logic to detect and identify various stages in the cycle. The 

primary method of control is to use some of these events as feed forward event variables 

and use muhivariable predictive control to mimmize fractionator disturbances. For 

example, drum switch and drum steamout were event variables in one appUcation 

(Jaisinghani et al., 1993). In another appUcation (Coker et al., 1993), the two feed 

forward event variables were the drum warmup and the drum switch. One other scheme 

goes to some override fractionator controls during these events. 

For fuel grade cokers, the distillate obtained is more valuable than the coke (EUott, 

1991). For example, the HGO can be upgraded by hydrotreating and become a good 

quality FCCU feed. Therefore, these cokers should be operated at the lowest possible 

operating pressure and, at present, cokers are being designed for a drum pressure of 

approximately 15 PSIG. One aspect of this is that coke accumulation in the vapor line 

between the drum and fractionator can result in a pressure drop of 10 to 15 PSI. 

Therefore, some refiners are considering using dual vapor lines to allow on-Une cleaning. 

For existing cokers, the minimum pressure can be constrained by a number of factors. 

One is excessive vapor velocity in the coking drum which results in liquid entrainment in 

the vapors to the fractionator. A second is flooding due to liquid entrainment in the 

fractionator. However, the most commonly encountered constraint is the overhead 

compressor capacity. 

For cokers producing anode or needle grade coke, operating conditions are 

essentially set by coke quaUty requirements. However, greater opportunities for 

optimization exist for fuel grade cokers. AU six control schemes include methods to 

optimize existing delayed cokers. 
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A typical optimization objective is to maximize the fresh feed to the unit (DeBiase 

and EUiott, 1982; Coker et al., 1993). This is because resid processing is a possible 

bottleneck to the entire refinery. Also, resid is typicaUy more valuable as a coker feed than 

when used in residual fiiel blending. All six advanced control schemes use a method in 

which coke drum measurements, operating conditions, and some coke yield prediction 

model are used to minimize drum outages. In a recent appUcation (Coker et al., 1993), 

the coke make calculations were withm 96 % of the measured values. 

For fiiel grade cokers, the unit is optimized by maximizing Uquid yields. This is 

achieved by pressure and recycle ratio minimization. In a recent appUcation (Coker et al., 

1993), recycle minimization was apparently constrained by the end point specification on 

the HGO. Usage of inferential cutpoint calculations improved the control and aUowed 

operation at close to specifications. This allowed the HGO recycle to be reduced with a 

resultant increase in the fresh feed. 

Another control aspect common to all six control schemes was improved main 

fractionator control. All used inferential property controls. Methods included using 

steady state simulations and neural network regressions to develop the fractionator model. 
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CHAPTER? 

IMPLEMENTATION OF EMPIRICAL MODEL 

At present, empirical modeUng appears to be the best approach for a delayed 

coker. This chapter covers the implementation of a widely used empirical model. The 

value of the products produced are calculated from the yields and product values. 

Designmg for low pressure operation increases the capital cost and low pressure operation 

also increases the operatmg cost of a delayed coker. Therefore, in order to optunize 

delayed coker operation, the objective function that should be maximized is defined by 

subtracting the costs from the product value. The optimizer thus developed was 

quaUtatively checked by determining if the changes in operating conditions were consistent 

with changes in model parameters. 

7.1 Yield Modeling 

One empirical yield model available in the open Uterature is that of CastigUoni 

(1983). Depew et al. (1988) compared actual yields obtained from a commercial unit to 

those predicted by this model and found good agreement. 

The model is very similar to one later proposed by Maples (1993). The basis is 

that the coke yield is correlated to the feed CCR, the yields of the other products are 

correlated to the coke yield, and the feed API is only used for material balance purposes. 

The model inputs are the feed CCR (wt%), the drum pressure (PSIG), the drum 

temperature (F), and the combined feed ratio (CFR). The model outputs are the yields of 

dry gas (wt%), gasoline (LV%), gas oil (LV%), and coke (wt%). In this model the 

gasoline is defined as the C4 - 400OF fraction. 

The use of the model provides an indication of the procedure used in developing 

the model. The first step is to determine the yields at the base case of P = 0 PSIG and 
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CFR - 1.0. The coke yield is determined and the yields of the other products are 

correlated with this yield. Correlations exist for the dry gas, gasoUne, and the sum of the 

yields. 

The next step is to find the correction for the actual operating pressure. The coke 

yield is determined at the condition of the drum pressure and CFR = 1.0. The correction 

factor is then calculated by dividing the this coke yield by the coke yield at the base case. 

The equivalent CFR for the pressure effect is then found by determining the CFR at which 

the coke correction factor is equal to that due to the pressure effect. The correction 

factors are then obtained for the other products and the yields from the base case are 

adjusted accordingly. 

The next step is the adjustment of the yields for the CFR. At this point, the gas oil 

yield is calculated by difference. The dry gas, gasoline, and coke yields are summed and 

subtracted from the sum of the yields to obtain the gas oil yield. The final step is an 

adjustment to the coke and gasoUne yields if the coke yield is over 25 wt%. 

The model correlations were presented as a series of graphs. These were 

converted to equations suhable for computer programming by running regressions on data 

points obtained from the graphs. The equations used are presented in Figure 7.1. 

7.2 Product Value 

The next step in implementing the model was determining the value of the 

products obtained from the yield model. For this purpose, the product distribution was 

changed to five products. These were fuel gas, liquefied petroleum gas (LPG), gasoline, 

gas oil, and coke. The modification of the yields therefore required an analysis of the light 

ends. The light ends analysis used was obtained by averaging the typical analysis 

presented by Gary and Handwerk (1975) and Maples (1993). This analysis is presented in 

Table 7.1. 
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The fiiel gas was assumed to consist of the H2 - C2's. Therefore, this was 70.5 

wt% of the dry gas and its heating value was .02159 MMBTU/LB. The LPG was 

assumed to consist of the C3's and C4's. The C3's yield was 29.5 wt% of the dry gas. 

This was converted to Uquid volume (LV) yield by using a density of 4.242 LBS/Gal. The 

last two conversions required were that the C4's were 12 LV% of the model gasoUne yield 

and the stabiUzed gasoUne yield was 88 LV% of the model gasoline yield. 

The procedure is best demonstrated by use ofan example. For a feed with a CCR 

of 23 wt% and operating conditions of P = 25 PSIG, T = 840 F, and CFR = 1.05, the 

Castiglioni model yields are: dry gas = 7.04 wt%, gasoline = 27.53 LV%, gas oil = 47.98 

LV%, and coke = 29.98 wt%. Assumed product values are $2.0/MMBTU for fiiel gas, 

$0.30/Gal for LPG, $0.40/Gal for stabilized gasoUne and gas oil, and $20/ton for coke. If 

the feed API is 12.0, the product values, in $/BBl of feed, are: fiiel gas = 0.7397, LPG = 

0.9232, gasoUne = 4.0700, gas oil = 8.0606, and coke = 1.0348. Therefore, the total 

product value is $14.828/BBL of feed. 

7.3 Capital and Operating Costs 

In order to optimize a delayed coker operation, the costs must be subtracted from 

the product value to find the objective function to maximize. Within typical refinery 

operating conditions, changes in recycle and temperature have little effect on capital or 

operating costs. However, the design and operating pressure significantly effect capital 

and operating costs. Designing for lower pressure operations increases capital costs, 

primarily for changes required for the lower vapor densities that resuh. Some typical 

requirements are larger drum, fractionator, and fractionator overhead piping diameters, a 

larger overhead condenser area, and a larger wet gas compressor. Higher operating costs 

are primarily the resuh of the wet gas compressor operation (Bansal et al., 1994). 
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The current trend for fuel grade cokers is to operate at lower pressure to mcrease 

the production of higher value Uquid products. Most of the data required to calculate the 

costs for low pressure operation was obtained from Bansal et al. (1994). The basis for 

this article was the changes required for a typical 26000 BBL/Day delayed coker 

processing a 23 wt% CCR feed if the drum pressure was reduced from 25 to 15 PSIG. Of 

primary interest were the compressor suction pressure would be reduced from 12 to 2 

PSIG, the driver requirement would be increased from 2500 to 3500 HP, and the 

increased capital costs would be approximately $660,000. 

The first step in this part of the implementation was to determine the effects of 

pressure on the product yields. The CastigUoni yield model was used for this. A series of 

runs was made with the drum pressure varied. The drum temperature was held constant at 

840OF and the CFR was held constant at 1.05. These values are typical for fuel grade 

cokers. The feed CCR and API were held constant at 23 wt% and 12.0. 

The vapor flow to the compressor for each of these cases was determined from a 

steady state simulation of the fractionator overhead system. Delayed coking units are 

designed such that the naphtha and Ughter products are taken as the overhead of the main 

fractionator. Therefore, the sum of the fractionator vapor (which is the stream to the 

compressor) and the net fractionator distiUate must be equal to the dry gas and 

unstabiUzed gasoUne. 

A total of 10 components were used in the simulations. Nine pure components 

and one pseudocomponent were used. The pure components were H2, CH4, C2H4, 

C2H5, C3H6, CaHg, C4Hg , I-C4H10, and N-C4H10. The pseudocomponent was C5 -

400 F. Two sources were used to obtain the physical property data required for the 

simulations. Data for the pure components was obtained from Henley and Seader (1982) 

while data for the pseudocomponent was obtained from the Technical Data Book -

Petroleum Refining (1973). 
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The simulation involved the solution of a set of 33 sunuhaneous equations. Since 

10 components were used, there were 10 equations for the yields, 10 for the component 

material balances around the overhead receiver, and 10 for the overhead receiver vapor 

Uquid equiUbrium (VLE). The last three equations were mole summation equations for 

the overhead receiver feed, vapor, and Uquid. The 33 variables were the overhead 

receiver feed, vapor and Uquid total flows and compositions. The overhead receiver 

temperature was assumed to be 125 F (Bansal et al., 1994). Vapor Uquid equUibrium 

(VLE) constants were calculated by using the Soave RedUch Kwong (SRK) equation of 

state. 

The next step in the model development was the simulation of the compressor. 

The pressure of the fractionator overhead products must be increased to approximately 

200 PSIG so they can enter the gas concentration section of the delayed coker. Since the 

maximum temperature aUowed for compressor operation is approximately 310 F (EUiott, 

1991), delayed cokers use a 2-stage compressor with an interstage cooler and flash drum. 

The energy balance for a compressor reduces to Equation 7.1 (Balzhizer et al., 

1972). 

-Ws = Int (VdP) = Delta H (7.1) 

The compressor simulation consisted ofan Euler type integration. The initial condition 

was determined from the overhead receiver temperature and pressure. The pressure was 

incremented by 1.0 PSI and the temperature was determined by the requirement that the 

change in enthalpy was equal to the integral of the volume times the change in pressure. 

This integral was approxunated by using the trapezoidal method. The secant method was 

used in the determination of the temperature at the outlet pressure. The compressibility 

factor was calculated by using the SRK equation of state. 

The integration was continued until the first stage outlet pressure was reached. 

This pressure was determined by assuming a equal compression ratio for both stages and a 
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pressure drop across the interstage cooler of 2.0 PSI. The outlet of the interstage cooler 

was assumed to be 1 lO^F. The outlet of the interstage cooler was then flashed, once 

again using SRK K's, to obtain the second stage feed (vapor) and the interstage liquid. 

The next step involved the calculation of the initial condition for the interstage 

vapor. The compressor second stage was then simulated in a matter similar to that of the 

first stage. The outlet pressure was assumed to be 200 PSIG. 

The overhead system flows for two cases, a drum pressure of 15 PSIG and a drum 

pressure of 45 PSIG, are presented in Table 7.2. As anticipated, the difference was most 

noticeable in the distribution of the C5-4OOOF pseudocomponent. For the low pressure 

case, 60.4% was in the fractionator overhead liquid, 33.1% was in the interstage liquid, 

and 6.5% in the second stage vapor. The values for the high pressure case were 87.3, 8.8, 

and 3.9%, respectively. 

Since lost work was neglected in the initial simulations, it was not surprising that 

the work required and the outlet temperatures were lower than literature values. The 

work required was divided by the literature values to obtain the compressor efficiency. 

The calculated values were 65.0% at a drum pressure of 25 PSIG and 62.0% at a drum 

pressure of 15 PSIG. Compressor efficiency was assumed to be a linear function of inlet 

pressure. Using these efficiencies to calculate a lost work term resuhed in outlet 

temperatures that were consistent with literature values. When the drum pressure was 20 

PSIG, the outlet temperatures were approximately 2820F. Reducing the pressure to 15 

PSIG raised the outlet temperatures to approximately 307OF. Reducing the drum pressure 

below 15 PSIG typically resuhs in the requirement that the compressor be a 3 stage 

machine (Elliott, 1991). 

The compressor energy requirement could then be calculated from the yield model 

dry gas and gasoUne yield and the operating pressure by the inclusion of two factors. The 

first factor was the overhead receiver vapor flow/ dry gas and gasoline flow ratio. The 
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second factor was the compressor energy requirement/overhead receiver vapor flow ratio. 

Equations for both factors were determined by regressing the ratios obtained from the 

simulations as a function of the pressure. 

One final factor involved in reducing the operating pressure is paying for the higher 

capital costs involved. For the case in consideration, this amounts to approximately 

$660,000. Based on a simple 3 year payback, this amounts to $0.02418/BBL for reducing 

the drum pressure from 25 to 15 PSIG. A Unear relationship between capital cost and 

pressure was assumed. 

7.4 Objective Function Verification 

The model consists of three operating variables and seven parameters. The 

variables are the drum pressure, the drum temperature, and the combined feed ratio 

(CFR). To avoid extrapolation beyond the data on which the model was based, bounds 

were set for the operating variables. The temperature was bounded between 800 and 

840OF. The pressure was bounded between 15 and 45 PSIG. This lower bound was set 

by the requirement that the compressor be changed from 2 to 3 stages at this pressure. 

The CFR was bounded between 1.05 and 2.20. 

The two feed parameters are the CCR and the API. The four product value 

parameters are the values of the fuel gas, LPG, gas oil and coke. The value of the 

StabiUzed gasoline was assumed to be the same as the gas oil. The seventh parameter is 

the cost of electricity. 

The objective function was qualitatively verified by holding six parameters 

constant and varying the gas oil value. At low gas oil value, coker operation is optimized 

by maximizing coke production. Therefore, low temperature, high recycle, and high 

pressure operation is anticipated. As the gas oil price increases, there should be a shift to 

operations that minimize coke production. 
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The resuhs are presented in Table 7.3 and Figures 7.2 and 7.3. The resuhs were as 

anticipated. The temperature was the first variable to change and the pressure was the 

last. This is consistent with the current trend for fuel grade cokers to mimmize recycle 

and pressure, subject to constraints. 
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Table 7.1 

Light Ends Analysis 

Component 

H2 

CH4 

C2H4 

C2H6 

C3H8 

C4H8 

I-C4H10 

N-C4H10 

Mole % 

11.38 

42.99 

6.04 

14.99 

8.27 

4.96 

1.04 

3.84 
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Table 7.2 

Effect of Pressure on Overhead System 

( Lb Moles / 100 BBL Feed) 

P = 15 PSIG 

Component 

H2 

CH4 

C2H4 

C2H6 

C3H6 

C3H8 

C4H8 

I-C4H10 

N-C4H10 

C5 - 400 F 

SUM 

Vapor 

15.581 

58.492 

4.634 

18.937 

5.742 

9.821 

4.112 

1.168 

3.568 

3.610 

125.664 

Interstage 

Liquid 

0.003 

0.134 

0.035 

0.199 

0.159 

0.299 

0.332 

0.072 

0.312 

18.402 

19.947 

Frac Ovhd 

Liquid 

0.001 

0.054 

0.013 

0.076 

0.060 

0.113 

0.126 

0.027 

0.119 

33.570 

34.159 

Gas Con 

Feed 

15.586 

58.679 

4.682 

19.212 

5.961 

10.233 

4.570 

1.267 

3.999 

55.582 

179.770 
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Component 

H2 

CH4 

C2H4 

C2H6 

C3H6 

C3H8 

C4H8 

I-C4H10 

N-C4H10 

C5 - 400 F 

SUM 

Vapor 

16.414 

61.495 

4.850 

19.775 

5.920 

10.108 

4.103 

1.178 

3.547 

2.303 

129.692 

Table 7.2 

(com.) 

P = 45 PSIG 

Interstage 

Liquid 

0.002 

0.068 

0.017 

0.099 

0.077 

0.145 

0.154 

0.034 

0.144 

5.203 

5.943 

I 

Frac Ovhd 

Liquid 

0.007 

0.267 

0.066 

0.370 

0.284 

0.530 

0.558 

0.123 

0.523 

51.333 

54.061 

Gas Con 

Feed 

16.423 

61.830 

4.933 

20.244 

6.281 

10.783 

4.816 

1.335 

4.214 

58.839 

189.698 
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Table 7.3 

Effect of Gas OU Price on Optimum Operating Conditions 

GasOU 

($/Gal) 

0.20 

0.21 

0.22 

0.23 

0.24 

0.25 

0.26 

0.27 

0.28 

0.29 

0.30 

Temp 

(F) 

800 

802 

810 

818 

824 

830 

840 

840 

840 

840 

840 

FeedCCR(wt%)=17 

Feed API = = 12 

Pres 

(PSIG) 

45 

45 

45 

45 

45 

45 

45 

45 

45 

15 

15 

TPR 

1.85 

1.85 

1.85 

1.85 

1.85 

1.85 

1.85 

1.83 

1.05 

1.05 

1.05 

Obj Fun 

($/BBL) 

8.464 

8.754 

9.046 

9.339 

9.633 

9.930 

10.227 

10.526 

10.830 

11.163 

11.497 

Fuel Gas ($/MMBTU) = 2.00 

LPG ($/Gal) = 0.20 

Coke ($/Ton)= 10.00 

Electricity ($/KW Hr) = 0.07 
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A^ Coke yield 

A = CC - 10.4735 + 4.094 * LN(PRE + 15) - .22241 * (LN(PRE + 15)) ^ 2 

COKE = (A + 10.095 - 8.853E-3 * TEMP) / (2.373 - 6.5979E-3 * TEMP + 5.837E-6 * 

TEMP'̂  2) 

B) Determine yield of other products at PRE = 0. CFR = 1.0 

DG = .76366 + .28299 * COKE + 2.0745E-3 * COKE ̂  2 - 1.8178E-4 * COKE"" 3 

GAS = -3.297 + 3.5559 * COKE - .16062 * COKE ̂ 2 + 2.4672E-3 * COKE '̂ 3 

SUMYLD = 100.37 + 1.0354 * COKE - .033294 * COKE ̂  2 + 3.8258E-4 * COKE ̂  3 

C) Yield corrections for CFR (or equivalent PRE^ 

BDG = .49235 + .28789 * CFR + .30729 * CFR ̂ 2 - .08715 * CFR ̂  3 

BGAS = -.88234 + 3.1756 * CFR - 1.5648 * CFR ̂  2 + .27514 * CFR ̂  3 

BCOKE = -.84217 + 2.9805 * CFR - 1.3648 * CFR ̂  2 + .22925 * CFR ̂  3 

BSUMYLD =-3.7703 + 5.6364 * CFR- 1.6785 * CFR^2 + .13837 * CFR^3 

DG=DG+BDG 

GAS = GAS * BGAS 

COKE = COKE * BCOKE 

SLIMYLD = SUMYLD + BSUMYLD 

D) After CFR and PRE corrections, calculate GO 

GO = SUMYLD - (DG + GAS + COKE) 

Ê  Adjustment for high coke (if COKE > 25) 

CGAS = 1 + (COKE - 25) * (-.09968 + .13484 * CFR - .03766 * CFR '̂  2) 

CCOKE = 1 + (COKE - 25) * (.01627 - .01779 * CFR + 1.5027E-3 • CFR ̂  2) 

GAS = GAS * CGAS 

COKE = COKE * CCOKE 

Figure 7.1 Empirical Yield Model 
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Nomenclature 

A 

BCOKE 

Correlating factor 

Correction factor for coke 

BDG Correction factor for dry gas 

BGAS Correction factor for gasoUne 

BSUMYLD Correction factor for sum of the yields 

CC Feed Conradson Carbon (wt%) 

CCOKE Correction factor for coke 

CFR 

CGAS 

COKE 

DG 

GAS 

GO 

PRE 

SUMYLD 

TEMP 

Combined feed ratio 

Correction factor for gasoline 

Coke yield (wt%) 

Dry gas yield (wt%) 

GasoUne yield (LV%) 

Gas oU yield (LV%) 

Drum pressure (PSIG) 

Sum of yields 

Drum temperature (F) 

Figure 7.1 Continued 
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850 

0.22 0.24 0.26 
Gas Oil($/Qa]) 

0.28 0.3 

0.22 0.24 0.26 
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Figure 7.2 Optimum Temperature and Pressure 
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1 
0. 18 0.2 0.22 0.24 0.26 

Gas Oil($/GaI) 

Figure 7.3 Optimum Throughput Ratio 
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CHAPTER 8 

OPTIMIZATION STUDIES 

A number of series of optimizations were run to determine how changes in 

parameters would affect the optunum operating conditions. Three parameters were held 

constant and three were varied from series to series. The three parameters held constant 

were the feed API at 12.0, the fiiel gas value at $2.00/MMBTU, and the LPG value at 

$0.20/Gal. The three parameters that were varied from series to series were the value of 

the coke, the feed CCR, and the cost of electricity. For each series, the gas oU value was 

increased to cover the range of possible operating conditions. At a low gas oU value, 

maximum coke production is favored. Therefore, the expected conditions are low 

temperature and high pressure and recycle. At a high gas oil value, minimum coke 

production results in the optimum operating conditions. 

Selected results are presented on Table 8.1. At least for the conditions checked, 

optimum operations almost always occurred at a bound for the pressure and temperature. 

For relatively low gas oU values, the optimum TPR was between 1.73 and 1.85. At higher 

gas oU values, the optimum TPR was at the lower bound of 1.05. 

The only effect of the cost of electricity is to increase the operating cost. 

Therefore, if aU other parameters are held constant, increasing the electricity cost should 

increase the gas oU price required before the pressure is reduced. For example, for the 

condition m which the coke value was $10/ton and the feed CCR was 23, increasing the 

cost of electricity from $0.07 to $0.10/KW Hr resuhed in increasing the required gas oil 

price to optimally lower the pressure to 15 PSIG from $0.52 to $0.53/Gal. For the rest of 

the discussion, the cost of electricity was held constant at $0.07/KW Hr. 

The effect of coke value and feed CCR on the gas oil price required to change the 

optimum operating temperature in shown in Figures 8.1 and 8.2. Figure 8.1 shows the 

70 



resuh of changing the coke value whUe holding the feed CCR constant. As anticipated, 

increasing the coke value increases the gas oil value required to change the temperature. 

Figure 8.2 shows the mterrelationship between the feed CCR and coke value on optimum 

operating temperature. At low coke value, the feed with the lowest CCR is the last to 

change the temperature. At the high coke value, the feed with the highest CCR is the last 

to change. 

The effect of coke value and feed CCR on the gas oil price required to change the 

optimum operating pressure is shown in Figures 8.3 and 8.4. Figure 8.3 Ulustrates that if 

the feed CCR is held constant, increasing the coke value increases the gas oil price 

required before the optimal pressure is reduced. Figure 8.4 Ulustrates that if the coke 

value is held constant, increasing the feed CCR increases the gas oil price required for the 

adjustment of the pressure. The effect of lowering the recycle on yields is sinular to the 

effect of lowering the pressure. Therefore, the qualitative trends noted for the optimum 

pressure also apply to the TPR. 

The resuhs indicate that the coke forming tendency of the resid is a very important 

variable in determining the optimum operating conditions. If the feed has a high tendency 

to form coke, the required gas oil price before the pressure should be reduced to the 

operating constraint is much higher than for a feed with a low tendency to form coke. 

It should be noted that the fractionation of the non-coke products is highly 

dependent on the configuration of the rest of the refinery. Therefore, the resuhs obtained 

are qualitative only and may not apply to a different situation. For example, in this study 

the gas oil price was appUed to all the distUlate greater than the C4's. Typically, this 

includes three products, stabUized gasoUne, cycle oil, and heavy gas oil. 
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Table 8.1 

Optimization Resuhs 

Coke = $10/ton 

CCR Electricity GasOU Temp Pressure TPR Fun 

(wt%) ($/KWHR) ($/Gal) (F) (PSIG) ($/BBL) 

15 

15 

15 

15 

15 

15 

15 

15 

23 

23 

23 

23 

23 

23 

23 

23 

.07 

.07 

.07 

.07 

.15 

.15 

.15 

.15 

.07 

.07 

.07 

.07 

.15 

.15 

.15 

.15 

.23 

.24 

.31 

.32 

.22 

.23 

.44 

.45 

.18 

.19 

.54 

.55 

.18 

.19 

.59 

.60 

820 

840 

840 

840 

820 

840 

840 

840 

820 

840 

840 

840 

820 

840 

840 

840 

45 

45 

45 

15 

45 

45 

45 

15 

45 

45 

45 

15 

45 

45 

45 

15 

1.85 

1.05 

1.05 

1.05 

1.85 

1.05 

1.05 

1.05 

1.85 

1.85 

1.75 

1.05 

1.85 

1.85 

1.75 

1.05 

9.353 

9.676 

12.013 

12.348 

8.949 

9.274 

16.283 

16.627 

7.855 

8.139 

18.210 

18.514 

7.743 

8.027 

19.543 

19.836 

API = 12, Fuel Gas = $2.00/MMBTU, LPG = $0.20/Gal 
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Table 8.1 

(com.) 

Coke = $20/ton 

CCR Electricity GasOU Temp Pressure TPR Fun 

(wt%) ($/KWHR) ($/Gal) (F) (PSIG) ($/BBL) 

15 

15 

15 

15 

15 

15 

15 

15 

23 

23 

23 

23 

23 

23 

23 

23 

.07 

.07 

.07 

.07 

.15 

.15 

.15 

.15 

.07 

.07 

.07 

.07 

.15 

.15 

.15 

.15 

.27 

.28 

.35 

.36 

.26 

.27 

.47 

.48 

.26 

.27 

.59 

.60 

.26 

.27 

.64 

.65 

820 

840 

840 

840 

820 

840 

840 

840 

820 

840 

840 

840 

820 

840 

840 

840 

45 

45 

45 

15 

45 

45 

45 

15 

45 

45 

45 

15 

45 

45 

45 

15 

1.85 

1.05 

1.05 

1.05 

1.85 

1.05 

1.05 

1.05 

1.75 

1.75 

1.75 

1.05 

1.75 

1.75 

1.75 

1.05 

11.070 

11.396 

13.733 

14.075 

10.665 

10.994 

17.670 

18.010 

10.740 

11.026 

20.251 

20.554 

10.632 

10.918 

21.585 

21.896 

API = 12.0, Fuel Gas = $2.00/MMBTU, LPG = $0.20/Gal 
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Figure 8.1 Effect of Feed CCR on Optimum Temperature 
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Figure 8.2 Effect of Coke Value on Optimum Temperature 
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Figure 8.3 Effect of Feed CCR on Optimum Pressure 

76 



50-

40-̂  

(3 
CO 

^ 30H 
</> 
V) 

20-

10-

Coke=$10 
•50 

-40 

30 

-20 

0.1 0.15 0.2 025 0 3 0.35 0.4 0.45 05 055 0 6 
Gas Oil(S/Gal) 

•10 

5 0 T 

CCR = 15 CCR = 19 CCR=23 

Coke=S20 
-50 

40-

O 
CO 

? 30-
3 
(/J 
i/i 

a> 

20 i 

1 0 — 
0.1 

40 

30 

20 

0.15 0.2 025 0.3 0.35 0.4 0.45 
Gas OiUS/Gal) 

•10 
05 0.55 0 6 

Figure 8.4 Effect of Coke Value on Optimum Pressure 

77 



CHAPTER 9 

RECOMMENDATIONS AND CONCLUSIONS 

9.1 Conclusions 

The primary difficulty in modeling a delayed coker is adequately characterizing the 

large, multifunctional molecules involved. It is anticipated that successful application of 

kinetic models will require an improved understanding and characterization of the resid 

molecules. The failure of kinetic modeling to this point is probably due to having too 

large feed lumps. For example, asphaltenes have a wide range of molecular weights and 

H/C ratios. 

The primary difference between poor and high quality feeds is probably the 

concentration of the more reactive moieties, such as long substituents. In the high quality 

feeds, such as FCCU decant oil, these substituents have akeady been removed by previous 

processing. This results in a less reactive feed and the resulting requirement of a higher 

operating temperature for needle coke operation than for fuel or anode grade operations. 

9.2 Recommendations 

One recommendation for research into delayed coking is to determine the effect of 

blending a heavy distillate or resid from a napthenic crude with a resid that has a tendency 

to produce shot coke. It is suspected that the increase in the concentration of napthenic 

rings will delay the onset of mesophase production and, therefore, improve coke quality. 

This should allow the reduction of heavy gas oil recycle and therefore improve product 

yields. If the unit is being constrained by drum capacity, this reduction in recycle should 

also result in increased unit throughput. 

It is anticipated that kinetic modeling of a delayed coker could be accomplished if 

the feed was characterized by more lumps. This is analogous to using several lumps to 
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describe a FCCU feed. For example, the asphaltenes and resins could be separated into 

three subfractions and the kinetics of the subfractions determined. Whether the aromatics 

and saturates can be modeled by a single lump must also be determined. 

It may be possible that a well developed kinetic model apphes to all grades of 

coke. The dealkylation and dehydrogenation reactions have higher reaction rates and 

produce more highly aromatic polycyclics and lower weight, relatively paraffinic 

byproducts. If these products after the initial reactions of poor quality feeds such as 

vacuum resids are similar to high quality feeds such as FCCU decant oils, one model may 

be applicable to both. 

Two other features should improve the applicability of kinetic modeling. One is to 

include a lump for the intermediate mesophase and a reaction path from the mesophase to 

the coke. Also, the effect of heavy gas oil recycle should be included in the model. 
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