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Reaction pathways and product yields in mild thermal cracking
of vacuum residues: A multi-lump kinetic model
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Abstract

Mild thermal cracking of vacuum residue is used in an oil refinery for ‘bottom of the barrel’ upgradation in the form of visbreaking. Lab
scale studies were conducted in a batch reactor to study the cracking behavior of vacuum residues at mild severity conditions in terms of
lumping of distillate fractions. Four residual feedstocks of Indian and Middle East origin, being processed in Indian refineries were studied
for five different residence times between 3 and 15 min and four different temperatures ranging between 400 and 430◦C. A five lumped and
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even parameter kinetic model has been developed for the prediction of yield of products. The lumping scheme chosen was b
ost value added products, i.e., gas, gasoline, light gas oil (LGO) and vacuum gas oil (VGO). Delplot analysis has been used for d

eaction pathways.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The processing of heavy feedstocks/vacuum residues into
ight high value products has drawn the attention of refin-
rs worldwide due to increasing demand of light oil frac-

ions and depleting reserves of sweet crude oils. With the
hrinking profit margins in refinery business, visbreaking has
ained renewed interest due to being a low cost option for
pgradation of heavy crudes and residual feedstocks. The
efinition of a heavy crude oil includes the long and short
esidues, i.e., “bottom of the barrel”, conventional heavy
rude oils having API lower than 20, tar sand, unconven-
ional oil from enhanced oil recovery and some shale oils. A
hermal cracking process is in general more attractive as com-
ared to catalytic conversion process for processing heavy

eeds because typical residual feedstocks contain a very high
etal content which acts as poison for the catalyst, as well
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as other catalyst deactivating compounds, e.g., asphal
resins, etc.

Although thermal cracking is quite old process, yet s
ject of kinetic modelling of thermal cracking of petroleu
feed stocks did not get much attention initially. The reas
were complexity of reactions as well as non-availability
infrastructural facilities for the analysis and computatio
A deeper understanding is mandatory for the efficient
sign and operation of industrial visbreaker. Some ea
attempts were made to explain the thermal cracking
simple description using a single first-order reaction[1–3].
Later attempts were made using more comprehensive
tion schemes using as much as 16 pseudo compone
critical appraisal of the significant work on kinetics and m
elling studies reported in literature has been presented
following subsection.

1.1. Reaction conditions and order of reaction

The studies on thermal cracking of the residual sto
have been reported for the temperature range of 400–5◦C

2
ajpat Nagar III, New Delhi 110024, India. and pressure range from atmospheric to 12 kg/cm(g). The
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Nomenclature

Name of feedstocks
NGSR North Gujarat short residue
BHSR Bombay high short residue from BPCL
MVBF Mathura refinery vis-breaker feed
HRA Haldia refinery asphalt

Notations
E activation energy (kJ/mol)
F0 initial weight of feedstock (g)
F weight of feedstock lump at timet
G weight of gas lump at any timet
GLN weight of gasoline lump at any timet
k reaction rate constant (min−1)
LGO weight of light gas oil lump at any timet
T temperature (◦C, K)
VGO weight of vacuum gas oil lump at any timet
X fractional conversion of feedstock
yi fractional yield of theith lump

residence time varies between few minutes to 2 h; how-
ever, it depends upon the volume of the reactor as well as
the type of operation (continuous or batch reactor, coil or
soaker visbreaking). The feedstocks studied are long and
short residues as well as separated asphaltenes from crude oil
from different sources including synthetic crude from coal
liquefaction.

Most of the studies reported first-order reaction kinetics
for thermal cracking of the residual feedstocks. However,
Martinez et al.[4] has presented second-order rate kinetics
in their studies on thermal cracking of asphaltenes separated
from coal liquefaction. According to them, second-order ki-
netics provides an excellent fit for the products obtained at
425–450◦C. However, the coke and oil + gas data deviate
from predicted second-order behaviour, when the experimen-
tal conditions are more severe (reaction time >30 min and
temperature >475◦C). They have used the Delplot technique
by Bhore et al.[5] for the explanation of reaction pathways.
Delplot analysis is a useful tool to analyze reaction pathways
in a complex reaction network system such as cracking of
residual feedstocks.

1.2. Cracking behavior

The studies reported reveal that the resids with high
a low
a the
f ore
g more
n ns,
e de
c

1.3. Lumping schemes

A number of lumped parameter models have been re-
ported. Some studies are reported with one feed and one
product lump[7–9], whereas numbers of lumps have been
reported up to 16[10]. The criteria for lumping have been
based upon statistical information[11,12], characteristic in-
formation[13] or pseudo components[6,14,15]. The pseudo
component lumping schemes suggested by Del Bianco et al.
[14] does not describe distillate, as separated lumps of gaso-
line and gas oil fractions, and therefore, it cannot be applied
for the design and optimization of a mild thermal cracking
process to maximize distillates. The coke lump has been con-
sidered, which makes it suitable for describing more severe
thermal cracking.

A review of studies done so far reveals that the models
available are either highly structural information based, or
high severity process models in which the coke is also taken
as a lump. The detailed study of thermal cracking in terms of
lumps of distillates is still not well understood due to lack of
detailed analysis of distillate fractions. Based on the higher
demand of distillate oils and decreasing use of residual fuel
oils, thermal cracking process for residual feedstock needs
development in terms of production of distillates.

The present study is focused on the development of a
five lump model for low severity thermal cracking. The
l
c
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sphaltene content are more reactive than resids with
sphaltene contents[6]. It has also been reported that

eedstocks with more saturates yield comparatively m
as oil fractions than gases and gasoline whereas
aphthenic/aromatic feedstock yield more light fractio
.g., gases and gasoline[7] due to presence of small si
hains attached to naphthenic/aromatic ring.
s

umps considered are vacuum residue feedstock (F) and four
racked products namely Gas (-C5), gasoline (IBP-150◦C),
ight gas oil (LGO) (150–350◦C) and vacuum gas oil (VGO
350–500◦C). A ten kinetic parameter model was hypot
ized. After a rigorous mathematical and theoretical ana
umber of kinetic parameters was reduced to seven. The
sed were obtained in the laboratory by thermal crackin

our different vacuum residues of Indian and Middle E
rigin in a stainless steel batch reactor of 400 ml capaci

. Experimental procedure

Experiments were conducted in a 400 ml stainless
atch reactor. A common inlet/outlet was provided
harging and evacuating the reactor. Provisions were
o measure liquid and vapor temperatures separately, a
s pressure. A needle valve was provided for the pre
egulation and gas discharge during and after the rea
he reactor was charged with 120 g of vacuum res
feed) and pressurized with nitrogen to obtain a pressu
2 kg/cm2 (g) at reaction temperature. The heat required

he reaction was provided by a salt bath containing a eu
ixture of NaNO3, KNO3 and NaNO2 with its composition
s 7, 53 and 40 wt.%, respectively.

The measurement of reaction time (residence time)
ade from the moment when the liquid temperature rea

he desired reaction temperature. Time for attaining th
ction temperature from the instant it is dipped into the
ath, was found to be about 60–90 s for conducted ex
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Table 1
Feed characteristic

Serial numbers Characteristic parameter Feed

MVBF HRA BHSR NGSR

(1) Merit number 2.50 2.00 – –
(2) n-C5 insolubles (wt.%) 13.19 26.92 7.25 11.24
(3) n-C7 insolubles (wt.%) 8.90 12.70 4.46 2.11
(4) Asphaltenes (wt.%) 7.72 10.15 3.03 1.85
(5) Pour point (◦C) +39 +72 +69 +48

(6) Metals (elements, mg/L)
V, vanadium 29.30 95.75 3.40 43.00
Ni, nickel 36.55 46.30 24.95 167.15
Fe, iron 22.90 30.80 8.30 19.30

(7) DensityD15
4 1.0176 1.0542 0.9636 0.9887

(8) Kinetic viscosity, cSt at 100◦C 526.50 8217.30 91.30 1522.00
(9) Kinetic viscosity, cSt at 135◦C 102.30 690.70 24.40 288.83

(10) Sulfur (wt.%) 4.29 4.93 0.45 0.28
(11) CCR (wt.%) 19.80 25.70 12.80 15.36
(12) C/H ratio 7.50 7.78 5.58 7.85
(13) Molecular weight 871.2 1078.8 793.5 –

(14) Hydrocarbon type
Saturates 14.76 5.63 32.89 10.30
Aromatics, naphthenic 67.85 68.07 59.82 58.71
Polar 6.40 11.86 4.23 29.20
n-C7 insolubles 10.47 13.69 4.46 2.11

ments. The condensable hydrocarbon vapours were separated
by passing the outlet gases from reactor through a condenser
assembly. A gas meter was used to measure the volume of
outlet gases.

The cracking of the feedstock may actually start during
the period of preheating, i.e., even before the measurement
of residence time is started. Therefore, the conversions of all
the four feedstocks were determined during the time interval,
required for attaining the desired reaction temperature, by
conducting blank experiments, by heating a measured
quantity of the feedstock up to the reaction temperature and
measuring the conversion. The results of these blank exper-
iments reveal the appreciable conversion only in the case of
BHSR and MVBF feedstocks, within the temperature range
of 410–430◦C. While estimating the kinetic parameters,
these conversions were duly accounted for.

After the completion of the reaction time, the reactor was
taken out and quenched in a water reservoir kept at room
temperature. It was cooled down at a temperature near 100◦C
and de-pressurized completely. The exit gas was collected
and analyzed by gas chromatography for some representative
runs, since the outlet gas composition does not vary signifi-
cantly.

The liquid product from the reactor is quantified by weigh-
ing the reactor after drying and cleaning the outer surface. It
contains unconverted vacuum residue and cracked products.
S isely
f D-
2 ple,
t ut
b

Detailed characteristics of the studied feedstocks have
been listed inTable 1. The experimental results have been
analyzed and described elsewhere[16] in detail.

3. Kinetic modelling of thermal cracking

It comprises of three subsections, selection of lumps,
model development and the estimation of kinetic parameters.
Analysis of results is described in the separate section.

3.1. Selection of lumps

Generally lumps may be chosen on the basis of certain
easy to measure physical properties, e.g., boiling range,
specific gravity. These lumps should have significance
vis-à-vis the thermal cracking behaviour of the residue. A
model with a large number of lumps is often computationally
more expensive to solve. Therefore, it is always desirable
to optimize the number of lumps to get maximum possible
information about a process at the minimum computational
cost.

In the present study, the feedstocks studied were vacuum
residues (BHSR, NGSR), vacuum residues blended with oil
fluxes (MVBF) and the asphalt from deasphalting process
(HRA). The asphaltene contents of the feedstocks varied from
1 a-
t The
c
t r,
t T)
ince the quantity of feedstock was too less to be prec
ractionated by distillation, it was analyzed by ASTM
887 (SIMDIST) procedure. Prior to analysis of the sam

he distillate fraction boiling up to 500◦C was separated o
y atmospheric and vacuum distillation.
.85 to 10.15% by weight. In order to avoid coke form
ion, the experiments were conducted at mild conditions.
racked residue was separated into distillate (−500◦C) frac-
ions and unconverted residue (+500◦C). As stated earlie
he distillate was analyzed using ASTM D2887 (SIMDIS
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procedure. The models available for such kind of feedstocks
were at severe conditions, where coke formation was signif-
icant. Therefore, these models are not as such applicable for
mild thermal cracking. Model suggested by Zhou et al.[15]
considers six feedstock lumps, which requires a detailed feed
characterization. In Del Bianco et al.[14] model, distillate
was not analyzed further.

In order to explore the possibilities of heavy oil upgrada-
tion to generate distillate fuels and downstream feedstocks for
secondary processes, e.g., FCC, lumps equivalent to gasoline
fraction, light gas oil and vacuum gas oil seem to be more ap-
propriate. Gas formed during the reaction constitutes another
additional lump. Simulated distillation output yields percent
distilled at various temperatures with cut range of every 1%
distilled. Therefore, we have a flexibility to make the lumps
(fractions) of practical interest for the development of a multi-
lump kinetic model by using the experimental observations.
Therefore, five lumps were considered on the similar lines to
those suggested in the literature on the thermal cracking of
short residues[14]. Four product lumps, namely gas, gasoline
(IBP-150◦C), LGO (150–350◦C) and VGO (350–500◦C),
and a feedstock (+500◦C) lump were chosen, based on boil-
ing ranges.

3.2. Model development

mu-
l ed
t for
t

I

tions
r e
T ations
a The

Fig. 1. Five lump model for thermal cracking. F: Feedstock (vacuum residue)
+500◦C, G: gas (-C5), GLN: gasoline (IBP-150◦C), LGO: light gas oil
(150–350◦C), VGO: vacuum gas oil (350–500◦C).

solution of these equations results in following equations for
various lumps in terms ofF0, i.e., initial weight of feedstock.

[F ] = F0exp(−KAt) (6)

[VGO] = k4F0

KB − KA

[exp(−KAt) − exp(−KBt)] (7)

[LGO] = F0[A exp(−KAt) − B exp(−KBt)

+ (B − A)exp(−KCt)] (8)

[GLN] = F0
[
A1 exp(−KAt) − B1 exp(−KBt)

+ C1 exp(−KCt) + (B1 − A1 − C1)exp(−k7t)

(9)

(1 − exp(−KAt)) − 1

KB

(
k4k9

KB − KA

+ B1k7 + Bk10

)

k7)(1 − exp(−KCt)) + (B1 − A1 − C1)(1 − exp(−k7t))

]
(10)

where

KA = k1 + k2 + k3 + k4 (11)

KB = k5 + k8 + k9 (12)

K

A

B

A

B

C

In view of the above, a five lump model has been for
ated as shown inFig. 1. All the conversions were assum
o follow first-order reaction kinetics. The rate equations
he reaction network can be written as follows:

d[F ]

dt
= −(k1 + k2 + k3 + k4) [F ] (1)

d[VGO]

dt
= k4[F ] − (k5 + k8 + k9) [VGO] (2)

d[LGO]

dt
= k3[F ] + k5[VGO] − (k6 + k10) [LGO] (3)

d[GLN]

dt
= k2[F ] + k6[LGO] + k8[VGO] − k7[GLN] (4)

d[G]

dt
= k1[F ] + k7[GLN] + k10[LGO] + k9[VGO] (5)

nitial conditions
At t= 0, [F] = F0, [VGO] = [LGO] = [GLN] = [G] = 0.
It is mentioned that the square brackets in the equa

efer to the weight percent of the various fractions at timt.
he above equations are homogeneous differential equ
nd can be easily solved with the above initial conditions.

[GAS] = F0

[
1

KA

(
k1 + k4k9

(KB − KA)
+ A1k7 + Ak10

)

× (1 − exp(−KBt)) + 1

KC

((B − A)k10 + C1
C = k6 + k10 (13)

= 1

KC − KA

(
k3 + k4k5

KB − KA

)
(14)

=
(

k4k5

(KB − KA)(KC − KB)

)
(15)

1 =
[
k2 + A k6 + k4k8

KB − KA

]
1

k7 − KA

(16)

1 =
[
B k6 + k4k8

KB − KA

]
1

k7 − KB

(17)

1 = (B − A)k6

k7 − KC

(18)
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3.3. Estimation of kinetic parameters

The differential evolution method (DEM)[17] was used
for the estimation of parametersk1 throughk10. It is an opti-
mization technique from the family of genetic algorithms. It
has been successfully tested for the design situations, where
up to 60 parameters are required to be tuned. The advan-
tages of DEM include its capability to find global optima,
simple structure of algorithm, ease of use, fast speed and ro-
bustness, whereas gradient methods sometimes lead to local
optimal solutions. Since it is based on the random search
technique, it is not dependent on the initial guess. However,
upper and lower bounds of values assumed by variables are
to be specified. These were the reasons for our choice of this
optimization method. For parameter estimation, sum of frac-
tional errorEf , as given below, was minimized.

Ef =
∑

i

|(Yexp
i − Y

pred
i )|

Y
pred
i

whereYexp
i is the experimental value of the product yield and

is theoretically calculated yield with the derived model Eqs.
(6) through(10). Minimization of the sum of squares of error
as well as percent error was also tried, but the minimization
of Ef yielded the best results. Optimal governing parameters
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Fig. 2. First rank Delplots (feed: MVBF;T= 673 K).

A critical analysis of the selectivity of four product lumps
for studied feedstocks with the temperature at different res-
idence times revealed that the gas, gasoline and LGO se-
lectivity increases with the increase in reaction time as well
as temperature, whereas selectivity of VGO decreases with
the increase in reaction time and temperature. For instance,
the selectivities for NGSR feedstock, the percent selectivity
increases for gas from 6.68 to 9.09, for gasoline from 0.97
to 5.54 and for LGO from 30.02 to 44.69, but the percent
selectivity of VGO decreases from 62.35 to 40.68 as the tem-
perature increases from 400 to 430◦C, at constant residence
time of 3 min. Similar trend has been observed for the other
residence times and reaction temperatures. The decrease in
or DEM were selected on the basis of recommendation
ämperle et al.[18].

. Results and discussion

The kinetic parameters for the assumed model (Fig. 1)
ere estimated using experimental data for four feedst
he first hand estimate of the parameters revealed tha
alues ofk8–k10 were reasonably low in most of the cas
t indicates the least possibility of the reaction pathway
hese routes. However, the values of kinetic parametersk1–k7
re significant. Rate constantk8 assumes significant valu
t higher temperatures (>410◦C).

Flash calculations were performed with the final com
ition of reaction mixture using ASPEN plus flow sheet s
lation software. Chao-Seader property option set was

n the simulation, which is a built in property option se
SPEN and is most suitable for a hydrocarbon syste
edium pressure. The simulation results revealed tha
asoline fraction would be mostly in vapour fraction, a

ormation. It may be therefore concluded that the reac
ia path represented by the rate constantk7 cannot be dom

nant, as gasoline fraction is very difficult to crack in va
hase in the absence of a catalyst. The estimated values
onstantk7 are significant in few cases, but do not exhibit
egular trend either with temperature or time. Therefore
onsideration of pathways represented by kinetic constak7
ould not be logical. Hence,k7 was discarded from furth
nalysis.
 Fig. 3. First rank Delplots (feed: NGSR;T= 683 K).
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Fig. 4. First rank Delplots (feed: RHSB;T= 693 K).

VGO fraction may be attributed to its significant secondary
conversion to some of the other lumps.

4.1. Delplot analysis

In an attempt to establish a still better insight into the pos-
sible reaction network, Delpolt analysis[5] was done. Bhore
et al.[5] have reported this technique by which reaction path-
ways can be established. The first rank Delplot is a curve be-
tweenyi /xandx, wherex is overall conversion andyi is yield
of ith species. It allows us to separate the primary conversion
in a reaction network from the secondary and tertiary conver-
sions. If the intercept of first rank Delplot for a speciesi on
y-axis is finite, it indicates that the species is being formed by

Fig. 6. Second rank Delplots for gasoline (feed: MVBF).

primary conversion. A zero intercept aty-axis indicates that
the species is not formed by primary conversion. However, it
may be formed by secondary or tertiary reactions. Besides,
reaction pathways for secondary or tertiary conversions can
be established using higher rank Delplots or successive use
of first rank Delplot. Second rank Delplot is defined as a plot
betweenyi /x2 andx, third rank Delplot is betweenyi /x3 and
x, and so on.

For the present study, first rank Delplots (Figs. 2–5) re-
veal that the conversion to gas and VGO lumps is essentially
through primary reactions. The gasoline lump (GLN) appears
to be formed by the secondary reaction, i.e., feed to VGO or
LGO and then to GLN. At higher severities the conversion
of feed to gasoline also shows finite intercept ony-axis in
the first rank Delplot. Second rank Delplots reflect forma-
tion of GLN through tertiary conversion at lower tempera-
ture (Fig. 6). But at longer residence time as well as higher
temperatures, the conversion does not appear taking place
through tertiary reaction, i.e., firstF to VGO, then VGO to

F eed-
s
L
Fig. 5. First rank Delplots (feed: HRA;T= 703 K).
ig. 7. Final five lump, seven parameter model for thermal cracking. F: F
tock (vacuum residue) +500◦C, G: gas (-C5) GLN: gasoline (IBP-150◦C),
GO: light gas oil (150–350◦C) VGO: vacuum gas oil (350–500◦C).
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Table 2
Activation energies (kJ/mol) of proposed reaction network for thermal cracking (temperature range = 400–430◦C)

Rate constant min−1 Activation energy (E, kJ/mol) and frequency factor (A0, min)

NGSR BHSR MVBF HR asphalta

E A0 E A0 E A0 E A0

k1 194.69 1.41E12 269.79 3.80E17 181.15 8.48E10 238.61 3.25E15
k2 494.79 2.45E34 308.94 3.38E20 383.30 1.28E26 92.72c 1.05E04
k3 202.52 2.32E13 234.54 5.50E15 225.85 1.28E15 64.07c 7.37E02
k4 157.34 1.33E10 72.29c 5.22E03 139.90 4.64E08 179.56 6.68E11
k5,8 258.07 2.05E18 412.50 7.80E29 84.20c 1.94E05 316.18 3.66E22
k6

b 129.29c 7.66E07 b b

a The values are over a temperature range of 410–430◦C.
b Only one data point is available.
c In this temperature range,k remains approximately constant.

Fig. 8. (a) Arrhenius curves for reaction pathways, (feed: NGSR). (b) Arrhenius curves for reaction pathways, (feed: BHSR). (c) Arrhenius curves forreaction
pathways (feed: MVBF). (d) Arrhenius curves for reaction pathways (feed: HRA).
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LGO followed by LGO to gasoline (GLN). This behavior
may be explained on the basis of calculated activation en-
ergies of various conversions reported later in theTable 2.
The activation energy of the conversion from LGO to GLN
fraction is small (129.29 kJ/mol in case of BHSR feedstock).
In fact the kinetic constantk6 is approximately constant in
the range of our studied temperatures. Whereas, the activa-
tion energies for the conversion of feed to GLN (308 kJ/mol)
and VGO to GLN (k5,8= 412 kJ/mol) are significant. Due to
this reason, second rank Delplots seems to have near zero
intercept at lower temperatures, which indicates tertiary for-
mation of GLN, but at higher temperatures the intercept at
y-axis becomes finite. It is also clear from the flash simula-
tions by ASPEN plus, that at a temperature beyond 410◦C,
liquid fraction of VGO and LGO gradually decreases, which
results in the reduction of rate of cracking of these two frac-
tions. It is also worthwhile to mention here that the thermal
cracking normally occurs in liquid phase only.

4.2. Reduced parameter model

Based on the values of rate constants obtained by the pa-
rameter estimation and Delplot analysis, it is clearly indicated
that the reactions governed by kinetic parametersk7–k10 will
not be dominant in the proposed reaction network. Among
these parameters,k assumes significant value at a tempera-
t
k her-
m l has
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s d
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Fig. 9. Yield of gas with residence time (feed: NGSR) (continuous and
dotted lines represent predicted values with seven and ten parameter models,
respectively, while experimental data are shown by points.

±20% error. The error of this magnitude is acceptable for
such complex reaction systems. It is therefore confirmed that
the assumption of first-order kinetics predicts gas, gasoline
and LGO fraction with very good accuracy. However, in the
case of VGO conversion, the experimental yield patterns
show deviation at higher temperatures and residence time.
This is in agreement with the observations of Krishna et al.
[9] that beyond a certain conversion level, the first-order ki-
netic behavior shows deviation.

In the analysis of the derived model, some questions are
quite obvious. One may always wonder that the LGO, while
being converted to GLN fraction, does not yield GAS. Simi-

F ous
a ameter
m

8
ure 430◦C. Therefore, the reaction pathways viak7, k9 and
10 may be dropped to develop a realistic model of the t
al cracking. On this basis a reduced parameter mode
een evolved and is depicted in theFig. 7. The paramete
valuation was repeated for this reduced model. It was
erved that the value ofk8 is negligible at low severities an
t assumes significant values at higher severities indic
he conversion of VGO to gasoline at these conditions.
her, it was also be noted that the values of remaining ki
onstants do not alter appreciably by droppingk7, k9 andk10
rom the comprehensive model. The Arrhenius plots dr
or all the four feedstocks have been shown inFig. 8a–d. The
ctivation energies and frequency factors, for all the s
arameters have been computed and are given inTable 2.

.3. Goodness of fit

The kinetic parameters successfully describe the
ion pathways hypothesized and evolved as shown inFig. 7.
igs. 9–12show the experimental and predicted value
ield from the model, plotted as yield versus residence t
ines have been drawn to represent the predicted va
hile experimental data have been shown by points. T
urves show very good agreement between the experim
nd predicted values. It is also evident from these curve

he data predictions using reduced seven parameter m
curves drawn by continuous lines) are more accura
ompared to those with ten kinetic parameter model (cu
rawn by dashed lines).Table 3shows the accuracy of pr
ictions by proposed model. Nearly, 70% points are wi
l

ig. 10. Yield of gasoline with residence time (feed: BHSR) (continu
nd dotted lines represent predicted values with seven and ten par
odels, respectively, while experimental data are shown by points).
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Table 3
Error analysis of the predictions by five lump and seven parameter kinetic model

Feedstock Percentage of predicted values within the error range of Percentage of predicted values
with error >30%

10 15 20 30

NGSR 58.33 68.02 73.61 84.72 15.28
BHSR 38.75 48.75 58.75 76.25 23.75
MVBF 53.75 63.75 71.25 83.75 16.25
HRA 53.85 61.54 69.23 80.76 19.24

Fig. 11. Yield of LGO with residence time (feed: MVBF) (continuous and
dotted lines represent predicted values with seven and ten parameter models,
respectively, while experimental data are shown by points).

Fig. 12. Yield of VGO with residence time (feed: HRA) (continuous and
dotted lines represent predicted values with seven and ten parameter models
respectively, while experimental data are shown by points).

larly the conversion of VGO to GLN and LGO shows up with-
out any significant conversion to GAS. Although it sounds
unusual, but it is possible that the conversion to gas via this
route may be negligible, which does not appear in our analy-
sis. The estimated kinetic parameters and activation energies
are also markedly different for the studied feedstocks, for
conversion to similar lumps. This may be due to the influ-
ence of the structural parameters, e.g., hydrocarbon types,
length of paraffin chains attached to the aromatic and naph-
thenic compounds present in the feedstocks, etc. It is felt
that a detailed structural analysis of the feedstocks as well as
converted products is necessary to describe these variations
precisely[16].

5. Conclusions

A five lump seven parameter kinetic model has been
developed for the thermal cracking of residual feedstocks.
The lumps were chosen on the basis of most value added
products in a refinery. Delplot analysis[5] has been used
to identify the reaction pathways. From this analysis, it has
been concluded that the thermal cracking of vacuum residue
feedstocks can be described by the developed five lump seven
parameter kinetic model with greater accuracy within the
o rmal
c um
i f the
l rder
k

R

ing,

pril

s—
–23,

of
1997)

a
s. 29
,

perating temperature and pressure ranges for mild the
racking, e.g., visbreaking. The vapor liquid equilibri
n reaction system alters the linear kinetics of some o
umps. But as such all the lumps seem to exhibit first-o
inetics.
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