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ABSTRACT

We present a methodology for developing lump-mechanisms for the main three refinery pro-
cesses with heavy crude oil fractions. Hydrocracking, Fluid Catalytic Cracking and Delayed
Coking. Given the available resources, Colombia has a strong trend to process heavy crude
oil fractions instead of the light ones; thus, through simulation methods, this thesis focus on
solving one of problems of heavy crude oil fractions associated with its simulation. It is well
known that the heavy crude oil fractions are composed by a large number of species, and
therefore, a detailed kinetic mechanism implies the modeling of a large number of reactions.
Thus, lump-mechanisms were used to give an approximate representation of the cracking
processes in each equipment. The lump-mechanisms were obtained through a regression of
experimental data reported for each process. The experimental data collected in literature
were standardized in a eXtensible Mark-Up language database to facilitate the reading by
the simulation softwares. Initially, we fitted the data to a mechanism reported in literature
through an optimization method. We calculated the best set of kinetic parameters using
fmincon routine available in Matlab 2014. Using a wide range of process conditions from
many different experiments instead of one or two experiments provides a global vision about
each process. This thesis considered a wide range of operational conditions for each process.
For hydrocracking such as: temperature, varying from 360°C to 450°C; Liquid Hourly Space
Velocity (LHSV) varying from 0.9 h™! to 1.36 h=!. This thesis also evaluated a wide range
of the other processes, for Fluid Catalytic Cracking included experimental data obtained
from experiments carried out in batch reactors and Plug-Flow Reactors (PFR). For delayed
coking the operational conditions such as: temperature varying from 410°C to 475°C and
residence times varying from 0.5 h™* to 3 h™!. A regression analysis shows good accuracy
between the data predicted by the model and experimental data. The regression coefficients

were 0.96, 0.68 and 0.84 for the three processes respectively.

A bootstrap methodology was used to calculate the confidence interval and standard uncer-
tainty for the parameters associated to each process. Bootstrap consisted in a re-sampling
with replacement of experimental data vector for each process. Once the re-sampled vector
is generated, the optimization was carried out to get the set of kinetic parameters. Therefo-
re, independent samples were obtained. The process is repeated 2000 times to create a big
sample of the kinetic parameters and therefore calculate the mean value and the standard

uncertainty. The results showed values of standard uncertainties around two magnitude or-
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ders less than the mean value of the distribution. Kinetic results showed the compensation
effect for those processes which were modeled using first-order and irreversible reactions such
as hydrocracking and delayed coking. For each kinetic parameter, a sensitivity analysis was
carried out to determine the success of the optimization routine and to determine the num-
ber of bootstrap re-samplings. Results showed that the calculated parameters corresponded

to a global minimum in the optimization.

Keywords: Bootstrap, Kinetic parameter estimation, Refinery process, Sensiti-

vity analysis, Uncertainty calculation.
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RESUMEN

Se desarroll6 una metodologia para desarrollar mecanismos tipo lumps para tres de los mas
importantes procesos que operan con fracciones de crudo pesado en refineria. Debido a la
tendencia en Colombia a procesar crudos pesados y fracciones pesados de petroleo, esta tesis
busca solucionar problemas con respecto al modelamiento de fracciones de crudos pesados.
Los tres procesos que se van a trabajar en esta tesis son hidrocraqueo, craqueo catalitico y
coquizacion retardada. Para cada proceso, se sigui6 la misma metodologia para la obtencion
de parametros cinéticos y sus respectivas incertidumbres. Mecanismos tipo lumps fueron
utilizados para representar las fracciones mas importantes en cada proceso. Los parametros
cinéticos de estos mecanismos se obtuvieron mediante una regresion teniendo en cuenta la
mayor cantidad de datos tomados de literatura para cada proceso. Los datos experimentales
se almacenaron en una base de datos en formato XML (eXtensible Mark-Up Language) que
implica una lectura mas facil desde cualquier software de simulacion. Los mecanismos para
cada proceso se tomaron despues de un analisis de literatura y determinar que la cantidad
de lumps fueran suficientes para predecir los productos mas importantes en cada proceso.
Asi, despues de definir el mecanismo y los parametros cinéticos, se realizé una optimizacion
en Matlab 2014, se utilizo la rutina fmincon para calcular el mejor conjunto de parametros
cinéticos que permitan un buen ajuste del modelo con respecto a los datos tomados de litera-
tura. Un amplio rango de condiciones de operacion para cada proceso se tuvieron en cuenta
durante la optimizacion. Para el caso del mecanismo de hidrocraqueo, este considerd tempe-
raturas entre 360°C y 450°C y tiempos de residencia desde 0.9 h™! hasta 1.36 h~!. De igual
forma, para los otros procesos también se consideraron diferentes condiciones de operacion
para garantizar un rango de operaciéon mayor para el mecanismo. Para el caso de craqueo
catalitico, se consideraron datos experimentales obtenidos en reactores tipo batch y reactores
riser. Mientras que para la coquizacion retardada, se consideraron intervalos de temperatura
entre 410°C y 475°C y tiempos de residencia entre 0.5 h~! hasta 3 h=!. El uso de un amplio
rango en las condiciones de operacion del proceso debido a los datos experimentales que se
recolectaron para la optimizacion permite una vision global y un mejor entendimiento del
proceso. Finalmente, un andlisis de regresiéon mostré un buen desempeno entre los datos
predichos por el modelo y los datos experimentales regresion para cada mecanismo. Los coe-

ficientes de regresion para cada proceso fueron 0.96, 0.68 and 0.84 respectivamente.

Por tltimo, se utilizo6 la tecnica bootstrapp para calcular los intervalos de confianza y las in-



certidumbres estandar para los parametros correspondientes a cada mecanismo. Esta técnica
consistio en hacer un remuestreo con reemplazo del vector de datos experimentales para ca-
da proceso. Por cada remuestreo, se realizd6 una optimizacion para obtener un conjunto de
parametros cinéticos. En total, se hicieron 2000 remuestreos y asi crear una muestra cuyos
valores son los parametros cinéticos independientes entre si. De esta forma se calcularon
la media de cada muestra y su incertidumbre estandar. Los resultados mostraron valores
de incertidumbre hasta dos 6rdenes de magnitud menor a los valores de los pardmetros
cinéticos. Ademas, los resultados cinéticos mostraron el efecto compensatorio para cada par
de parametros cinéticos correspondientes a la misma reaccién para aquellos procesos que se
modelaron utilizando cinéticas de primer orden y reacciones irreversibles tales como el hi-
drocraqueo y la coquizacion retardada. Para cada parametro cinético, se realizaron analisis
de sensibilidad, uno para determinar si la optimizacién convergié a un minimo global y el
segundo para determinar el nimero necesario de remuestreos en la técnica bootsrap. Los
resultados una vez mas mostraron que los parametros que se obtuvieron para cada meca-
nismo correspondian a un minimo global y ademas se determiné el nimero de iteraciones

suficientes de remuestreo.

Palabras clave: Calculo de incertidumbres, procesos de refineria, bootstrap, estimacion

de parametros cinéticos, analisis de sensibilidad.
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1. Introduction

Decreasing stock of light oil in some countries, such as Colombia, has forced the use of hea-
vier oils. The change to heavier raw material demands the understanding of the behavior of
heavy crude oil fractions during the thermal decomposition. In this process coke formation
is unavoidable, mainly due to higher quantity of asphaltenes in the heavy crude oil fractions,
higher temperatures inside the cracking equipment and longer residence times in the proces-
ses. A better understanding of the phenomena involved in oil cracking can help to solve or

avoid possible problems in the operation of heavy-oil upgrading equipment.

Currently, the most inefficient processes for the transformation of heavy crude oil fractions
are: Hydrocracking (HC), Fluid Catalytic Cracking (FCC), and Delayed Coking (DC). Fi-
gure 1-1 shows a diagram of a typical refinery. Atmospheric column converts crude oil into
light ones such as naphthas, kerosene and gasoline. The residue goes to a vacuum distillation
unit where it is separated into Vacuum Gas Oil (VGO) which constitute the main feedstock
for FCC and HC to produce light products, and Vacuum Residue Oil (VRC) which is fed to
the DC to produce coke and VGO .

Simulation tools such as Computational Fluid Dynamics (CFD) play an important role in
the simulation of these processes. Several studies to improve the performance of refinery
equipment have been developed [2,20,26]. CFD tool is one of the most practical techniques
to make fast changes in the geometry and process conditions of refinery equipment. The three
main steps required to carry out a CFD simulation of a reacting system are: a) discretization
and meshing of the control volume; b) solution of the mass, momentum, species and energy
equations and a; ¢) kinetic mechanisms. This thesis focuses in CFD simulation, but, in how

to develop properly a kinetic mechanism suitable for CFD simulations.

Despite being a powerful tool in process modeling, CFD has limitations with the simula-
tion of complex kinetic mechanism mainly because the high computational cost that one

would expect highly improbable to conduct a CFD simulation. Given the complex of the
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A lumping technique is one of the ways to represent a large and complex reaction model
containing a large number of reactive components. Lumping is based on the reduction of
the number of the mixture into a lower number of representative components still able to
describe the behavior of the original mixture. The lumping technique has some limitations

such as the low-level of detail of the chemistry that it gives. This technique have been widely
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Figure 1-1. Refinery process conceptual scheme

used in literature to represent the refinery processes [1,12,27].



4 1 Introduction

Usually the development of a kinetic mechanism for CFD simulations follows two approaches;
one case, the most widely used validates the data with experiments carried out by the same
research team carrying out the experiments.This way to get kinetic mechanisms, is the most
desirable because it guarantees kinetic parameters obtained at the operational conditions of
the actual process and enables a better quantification of uncertainty values. However, this

tool is not always available due to limitations in infrastructure or budget.

Usually, the alternative when experiments are not affordable is to select one mechanism
from the open literature. This is clearly a less expensive and simpler approach and could
yield good results when the process to be simulated is at similar conditions to those used
to infer the kinetic parameters. A mechanism taken from literature, however, could leads to
loss of information and have limited application for a feedstock different from that used in
the experiments.

This thesis gives another perspective to kinetic parameter estimation when a set of experi-
ments is not available. The main contribution of this alternative is to take as much as possible
data from literature, and build a standard database using the XML language. Unlike pre-
vious researches that only considered one reference, or in the best case, has experimental
data for validation, this alternative enables a global perspective about the process and it

could be extend the range of process conditions.

This thesis is organized as follows: Chapter 2 gives a background on the refinery proces-
ses mentioned above: HC, FCC and DC. The chapter ends with a detailed review of the
literature available on kinetic mechanisms for each process. Chapter 3 describes the metho-
dology for developing the kinetic lump-mechanism from experimental data available in the
open literature. This methodology describes mathematical and statistical tools and also the
software and algorithms used to determine the kinetic parameter values and its respective
uncertainties. Chapter 4 presents as main result of this study the lump-mechanism for each

process. Finally, Chapter 5 shows the main conclusions and contributions of this thesis.
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1.1. Objectives

1.1.1. Overall Objective

To develop a kinetic mechanism to represent the cracking of Colombian heavy crude oil in

delayed coking, fluid catalytic cracking and hydrocracking units.

1.1.2. Specific Objectives

1. To evaluate the behavior of kinetic mechanisms available on literature to predict the

thermal cracking in refineries.

2. To propose a kinetic mechanism to predict the cracking of a Colombian heavy crude

oil for the selected refinery equipments using statistical tools.

3. To validate the kinetic mechanism with experimental data available on literature and

industrial data.



2. Literature review

This chapter describes of the three refining processes that are the subject of this study: Hy-
drocracking (HC), Fluid Catalytic Cracking (FCC) and Delayed Coking (DC). The chapter
also describes the kinetic mechanisms that have been proposed along the years for these three
processes and their main differences, according to the number of lumps and the experimental
operational conditions at which they were obtained. At the end of the description of each

process, a table summarizes all the kinetic mechanisms treated in this thesis.

2.1. Hydrocracking

2.1.1. Process description

Catalytic hydrocracking is widely used in refineries for the upgrading of Vacuum Gas Oil
(VGO) from vacuum or atmospheric distillation units. HC produces low molecular weight
compounds through thermal cracking reactions carried out on a catalytic surface and under
a hydrogen-rich atmosphere. Also, in this process, hydrotreatment reactions such as hydro-

desulfuration and hydrodenitrogenation take place.

Figure 2-1 describes the two-step hydroprocessing of a heavy crude oil fraction. The feed
consists mainly by hydrogen and the heavy crude oil fraction, in this case VGO with a
high concentration of sulfur and nitrogenated compounds. The feed enter to the first HC
unit, where hydrocracking and hydrotreatment reactions take place. The first step uses a
non-selective catalyst to remove the heavier compounds such as metals and sulfur from the
VGO. This helps to obtain a better upgrade in the next step.

The stream from the first unit goes to the fractional distillation tower, which separates

the stream from the first unit and from the recycle to produce an upgraded VGO (VGO
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stream in Figure 2-1), which goes to the second hydrocracking unit. The second unit, uses
a selective catalyst such as Alumina or Ni-Mo to further upgrade the oil fraction. The light
compounds such as naphthas, gasoline and kerosene are recirculated and finally separated

in the fractional distillation tower.

v

Products (Naphtha,
Gasoline, Kerosene)

Feed VGO
Fractional
First hydrocracking distillation
unit 1 tower Second
hydrocracking unit

~ ]

Recycle

Figure 2-1. Catalytic hydrocracking conceptual scheme

The petrochemical industry typically prefers to conduct HC in two kinds of reactors: fixed
trickle bed reactor (TBR) and ebullated bed reactor (EBR). Although in both reactors three
phases (oil, catalyst and hydrogen) coexist, the industry prefers TBR because it works in
down flow mode, with a liquid and gas phase on the catalytic bed. In this process, the
catalyst stimulates coke deposition which produce a fouling of catalyst, which could occur

when VGO conversion is greater than 50 %.

HC produces light-weight and high-commercial value products which are characterized accor-
ding to its boiling point.The products are gases (0°C-32°C), naphthas between C5—C14(32°C-
150°C), gasoline and kerosene (150°C - 343°C), and in most of the cases, residual VGO
(343°C) due to an intentional incomplete conversion to avoid coke formation in the catalyst,

which implies high regeneration costs.
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2.1.2. Kinetic mechanisms

The complexity of the chemical reactions that take place in the HC reactor, and the complex
characterization of heavy residue, could be a problem when developing a kinetic mechanism
to represent this process. The representation of these hydrocarbons mixtures through Lum-
ping methodology enables to group these species into a smaller number of pseudocomponents
according to similarities in physical and chemical properties such as boiling point, adsorption
and solubility. In most cases the Lumping methodology groups the compounds through boi-

ling points.

Lump-mechanisms have been widely used to describes the HC. Qader et al. [3] in 1969
conducted experiments for the study of HC of gas oil, They carried out the experiments in
a Packed Bed Reactor (PBR) and determined first-order reaction kinetics for the HC of gas
oil. They proposed a two-lumps mechanism as shown in Figure 2-2, that included the kinetic
parameters in a typical temperature range (400°C-500°C) for a space velocity between 0.5
h=! and 3 h™!. The mechanism in Figure 2-2 represents the most important compounds
obtained in the hydrocracking process with a very simplified approach that grouped all
products in one pseudocomponent called ”PRODUCTS”. The authors also concluded that
conversion to gasoline increases when temperature decreases and space time increases. The
authors obtained the highest conversion at 500°C and 0.5 h™! of space velocity at pressure
of 10.3 MPa.

Later studies considered Lumping methodology as a way for developing of kinetic mecha-
nisms. Thus, some lump-mechanisms were proposed [12-15,28-34] to describes the HC pro-
cess under its typical operational conditions. More recent studies involved lump-mechanisms
with a higher number of lumps and reactions as the mechanisms proposed by Asaee et al. [35]
that involves a complex hydroconversion for a VRC including hydrocracking of VGO and

another upgrading processes.

Despite of the differences between the mechanisms such as the number of the lumps, these
experiments were conducted in a range of temperature from 350°C to 450°C, 0.5 h™! and 2
h=! of LHSV and a pressure between 5 MPa to 14 MPa.

A list of lump-mechanisms for HC is presented in Table 2-1. The table shows the evolution
of the lump-mechanisms along the years and we can conclude that there is a trend in the
increasing the number of lumps and reactions in more recent studies in order to give a more

detailed about the process given that the evolution of the computational tools.
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k1
GO ——» Products

Figure 2-2. Two-lumps hydrocracking mechanism proposed by Qader et al. [3]

Table 2-1. List of lump-mechanisms reported in the HC literature

Author Number of lumps Number of reactions Year
Qader et al. [3] 2 1 1969
Orochko et al. [28] 3 3 1970
Aboul-Geit et al. [13] 4 3 1989
Yui and Sandford et al. [29] 4 3 1989
Callejas and Martinez. [30] 2 2 1997
Aoyagi et al. [31] 3 3 2003
Botchwey et al. [32] 4 5 2003
Botchwey et al. [15] 6 8 2004
Sanchez et al. [33] 5 10 2005
Valavarasu et al. [34] 4 2007
Sadighi et al. [14] 4 6 2010
Martinez et al. [12] 5 10 2012
Asaee et al. [35] 6 12 2014

As it was mentioned in the Chapter 1, the differences in the VGO in each experiment for HC

leads to the last authors to get different results despite to develop their experiments under
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similar operational conditions, hence, it would expect that kinetic parameters obtained for

each proposed HC lump-mechanism were different, as shown in Table 2-2

Table 2-2. List of lump-mechanisms reported in the HC literature

Reported Activation energies (kJ/mol)

Reactions Ref. [33] Ref. [12] Ref. [34] Ref. [29] Ref. [28] Ref. [30] Ref. [13]
R —- VGO 203.1 136.0 - - - - -
R—MD 185.1 167.0 - - - - -
R — Naphtha 159.1 192.0 - - - - -
R — Gas 114.3 261.0 - - - - -
VGO — MD 165.4  145.0 164.8  59.9 - 269.5 73.3
VGO — Naphtha 155.3 190.0 241.8 2347 - - 100.5
VGO — Gas - - 2075 - - 294.9 78.2
MD — Naphtha 224.8 146.0 185.4  85.7 - - -
MD — Gas - - 1922 - - - -
Naphtha — Gas - - 48.7 - - - -

The number of lumps and reactions strongly depend the process condition which the ex-
periments were conducted. We can observe in Table 2-2 the differences in the reactions
for each lump-mechanism. Some of them [12,30, 33] include gas formation, given that their
experiments were conducted at temperatures greater than 420°C. Otherwise, those experi-
ments carried out at temperatures less than 420°C did not include the gas formation in their

respective mechanism [29].

2.1.3. Hydrocracking mechanisms Summary

We present a summary of the main HC mechanisms in (2-3) and (2-5). For each mechanism,
the table shows the kinetic model, the feed characteristic, operational conditions for the

experiments, and the main conclusions and contributions.



Table 2-3. Summary of HC mechanisms

H Kinetic model Authors Feed Characteristics Process S.N Conclusions H
co ks Products Qader et al Gas oil with API gravity equal  Continuous fixed-bed 1 The overall rates of gas oil
[3]. to 31.9° and boiling point ran-  tubular flow reactor hydrocracking can be expres-
ge between 300°C y 430°C over a ceramic cataly- sed as simple first-order kinetic
(573-703 K) tic surface at constant equations.
temperature.
N Diesel
oo s Gasoline Orochko et al.  Romashkin and Arlan petro- Hydrocracking of 2 First order reactions for hy-
[28]. leum vacuum distillates vacuum residues on drocracking of vacuum residue.
kl\ Gases a alumina-cobalt- The mechanism showed a good
molybdenum catalyst. agreement with the experimen-
tal data.
ks Middle
veo — L Gasotine Aboul- Non specified VGO VGO hydrocracking 3 Authors suggested VGO reacts
Gheit [13] using two different to form gases, gasoline and
- catalyst: Two kinds of middle distillates. First-order
- = NiMo with HY Zeolite rate constants for the hydro-
on a silica-alumina cracking reactions.
matrix.
LGO
"/
Yui and Two heavy gasoils with simi- VGO  hydrocracking 4 The activation energy for

ka \
Naphta

Sandforf. [29].

lar TBP curve (232°C-551 °C)
and (291°C-522°C)

over presulfided NiMo/
Al20O3 catalysts in a
Pilot-scale trickle-bed
reactor at  350°C-
400°C, 7-11 MPa
and 0.7h~1 - 1.5 h™!
LHSV.

naphtha production 1is hig-
her than LGO production.
Hence, the naphtha/LGO
ratio increases as temperature

increases.
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Table 2-5. Summary of HC mechanisms

H kinetic model Authors Feed Caractheristics Process S.N Conclusions H
ol 0, HT KO ke
proses protes Martinez and A Maya residuum with a high  Hydrocracking at 5 First-order reactions for the
Callejas et al.  concentration of nickel (45.17 375°C, 400°C and hydrocracking of Maya resi-
[30]. ppm) and vanadium (242.12 415°C over a com- duum and obtaining a good
ppm) mercial catalyst at agreement with experimental
12.5 MPa in a per- data.
fectly mixed reactor in
continuous operation.
oy
AR Aoyagi et al. Several gasoils with big diffee Two stage hydropro- 6 The rate of hydrocracking
x ases [31]. rences in its boiling points. cessing in a scale-pilot strongly depends of feed of ni-
Packed Bed reactor at trogen due to the inhibition of
380°C and 13.8 MPa hydrocracking of saturates to
with a LHSV of 0.75 kerosene and naphthas.
h—t.
ke VGO ke K Gasoline
Gas/ \ /
Oil ks LGQ LB Botchwey et  Bitumen-Derived Gas Oil from  Micro trickle-bed reac- 7 The yield of lighter products
kz\ /L \55 al. [32]. Athabasca with a boiling range  tor with a commercial such as gasoline, kerosene and
HGO Kerosene (340°C-550°C) and 0.99g/cm3  NiMo/Al303 catalyst light gas oils were highest at
of density at constant temperatu- highest temperatures (420°C)
re, 360°C, 380°C and
400°C.
Residue i,
VGO T
o N ks
Sénchez et al. Maya Heavy crude with same  hydrocracking of Ma- 8 The mechanism was capable to

Distillates —
ks P ks
Naphtha
P

ke kio

Gases

33].

properties of Martinez experi-

ments.

ya residuum with a
Ni/Mo  catalyst at
380°C-420°C and
0.33 h=! -1.55 h=1 of
LHSV in a fixed-bed
down flow reactor.

predict the production of un-
converted residue into VGO,
distillates, naphtha, and gases
with an average absolute error
of less than 5%
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2.2. Fluid catalytic cracking

2.2.1. Process description

Catalytic cracking process is one of the main on refinery. Several high-value commercial
products such as gasoline and diesel are produced in this unit by cracking or decomposition
of gas oil on a catalytic surface. The process uses VGO as raw material. The VGO coming

from DC constitutes the main raw material for FCC.

Figure 2-3 describes a FCC process. Feed entering to the riser reactor consist mainly of
VGO mixed with regenerated catalyst from the regenerator. In most of the cases, FCC unit

uses spherical catalyst that behaves like a liquid when it is fluidized with the entering VGO.

A stream that contains only fresh catalyst is also a part of the entering streams. During the
reaction, separation and regeneration, catalyst particles may break and subsequently lost in
emissions. To compensate this loss, another entering stream of clean catalyst is required.
Also, this stream provides a fraction of the required energy for the FCC process. Figure 2-3
also describes the entering air that burn the coke in the regenerator through combustion
reactions. The exit stream from the regenerator consists mainly by COs, Hy, and vapor. The
splitter separates the light products from catalyst, the latest goes to the regenerator whilst,
light products are subsequently separated into LPG, naphthas and gasoline.

Most of the FCC units have mainly two equipments. An ascendent flow reactor (Riser) or
descendent flow reactor (Downer), where the interaction between feedstocks and catalyst
takes place, and a regenerator. Regenerator burns the coke, previously formed in the reactor
due to thermal cracking reactions, to clean or regenerate the catalyst. Despite of there are

other equipments in the FCC unit, this thesis will focus mainly in the above mentioned.

2.2.1.1. Riser reactor

At present, most of the reactors from a FCC unit are riser reactors. In this case, the interac-
tion between the feedstock and catalyst is slow, around three to ten seconds. The cracking
reactions take place instantaneously in vapor phase on a catalytic surface after the feed is
vaporized. After thermal cracking reactions take place, the reactor temperature decrease due

to the endothermic nature of this reactions. Raw material is fed to reactor with hot catalyst
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Figure 2-3. FCC conceptual scheme

(around 800 K) coming from the regenerator, which provides the necessary energy to thermal
cracking reactions take place. Finally, the light products Gasoline, Liquified Petroleum gas

(LPG) are separated from the catalyst, and the last one goes to the regenerator.

2.2.1.2. Regenerator

In the regeneration process, air enters the regenerator completely mixed for a subsequent coke
combustion. The clean and regenerated catalyst recirculates to the reactor either in counter
current flow or concurrent flow depending of the type of reactor. During the coke combustion,
the catalyst temperature increases given that the reactions are highly exothermic, hence, the
catalyst recirculation from regenerator provides the necessary energy to the reactor in order

to favor the cracking reactions.
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FCC regenerators usually consists of a large fluidized bed reactor and has mainly two zones:
the dense region and the dilute region. The reactions occur in the dense region, where the
concentrations of gas and solid are high. In the dilute region the catalyst particles are carried

away to return them back to the dense region.

The gas flow is divided into bubble and emulsion phases in the dense region. Most of the
combustion reactions occur in the bubble phase, which has the necessary gas to fluidize the
solids. The emulsion phase consists mainly of excess of gas, hence, the modeling of regenerator
could be approximated as a Current Stirred Tank Reactor (CSTR) or Plugged-Flow Reactor
(PFR).

The catalyst regeneration could occur in two ways depending on the type of combustion in
this process: partial combustion or complete combustion. Depending on the interest during
the process,the complete combustion can be preferred for increasing the energy production
and decreasing the coke yield. Otherwise, the partial combustion can be preferred for gene-
rating less energy and increase the coke yield. On this way, the excess component for each
type of combustion are the oxygen and carbon respectively. This implies, for the partial

combustion case, an increasing on the coke yield which leads to coke formation instead COs.

2.2.2. kinetic mechanisms
2.2.2.1. Reactor mechanisms

Similarly to HC mechanisms, the kinetic mechanism for FCC uses a lumping methodology
to represent the process. Weekman et al. [4] proposed a three-lump mechanism presented in
Figure 2-4, which includes two second-order reactions for the decomposition of VGO into
gasoline, gas and coke. The authors considered also a first-order reaction for the decomposi-
tion of gasoline into gases. This lump-mechanism was the pioneer for the catalytic cracking
process. This kinetic model was further extended to several other kinetic schemes as the
model proposed by Lee et al. [36] and Theologos and Markatos [37,38]. The mechanism
predicts the conversion of raw material into gasoline. However, despite of to consider the
coke formation, it does not consider the coke as an independent lump, but it groups coke

into a lump which also contains the remaining compounds except gasoline (C5-210°C).

Coke formation must be predicted wit a high level of accuracy, thus, It was necessary to
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Gas Oil —> Gasoline

e

Gas + Coke

Figure 2-4. Three-lump kinetic mechanism proposed by Weekman et al. 1969 [4]

predict this phenomenon and include it as independent lump as product of cracking reactions.
Therefore, more detailed mechanisms were developed. A ten-lump mechanism proposed by
Jacob et al. [1]. Lumping using pseudo-components was based in the boiling point of each
one also in the chemical structure for hydrocarbons in the mixture. The compounds was
grouped in paraffin, naphtenes, aromatics, high and low boiling point, gasoline and coke as
show table 2-7.

Table 2-7 describes with more detail the VGO decomposition into gasoline. In this mecha-
nism gas oil was represented by high boiling point compounds (Ph, Nh, Ah, Ch). these lumps
react to form low boiling point compounds (P1, N1, Al, Cl) and after react to produce gasoli-
ne and coke. Also, the mechanism describes all the possibles pathways to coke formation, all
of them by second order reactions except the pathway from gasoline lump. This mechanism
was also object of study from many researches that included mechanism reduction such as
those developed by Coxon and Bischoff [39]

Jacob’s mechanism has a more accurate prediction than Weekman’s mechanism. Jacob’s me-
chanism also consider the catalyst deactivation due to the coke formation as later Theologos
et al. [38] proved. Another factor is the the characterization of raw material, this can be de-
termines how the initial composition of heavy oil affects the production of light compounds

and coke and the mechanism may be used to model any kind of residue oil.
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Table 2-7. Ten-lump mechanism proposed by Jacob et al. [1]
from to AE (Btu/lb-mol) rate (1/S)* HOR (Btu/lb)

Ph Pl 26100 0.196 25
Nh NI 26100 0.196 25
Ah Al 26100 0.196 25
Ah Rl 26100 0.489 25
Rh Rl 26100 0.049 25
Ph G 9900 0.611 65
Nh G 9900 0.939 65
Ah G 26100 0.685 65
Ph C 31500 0.099 225
Nh C 31500 0.149 225
Ah  C 31500 0.198 225
Rh  C 31500 0.149 225
Pl G 9900 0.282 40
NI G 9900 0.752 40
Al G 26100 0.196 40
Pl C 31500 0.099 200
NI C 31500 0.099 200
Al C 31500 0.050 200
Rl C 31500 0.010 200
G C 18000 0.048 160

Given its detail, Jacob’s mechanism, has been used in the study and modeling of riser
reactors [38], some authors developed subsequent changes to the mechanism in order to get
a better predictions of experimental data. One of them, was done by Barbosa et al. [2], which

included a new lump called Dry Gas, as shown in table 2-8.
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Table 2-8. Eleven-lump mechanism proposed by Barbosa et al. [2]
from to rate (1/S) x 10+ AE (J/kmol)

Ph Pl 60 0.196
Nh NI 60 0.196
Ah Al 60 0.0.049
CAh CAl 60 0.196
Ph G 23 0.611
Nh G 23 0.939
CAh G 60 0.685
Ph C 73 0.099
Nh C 73 0.149
Ah C 73 0.149
CAh C 73 0.198
CAh Al 60 0.489
Pl G 60 0.282
N1 G 60 0.752
CAl G 60 0.196
Pl C 73 0.099
N1 C 73 0.099
CAl C 73 0.050
Al C 73 0.010
G C 41 0.048
HFO DG 60 0.196
LFO DG 60 0.282
G DG 42 0.048
C DG 42 0.048

During catalytic cracking, thermal cracking reactions could occur due to an increase in
the operational temperature. Because of this, the authors proposed this lump (Dry gas) to
represent the gaseous products formed from thermal cracking reactions. The mechanism was
used to CFD simulations. The results showed a good fitting according to experimental data

for different residue oil.

Despite it is expected that the recent mechanism have a higher detail level that includes

more lumps or pseudo components, several authors preferred to propose changes for the
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mechanism proposed by Weekman et al. [4]. On this way, Lee et al. [36] proposed a four-lump
mechanism, it was the first modification to Weekman’s mechanism. The main changes consist
in the separation of coke as an individual lump, therefore, the velocity of coke deposition
could be calculated from gas oil decomposition. Consistent with the mechanism proposed by
Weekman, the VGO decomposition is represented by second order reactions, whilst, gas and

coke formations from gasoline are represented with first-order reactions.

Because of the smaller number of lumps, Weekman’s mechanism has been widely used for
modeling and CFD simulations in riser reactors. One example is the study developed by
Corella et al. [40] that included a mathematical model with the catalyst deactivation due
to coke formation. More recent studies have used the Weekman’s mechanism for developing
a CFD approach, One of this, developed by Ahsan [41]. Results showed a good fitting with
temperature and concentration profiles along the riser reactor. Further CFD simulations were
developed by Ahsan [42] using the kinetic proposed by Gianetto et al. [25] obtaining results
with a good fitting with experimental data obtained from Riser simulator. Finally, a com-
parison between these two mechanisms using CFD simulation was developed by Ahsan [26]
in order to determine the accuracy of each kinetic model to represent one set of experimen-
tal data reported in literature [18,43], which concluded both mechanisms presented good

agreement according to experimental data.

The mechanism proposed by Lee et al. [36], as a modification from Weekman’s mechanism
was widely studied, mainly because the mechanism consider the gas lump, but the informa-
tion about its characterization was limited. On this way, Some studies focuses in to develop
a mechanism with a higher detail for the Gasoil, Gas and Gasoline lumps [44-47]. Ancheyta
et al [45,46] proposed separation of the last lump (gas) into LPG and Dry Gas, the first one
are C; to C3 gases, while the other included C4 gases. While Hagelberg et al. [47] proposed
the characterization of the Gasoline lump using PANO methodology, which represents the

lumps using paraffin, aromatics, naphthenes and olefines.

The future in the modeling of CFD simulation goes to the development of more detailed
mechanisms, as those proposed by Pitault et al. [48] that includes 19 lumps and 25 reactions.
In this work, the authors proposed one deactivation factor by coking for all of reactions,
except for reactions that lead to coke formation. The mechanism proposed here had further
applications in hydrodynamics modeling such as those developed by Derouin et al. [49].
Recently, a kinetic model based on a semi-empirical approach using a normal probability

function was developed by Gupta et al. [50]. The high-level of detail allows to work with
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a large number of lumps because kinetic parameters were determined by feed conditions,

catalyst activity and coke formation tendency on the feed.

2.2.2.2. FCC mechanisms Summary

Next tables (2-9) and (2-11), show a summary of the FCC mechanisms. This revision
consists mainly in the most important features for each mechanism to represent the fluid
catalytic cracking. For each mechanism, the table shows the kinetic model, the feed features,

operational conditions of the experiments, and the main conclusions and contributions.



Table 2-9. Summary of FCC mechanisms

H Kinetic model Authors Feed Characteristics Process S.N  Conclusions H
ky
Gas Oil ————> Gasoline
&A / Weekman Gas oil with API gravity equal to  Fixed and fluidized bed 1 Catalyst deactivation function decrea-
et al [4]. 29.6° and boiling point range bet-  reactor at constant tempe- se while gasoline and gas oil is cracked.
Gas + Coke ween 423 y 904°F (490-758K) rature. Commercial TCC Activation energy values are different
zeolite. for gasoil and gasoline cracking.
Jacob et al.  Gas oil with boiling point between  Fluidized bed reactor with 2 Kinetic constants computation are in-
1] 650 y 959°F (343-788K). Charac- residence time between one dependent from gasoil composition. It
terization by mass spectroscopy to  to five minutes at 900°F was included the effect of operational
calculate naphthenes, paraffin and  (755K). conditions of the reactor in the kinetic
aromatics compositions. parameters.
Barbosa et  The same feed conditions used by = CFD simulation for a riser 3 Good prediction of gasoline yields with
al. [2]. Jacob et al. [1] reactor of 34.2m of height respect experimental data. It was de-
and 0.8 m of diameter. Ga- monstrated there are thermal cracking
soil flow between 20 y 48 reactions, and its effects could be re-
kg.m?.s~1 at temperature duced if there are a good mix between
between 500 y 600K. gas and catalyst.
ks
Gas 0l ————> Gasoline
L ks ks " Lee et al Same feed conditions used by High active catalyst. Isot- 4 The values corresponding for the gas
5 . . . . .
’ (36] Weekman et al. [4]. because this herm reactor at 550K ap- oil conversion and gasoline cracking are

Coke Gas

mechanism is a modification from
Weekman.

proximately.

fitted according to the experiments.
The model predicts the coke formation
because it is considered as a indepen-
dent lump.
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Table 2-11. Summary of FCC mechanisms

’ ‘ kinetic model

Authors

Feed Caractheristics

Process S.N

Conclusions

k

¥
| ky ke
VGO —> Gasoline — Dry Gas

DAY

Coke LPG
K Gasoline
S —— Pparaffins
Gas ON Gasoline
Olefins
K Gasoline
6 Naphthenes
k7 kg P
Dry Gasoline
ki
Coke Gas LPG Aromatics

Larocca et
al. [44].

Ancheyta
et al. [45].

Hagelberg
et al. [47].

Two gas oils with boiling point
between 534K and 482K to 817K.
Their compositions and molecular

weights are so different

Gasoil from Tula refinery with boi-
ling point between 508 and 841K
nad AlpO3 catalyst.

Hydrotreated gasoil with low con-
tents fo metals and sulfur and
boiling point between 141°C and
405°C and a commercial catalyst
wit particle size of 80 micrometers.

PFR reactor at constant 5
pressure and temperature.
Second order constants to

gas oil cracking.

The experiments were ca- 6
rried out in an isothermical
batch reactor at 480, 500

y 520°C and a catalyst-oil
ratio equal to 5.

The experiments were ca- 7
rried out in a isothermal
PFR at 400°C and 650°C
and catalyst-oil ratio bet-
ween 2.6 and 2.95.
low residence times (0.03-
0.09s).

and

Raw material represented by paraf-
fin, naphthenes and aromatics. The ca-
talyst deactivation function shows a
good agreement with kinetic constants
under short contact times between gas
oil and catalyst.

A new lump was considered LPG, that
represent gases (C1-C3). The detail le-
vel is so important to predict impor-
tant species that are produced in FCC
such as propane.

The model predicts the yields of PANO
reactions from gasoline. The catalyst
activity weakly depends with coke for-
mation in the catalyst under short con-

tact times.
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2.2.2.3. Regenerator mechanisms

Unlike to kinetic mechanism for HC and FCC, the mechanism that represent combustion
reactions in the regenerator does not use the lump methodology with pseudo components.
Most of these mechanisms use global pathways for known compounds such as carbon, oxygen,
hydrogen, etc. The kinetic mechanisms for the regenerator assume that coke is composed by
carbon and hydrogen despite having an amorphous and variable structure. In the practice,
coke is composed in less proportion by sulfur and nitrogenated compounds. However, despite
the differences that exists in the coke composition, there are not a significant difference when

the combustion in the regenerator is modeled [51].

Arbel et al. [5] proposed a mechanism for carbon combustion that consists in four reactions
for the catalyst regeneration as presented in Figure 2-5, which shows the main reactions
that occur in the regeneration process. Most of them are combustion of carbon and global
reactions in order to simplify the reactions of combustion in the regenerator. Figure 2-5
shows the reaction for COy represented with the ks. that is not taking into account due to
this is complete and immediate. Despite of the fluidize zone of regenerator can be modeled
as a PFR reactor, the authors model the regenerator describing the plug flow as a CSTR

cascade by assuming a quasi-steady state approach.

More recent kinetic mechanisms for the regenerators has also considered that the reactions
carried out in this equipment are carbon oxidation reactions, CO combustion and, in some
cases, hydrogen combustion [52,53]. However the type of reactor that is used to model the re-
generator, temperature conditions and the experimental data, leads to significant differences

in the kinetic parameter values.

The FCC technology has more than 60 years, however, the study of coke combustion reactions
in the regenerator being developed in the 80’s. The mechanisms were based on empirical or
semi-empirical approaches that leads to errors in the modeling and hence in the fitting with
experimental data. Moreover the proposed mechanism by Effects et al. [54] leads to successful
results with his own approximations for each case. They assumed that gas flow was greater
in the dense zone of the reactor and it could be modeled as PFR, hence, its leads to predict
relevant factors during the process such as CO,/CO ratio in regenerator obtaining the same
results of Weisz and Goodwin [55].

The mechanism proposed by Fernandes et al. [52,53] considered two zones in the regenerator

and had a good prediction and fitting with experimental data. They assuming an instanta-
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Figure 2-5. Five-reactions kinetic mechanism proposed by Arbel et al. 1995 [5]

neous equilibrium between catalyst flow and air in the down zone of the regenerator. In the
upper section, the reactor was modeled as an pseudo steady-state PFR in which combustion
reactions occur. Also, taking into account the equilibrium assumption in the down zone, gas
and catalyst combustion was simulated as PFR reactor. Also, the authors describes the same

reactions that Arbel et al. [5] as shown in Figure 2-5 .

Previously, Arandes et al. [6,7] had proposed a two-reactions mechanisms for the coke rege-
neration. Figure 2-6 shows the mechanism that also consider the HyO formation due to the
combustion reactions. But it considers a CO/CO, molar ratio called by them for the Greek

letter beta that represents the type of combustion in the regenerator.
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Figure 2-6. Two-reactions kinetic mechanism proposed by Arandes et al. 1999 [6,7]

2.3. Delayed coking

2.3.1. Process description

The DC drum is the main equipment from the DC unit. Its function is to convert the
heavy residues (VRC) from vacuum towers to coke and recovery valuable compounds such
as naphtha, gases, and in some cases gas oil for a subsequent treatment in FCC units. A
further main fractionator separates all the gases that came from the DC unit. In refineries,
the DC process works as a semi-continuous process using two coke drums in a parallel array.
Given that the coke is deposited in the drum, after filling, the entering VRC is suspended
and it is connected to the parallel drum to make the cleaning of the first drum. To recover
most valuable compounds, it is necessary to heat the feed until the cracking temperature
(around 773 K or 932 °F) in a previous furnace before the drum. VRC goes through out
the furnace with a short residence time (1-3 minutes) and subsequently goes to the drums

previously described.

Figure 2-7 shows a scheme for delayed coking. VRC heats the stream 4 which goes to coke
drum. VRC reacts by effect of temperature to produce, in this case, light and heavy coker
gas oil, naphtha, and gases, all of them in the stream 5. After thermal cracking, stream 5
goes to a main fractionator which separates each compound according to their boiling points
(stream 7, 8, 9, 10). Unconverted VRC (stream 2) goes to the tubular furnace which heat it

in presence of hydrogen or water (stream 3) to avoid the coke formation in its walls.

One of the main functions of DC unit in addition of light products formation, is to maximize
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the coke formation into the drums in order to avoid as much as possible the coke formation
during the crude oil processing in the other refinery processes. The more valuable products
in this process are naphtha and gas oil, that works as raw material for subsequent refinement
process as FCC and HC.

E-2

:
|

v

E-1

Figure 2-7. Schematic figure for Delayed Coking process

2.3.2. Kinetic mechanisms

The low availability of kinetic mechanisms to represent the delayed coking process is mainly
due to the complexity of reactions that take place here. The variability on composition of
heavy oil from vacuum distillation tower implies that mechanisms may not represent the

thermal decomposition reactions in DC process.



2.3 Delayed coking 27

Literature reports kinetic mechanisms for processes that transform residues from vacuum
tower into liquid distillables [8-11,27]. The processes are visbreaking, thermal cracking in
tubular furnaces, eureka process, and DC. In these processes, the coke formation is due
to pyrolysis reactions. These reactions limit the conversion of raw material into distillable
products. Although the reactions are the same in each process, the operating temperature,

residence times, and interesting products are different.

Kinetic approaches in literature for DC include the use thermal cracking mechanisms for
VRC or heavy residues, it is because the low availability of kinetic mechanism for DC due
to also the low availability of experimental measurements made in coke drum. The last
approaches assumed that pyrolysis reactions in liquid phase also take place in the delayed
coking. Another assumptions, such as assuming that the gaseous phase is irrelevant could

be made because it does not affect the product composition. [56].

A mechanism using SARA methodology that represents the VRC as saturates, aromatics,
resins and asphaltenes to model DC process was proposed by Zhou et al. [27]. It is a eleven-
lumps mechanism that predicts the naphtha yields at the exit of the reactor, and its variation
according the SARA composition of entering crude oil. Unfortunately, these authors do not

present kinetic data, hence, this mechanism will not be studied in this thesis.

Mechanisms have been reported to represent delayed coking as the mechanism proposed by
Del Bianco et al. [8]. This mechanism included a general decomposition of VRC without
feedstocks characterization. The authors carried out experiments in a batch reactor under
temperature conditions between 410°C to 470°C with a residence time of two hours in order
to evaluate the coking of Belaym VRC and to evaluate the formation of distillable products

during the thermal cracking.

Figure 2-8 shows the three-lump mechanism proposed by Del bianco et al. [8]. The mecha-
nism included VRC, coke and distillates product as an independent lump, and considered
first-order reactions. This mechanism was one of the first which take into account the in-
duction period of coke formation and its variation with temperature. The mechanism also
included an intermediate lump that leads to coke formation but this was included only to fit
the mechanism to experimental data because was impossible to determine the intermediate

concentration through the experimental measurements.
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Figure 2-8. Four-lumps kinetic mechanism proposed by Del Bianco et al. 1993 [8] VR:
Vacuum Residue Crude Oil;

Despite the unavailable data for the kinetic mechanism proposed by Zhou et al. [27] , and
considering that Del Bianco’s mechanism has low detail, a literature review about thermal
cracking mechanism was done. The revision involves kinetic mechanisms for thermal cracking
in tubes, visbreaking and eureka processes. Although the processes have some differences,
the use of those mechanisms could be a first approximation to represent the delayed coking

process.

The thermal cracking mechanisms predicts the heavy oil crude oil decomposition conside-
ring as a important factor the coke formation. [8-11,27,56,57]. The mechanism proposed
by Koseouglu et al. [57] was the first to consider that coke formation strongly depend of
asphaltene decomposition. Hence, they considered asphaltene as the main coke precursors

during thermal cracking of heavy crude oil.

However, experiments showed this process has a period in which the coke formation is nule.
This period is called induction period [58,59]. Also it was considered that induction period
was due to separation phase during thermal cracking. Another authors considered that the
coke formation occurs due to the insoluble decomposition and it was determined that this

phase corresponds to asphaltenes precipitation [11].

Sawarkar et al. [9] developed a similar procedure, using an Arabian VRC with different pro-
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perties. The experiments were carried out in a batch reactor with a temperature between
430°C and 475°C. Sawarkar proposed a four-lumps mechanism as shown in Figure 2-9 and

three first order reactions to represent the coking of Arabian VRC.

kl/v oas
ka .
VR — > Distillates

o
Coke

Figure 2-9. Four-lumps kinetic mechanism proposed by Sawarkar et al. [9] VR: Vacuum

Residue crude oil

Neither the mechanism or products characterization were developed through the SARA
methodology, another mechanisms such as proposed by Koseoglu et al. [10] and Filho [11]
used this methodology to grouped the heavy oil fractions. Koseoglu et al. [10] proposed the
six-lumps mechanism as shown in Figure 2-10. The experiments were carried out in a batch
reactor between 385°C and 420°C using Athabasca bitumen as feedstock. The mechanism was
developed to determine and evaluate the yields of each lump during thermal cracking. This

mechanism was succesfully adapted for thermal cracking process in a tubular furnace [60].
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Figure 2-10. Six-lumps kinetic mechanism using SARA methodology , proposed by Koseo-
glu et al. [10]

Subsequently, Filho [11] proposed a change for the last mechanism. This change considered an
intermediate lump that leads to coke formation as shown Figure 2-11. Filho concluded that
the intermediate was mesophase or precipitated asphaltene. This asphaltene was produced
due to its sulubility decreased when the resins reacts, that works as a soluble agent for
asphaltenes. The precipitation is irreversible and leads to coke formation due to temperature

effects.

K k2 k PR
3
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A ke »
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Ke
Coke <«———— Mesophase Asph €«——

Figure 2-11. Seven-lumps kinetic mechanism using SARA methodology , proposed by Filho
et al. [11]
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Another mechanisms which represents the coking and VRC decompositions was studied,
in this case to represent reactions that occur in the eureka process [61-70]. Although the
operational conditions were different, it was possible to determine pathways for VRC de-

composition into light products and coke during delayed coking process.



3. Methodology

This Chapter presents the methodology employed for the development of this thesis. First,
a description about how experimental data taken from literature were grouped using XML.
Chapter also shows the main advantages of XML, its implementation and previous ap-
plications and its importance in the future of chemical processes modeling and simulation.
Chapter presents as well the equations that govern the thermal decomposition processes pre-
viously explained in this thesis. Finally, Chapter describes all the methodology carried out to
get the kinetic parameters and their respective uncertainties. The methodology includes: a)
Lumps selection for the mechanism; b) kinetic parameter estimation through optimization
routines available in Matlab 2014 and finally, ¢) uncertainty calculation through statistic
techniques. Although there are some similarities in the methodology for each process, some

steps presents considered important changes that will be described in detail later.

3.1. Catalytic Hydrocracking

3.1.1. XML (eXtensible Mark-Up Language) data standardization

The procedure begins with the building of a database that enable to unify and standardize
all the information taking from literature. Generally, these studies in the available literature
about petroleum refining proposes an individual set of kinetic parameters. The data obtained
by other groups is normally lost, or in the best case, only used for comparisons. Hence, this

is one of the main problems which this thesis want to face.

This thesis uses eXtensible Markup Language (XML) as the fundamental code to stock the
data available in literature for the developing of kinetic mechanisms. Several authors have
included in their optimization models and uncertainty calculations with database in XML

format [71,72]. XML is an open source code, it implies that any database can be used for
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many users around the world. Also, another advantage using XML is the easy reading for
any modeling or optimization software. XML schema has been successfully used for the IC
engine data model reported by Smallbone et al. [73] and Brownbridge et al. [74], who also
use an advance software tool, MoDS (Model Development Suite) for their model validation

and visualization.

XML was also considered because it has a tree-like structure that enables a easy readable
using any programming language and a better visualization about the featuring that were
taken into account for the database building. This thesis proposes a tree-like structure to
stock the experimental data for HC. Figure 3-1 shows the tree-like structure and show how
the information about HC is organized. The data base has a father node called Hydrocracking
which has two nodes, those are, Kinetic mechanism which includes all the information re-
garding with the year which it was proposed, number of lumps and reactions and the kinetic
parameter information. The other node, Ezperimental data which has all the information
about the process conditions of each experiment. The node also has an important variable,
the yields which represent the yields of each lump and the process conditions under this

yields were obtained.

It was possible to storage a wide set of experimental data. For hydrocracking case, a wide
range of temperature between 360 and 450°C was obtained with the data recompilation,
as well as a range of Liquid Hourly Space Velocity (LHSV) between 0.8 and 1.5 h™. The
range obtained for the most important process conditions for hydrocracking enable us to
get a mechanism that not only represents with a good accuracy the experimental data from
literature but is also, unless the previous researches, can works in one wide range of process

conditions, thus becoming in a general mechanism.

3.1.2. Lumps selection

The XML database suggests a starting point to select the the number of lumps and reactions
that the final mechanism should have. From the information in the XML the lump mechanism
selected for the final regression process was the one that represented a compromise between
the number of lumps modeled and the complexity of the system. Mechanisms with a large
number of lumps were not considered as there is not experimental data to fit the parameters.
Conversely, mechanism with very few lumps were discarded as they do not give enough detail

to represent the process.
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Figure 3-1. Tree-like structure used in this thesis for data storage taken from literature for

HC.

The mechanisms proposed by Martinez et al. [12] describes a decomposition of an atmosp-
herical residue into VGO and light products during a one-step hydrocracking. Since the
configuration showed in Chapter 2 about the two-step hydrocracking considers VGO (Figu-
re 2-1)) as a feedstock, we propose a mechanism that only includes the pathways of VGO
decomposition and lighter products formation from VGO. Therefore, the mechanism propo-

sed here has 12 kinetic parameters.

3.1.3. Modeling and equations

Firstly, the kind of reactor model used to simulate the hydrocracking process will be dis-
cussed. A subsequently validation of the mechanism with the experimental data taken from
literature previously stored in the XML database includes the simulation of the model used

in each source. Despite of the HC process is a non-isothermal process, most of authors ca-
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rried out their experiments in batch reactors at constant temperatures in a adequate range
for HC, thus, it was possible to find the values for activation energies and pre-exponential

terms. Therefore, this thesis will use the batch reactor model to represent the kinetic studies
collected in the XML database.

Assuming that the reactions rate follows the Arrhenius law and the model only considers
temperature and liquid residence time, and given that the model does not include the total
system pressure as it neglects any mass transfer restrictions and the reaction rates only
involve the mass fraction of each lump. The HC could be represented as a set of first-order
and irreversible reactions as shown in the (Eq. 3-1). These approximations would be valid in
the case were the hydrogen concentration in the liquid phase would be high enough so that
the kinetic reaction of hydrogen with the VGO and derivatives would be the limiting step.
Also, if it is taken into account that lump-mechanisms could be represented as an implicit
kinetic where each kinetic parameter includes the hydrogen concentration as well as the mass
transfer phenomena and the catalyst properties, these last features could not affect the final

product yield.

The reactions for HC process are those that represent the Vacuum Gas Oil decomposition
to produce light compounds like diesel, naphthas and light gases. The equations are shown

below (Eq. 3-1) where y; represent each lump in the HC mechanism

dy;
= Eq. 3-1
dLHSV-Y) ) (Eq. 3-1)
Because of all reactions are first order reactions, the equations to calculate the velocity

constants are the same and follow the Arrhenius expression. These equations are shown
below (Eq. 3-2).

k=AXx Exp ( (Eq. 3-2)

)

For HC, the system that represent all the mass-conservation equations is given by the next

set of equations:
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3.1.4. Kinetic Parameter Estimation

A total of 99 experimental data corresponding to five different sources were taking into
account to make a general fitting and get the best set of kinetic parameters for hydrocracking
process. The figure 3-2 shows the original mechanism proposed by Martinez and Ancheyta

[12] and the modification employed in this thesis as shown in the figure 3-3.

We observed during the optimization process, the kinetic parameter values strongly depends
of the seed values of each kinetic parameter given in the optimization. The way to calculate
the best initial conditions was to generate randomly using a Montecarlo approach typical
values for each kinetic parameter and calculate the value of the objective function as proposed

Assae et al. [35]. We tested 5000 combinations for determining the best initial conditions.

After database was completed, fmincon routine from Matlab based on Levenberg-Marquardt
algorithm was developed to estimate the corresponding kinetic parameters. The algorithm
search the optimal values that minimizes the mean square error, (MSE) presented in equation

Eq. 3-3, between experimental data and data obtaining from this mechanism.

MSE = f: (w7 - yfg”’)2 (Eq. 3-3)

=1

Where N mean the number of experimental data from the different sources, in this case, 99,

Y represents yield, mass fraction or flows depending on the case, and y;?"*? and y,*? are

the predicted and experimental yields for each lump in the mechanism respectively.
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Figure 3-2. Five-lumps hydrocracking mechanism proposed by Martinez and Ancheyta [12]
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Figure 3-3. Four-lumps hydrocracking mechanism proposed in this thesis.

In statistical terms, the minimization of mean square error is a good optimization which is
obtained due to the error of magnitude, this makes it one of the most used function in the

optimization routine. However, its application to get the kinetic parameters for hydrocracking
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mechanism was not adequate due to the difference in the magnitude order between each
lump of the mechanism. It can be observed that values of VGO lump in some cases are
close to 1, whilst gas lump considers values close to 1 x1073. The optimization routine using
this objective function was evaluated and the results agree with only kinetic parameters

associated with bigger lumps were optimized.

To overcome this drawbacks, authors such as Alcazar et al. [75] considered using a weighting
factor for each lump, this mean, the methodology optimizes all the kinetic parameters re-
gardless the magnitude order of their values. Alcazar et al. [75] proposes a weighting factor
such is shown in Eq. 3-5 where w; is the weighting factor equivalent to the inverse root square

of each lump value.

Also, (Eq. 3-3), suffered another change. This implies a change in the superscript value. The
main reason to change the superscript value was due to the lower values of the objective
function during the optimization. This mean that the values corresponding to yields for each
lumps are in a range between 0 and 1 are powering to a superscript, in this case, its value
is 2, thus, values closer to 0 will be obtained implying a more computational effort for the
optimization algorithm and in many cases the solution converged to non logical values. In
this case, a value of 0.5, this mean, a root square instead to power to square was used to

calculate the final objective function.

Considering the changes mentioned above, a new minimization error function was used. The

new Objective function is given by Eq. 3-4 and Eq. 3-5.

N 0.5
WSE =Y wi (" — ™) (Eq. 3-4)

=1

and:

w; =1/ (g™ (Eq. 3-5)

%
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3.1.5. Uncertainty Calculation

In Chemical Engineering is so important to determine the uncertainty of the estimated para-
meters in any case. Techniques such as Montecarlo method, Sobol sequence or any statistical
technique include a random generation point. A great number of points are generated in a
determined space to calculate the variability of each parameter through the evaluation of its

respective objective function.

This thesis proposes a statistical methodology developed and proposed by Efron [76] to
estimate the uncertainty associated to each parameter. This methodology is the bootstrap
technique which will be explained below.

3.1.5.1. Bootstrap method

The bootstrap method is a simple but powerful kind of Monte Carlo methodology to assess
and calculate the distribution of a set of data when the number of data is lower. The bootstrap
is useful when the set of data are independent and not enough to determine the how they are
distributed. Bootstrap is an old technique, however, the best contribution was given by Efron
[76]. His work mainly focused in using Monte Carlo approximation to know the probability
distribution of a random sample to estimate some statistical values such as variance of the
sample median and the confidence intervals of the sample. The method mainly consist in a
re-sampling procedure, keeping the same size than data vector and with repeatability using
these data, for estimating the distributions of statistics based on independent observation.
The process is repeated a large number of times in order to ensure as much combination as
possible from these data. The mean, standard deviation and percentile values taken from
the distribution for all of the bootstrap samples give an estimate of the variability of each
parameter, hence, the main statistical properties could be calculated including a estimate
of the confidence interval for the data. The confidence interval depends of the accuracy
previously defined, according with the confidence percentage, it is possible to determine the
uncertainties value and confidence interval taking into account the value of the standard

deviation of the distribution obtained using bootstrap.

In this thesis, a confidence interval within 95% was chosen for each kinetic parameter.
Therefore, assuming, as first approximation, that the distribution have a normal behavior, the

uncertainty values would be two times the value of standard deviation from the distribution.
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Despite there are many ways to make an uncertainty analysis, such as uncertainty calculation
using error propagation methodology or covariance matrix calculation, these techniques were
not useful for the uncertainty calculation. The error propagation methodology using an
inverse model and applying surface response were developed by Braumann and Kraft [71].The
authors calculate the uncertainty of a kinetic parameters of a model of granulation taking
into account the uncertainty associated to experimental measurements. The surface response
methodology was used here to decrease the high computational cost associated to solving
the large number of differential equation of his system. Although this methodology enable
to get a global uncertainty calculation, in this thesis it was not possible because of the lack

of uncertainty values related with the experimental data from the refinery literature.

The bootstrap methodology have never been applied before to parameter estimation for re-
finery process, but it has been widely applied to predict parameters in other cases [77]. The
main challenge in this research is to find the way to apply the bootstrapping technique to
estimate the uncertainty of the kinetic parameters for the hydrocracking mechanism. The-
refore, an algorithm was proposed to calculate the confidence interval for each parameter,
although the algorithm does not follow exactly the bootstrap methodology, the bootstrap-
ping methodology was used to make the resampling of the vector of experimental data, and
therefore generating a large number of independent samples. The Figure 3-4 summarize the
steps that were followed to get the confidence interval for each parameter. The algorithm
consists mainly in to make a 2000 resampling of the vector of experimental data. The resam-
pling includes replacement between experimental data, each re sampling has associated a
optimization process keeping the same initial conditions for each parameter. Hence, a vector
of 2000 samples will be obtained for each parameter. On this way, it is easier to determine
the distribution of a large sample, and to calculate the main statistic properties including

the uncertainty.

The same steps were followed to get the uncertainty values for Fluid Catalytic Cracking
and Delayed Coking. On this way it so important to point out that in the next subsections

corresponding to the other process, the uncertainty calculation part will not be present.

The distributions obtained for the parameters corresponding to the same reaction during
the uncertainty calculations showed a linear correlation between the pre exponential fac-
tor and its respective activation energy. One way to explain this behavior is through the

compensation effect theory.
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Figure 3-4. Algorithm that summarize the bootstrapping technique to calculate the un-

certainty of the kinetic parameters.
3.1.5.2. The Compensation Effect

The compensation effect has been one of the more controversial areas of chemical enginee-
ring [78]. It has been widely reported in literature for many kinetic studies of processes such
as: catalytic coal gasification [79]; catalytic steam gasification [80]; coal oxidation at low
temperatures [81]. Several literature studies have explained this phenomenon as a mathe-
matical artifact due to the Arrhenius equation [82-85]. Although there is not a direct and
physical relationship between the activation energy and the pre-exponential factor, when the
compensation effect is evident, a lineal correlation between both kinetic parameters exists,

due to an exclusively mathematical artifact.

Given the Arrhenius expression in equation Eq. 3-2, the compensation effect could be defined
as the linear relation between the natural logarithm of the pre-exponentional factor and
the activation energy for a set of kinetic parameters corresponding to the same reaction.

Mathematically, equation Eq. 3-2 could be rewritten as the equation Eq. 3-6:
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B,

Ink = Inky — AT

(Eq. 3-6)

Equation Eq. 3-6, shows the linear correlation between the kinetic parameters from the
same reaction. Not all of the reactions that follows the Arrhenius equations present such
linear behavior. For this case, Figure 4-8 shows a linear behavior given that HC process has

first-order and irreversible reactions.

Although many studies have considered the compensation effect as a phenomenon which

mostly occur in catalytic systems [86], it also strongly depends of the order of the reactions.

Some advantages of the compensation effect are: to predict the reaction rates and Arrhenius
parameters when the data are limited or not enough; to know the effects of the catalyst
properties on a surface using explicit catalytic terms; and to provide a tool for determining

the governing reaction in the mechanism.

3.2. Fluid Catalytic Cracking (FCC)

In this section, a methodology to estimate the kinetic parameter, in this case, for FCC
process is carried out. Although the methodology was similar to the last one, it is important

to point out some differences that will be explained below.

3.2.1. XML (eXtensible Mark-Up Language) data standardization

Unlike HC, FCC database includes more process conditions. However, The database is also
built as a tree-like structure to stock the experimental data for FCC. Figure 3-5 shows the
tree-like structure and show how the information about FCC is organized. The Tree-like
structures consider the same nodes, except those regard to Ezperimental data which has
five nodes instead of two as HC. These five nodes represent the most important process

conditions for FCC, which were taken into account to make the optimization.

Also for FCC was possible to storage a wide set of experimental data that includes expe-

riments carried out in industrial and pilot case reactors. Table 3-1 shows the range which
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Figure 3-5. Tree-like structure used in this thesis for data storage taken from literature for

HC.

process conditions are changing. Given this wide range for every process condition, and in

the case that model shows a good fitting regard all the experimental data, it can be said

that the kinetic mechanism becomes into a general mechanism.

Table 3-1. Range for each process conditions for the FCC

Properties

Operation Range

Temperature (C)
Pressure (KPa)
COR
Diameter (m)
Feed rate (kg/s)
Length of reactor (m)

450 - 550
200-300
3.5-8.5
04-15

2-55
25-4
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A more detailed table below summarizes the process conditions that were taking into account
for the development of the mechanism for FCC. The table includes data from experiments
that simulated riser reactor, in pilot scale and industrial scale. The main objective here was
to evaluate some process conditions and get the mechanism that can give the best appro-
ximation for all the data. The most important conditions such as, operation temperature,
diameter, length of reactor, density of feedstock, molecular weight of the lumps, yields in
the exit of reactor, were taking into account for the database building and to get the mecha-
nism. Table 3-2 show the main features mentioned above for the building of database and

the lump-mechanism.

Table 3-2. Summary of process conditions stored in the XML database for Fluid Catalytic

Cracking
Authors Ref. [18] Ref. [19] Ref. [20] Ref. [21] Ref. [21] Ref. [21] Ref. [21] Ref. [22] Ref. [23] Ref. [24]
IBP(C) - 288 - 288 268 253 282 305 305 -
FBP(C) - 546 - 546 525 526 555 498 498 -
T(C) 522 500 522 494.3 494.4 494.3 494.2 520 520 527
Reactor 34.2 36.97 33 37 37 37 37 41.1 41.1 27.5
Length(m)
COR 7.2 6.48 7 4.56 4.99 5.09 4.48 8.1 6 3.7
Diameter(m) 0.8 0.68 0.8 0.7 0.7 0.7 0.7 1.5 1.5 0.4
Feed ra- 20 32.14 20 49.3 50.2 46.7 47.2 34.6 34.6 2.6
te(kg/s)
Pressure 200 220 219 230 230 230 230 250 250 220
(KPa)

3.2.2. Lumps selection

This thesis considered to take one mechanism from literature for a subsequently estimation
of its kinetic parameters. A four-lump mechanism was chosen to represent the FCC. The
mechanism originally proposed by Lee et al. [36] as a modification of Weekman’s mechanism
[4]. The mechanism has 4 lumps: VGO, is the raw material of the FCC; Gasoline represents
all the compounds between C8 and C14; Gases represents all the C2-C6 light compounds;
and finally, Coke that represents all the solid compounds formed due to thermal cracking

reactions.

All the irreversible reactions from one heavy lump to a lighter one were considered to deter-
mine the number of reactions of the mechanism. However, according to Gianetto et al. [25],
the contribution of the reaction to produce coke from gasoline in the concentration of coke

and gasoline is low, hence, this reactions may be deleted from the mechanism. And conside-
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ring that for FCC there is not a direct pathway to produce coke due to the cracking of the
gases, this reaction also was deleted. Therefore, the mechanism for FCC is represented as
shown in Figure 3-6. We can see the number of reactions for FCC that corresponds to eight

kinetic parameters for its optimization.

Gasoline

Ky l ke
ky
VGO —_— Gases

ks
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Figure 3-6. Four-lumps FCC mechanism proposed in this thesis.

3.2.3. Modeling and equations

Unlike to hydrocracking process, the FCC process was simulated as a Plugged-Flow Reactor
(PFR). The main assumption in the FCC process, catalyst particles and VGO are fluidized
and the assumption that it is possible to simulate the process as a PFR reactor has been
accepted. All the experimental data were simulated under the last process condition using
PFR as a reactor model. We assume that the reactions rate follows an Arrhenius law and the
model neglects any mass transfer restrictions and the reaction rates only involve the mass
fraction of each lump. This approximation would be valid in the case where the catalyst deac-
tivation was included in the kinetic constant. Also, this thesis considers lump-mechanisms
could be represented as an implicit kinetic where each kinetic parameter includes the ca-
talyst deactivation concentration as well as the mass transfer phenomena and the catalyst

properties.
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The system that represent the FCC is represented as a set of a second order reactions for VGO
decomposition and first order reactions for gasoline or gas decomposition, also considering
all of them are irreversible reactions. According to the mentioned above, the kinetic equation

for FCC process will be as shown in the equations Eq. 3-7 and Eq. 3-8

dF;
dL

vi=kxc (Eq. 3-8)

The last equations only apply for the reactions corresponding to VGO decomposition which
are second order reactions with the VGO composition during the process. And, the equations
to calculate the velocity constants follow the Arrhenius expression as shown below in the

equation Eq. 3-9.

—-FE
k=AxE < a) Eq. 3-9

* PP\ Ry (Eq. 3-9)
In equation Eq. 3-9 we can see the exponential dependence of the kinetic parameters with

the temperature.

To reduce this dependence, various studies, including that proposed by Blasetti and De
Lasa [87] proposed a kinetic mechanism through a reparametrization of equation Eq. 3-9
to reduce the correlation between preexponential factors and activation energies. According

equation Eq. 3-9, becomes:

“E. /1 1
ki; = A, jexp {R = (T - T5t>:| (Eq. 3-10)

Using equation Eq. 3-10 instead of equation Eq. 3-9 may reduce the stiffness of the model.
Therefore, the optimization could works better and find the local minimum easily. Unfortu-
nately, this equation was only used for the FCC process due to limitations. However, it was
demonstrated that better estimations can be obtained using the equation Eq. 3-10 as we can

see in the Appendix D.
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3.2.4. Kinetic Parameter Estimation

A total of 80 experimental data corresponding to eight different sources were taking into
account to make a general fitting to get the best set of kinetic parameters for FCC process.

It is necessary to know the lump-mechanism that will be used to represent this process.

After database was completed, fmincon routine from Matlab based on Levenberg-Marquardt
algorithm was developed to estimate the corresponding kinetic parameters. The algorithm
search the optimal values that minimizes the mean square error, MSE in equation Eq. 3-11,

between experimental data and data obtaining from this mechanism.

N
MSE':2:(yfred—yfg””)2 (Eq. 3-11)

=1

Where N mean the number of experimental data from the different sources, in this case, 80,
Y represents yield, mass fraction or flows depending on the case, and y;?"*? and y,;**? are the

predicted and experimental yields for each lump in the mechanism respectively.

A weighting factor also was used in the FCC case due to the considerable differences between
the lumps concentration along the riser reactor. It was demostrated in the hydrocracking

case that a weighthing factor is sucessfull to guarantee an equal optimization for each lump.

The same procedure to estimate the objective function for the FCC case was carried out.
Hence, the objective function did not suffered a change for the kinetic parameter estimation
for FCC. Therefore, the same minimization error function was also used as is shown in the

equation Eq. 3-12 and equation Eq. 3-13

N
WSE = w; (" - yf”p)o'5 (Eq. 3-12)

=1

and:
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w =1/ (yf™")"? (Eq. 3-13)

Despite using the same objective function for the FCC optimization, the steps to carry
it out were different. The main difference for FCC case was the presetting of the kinetic
parameters corresponding to the reaction 3 from the proposed mechanism for FCC. Given
the importance of coke formation in catalyst deactivation, it was so important determine
first that the mechanism fit as well as possible the coke formation for every experimental
data. Therefore, considering that coke formation only depends from the VGO decomposition,
one previous optimization was carried out optimizing the kinetic parameters related with
coke formation regard coke experimental data. The obtained values were defined as initial
values for the overall optimization. The another initial values were taken from one of the

more recent mechanisms proposed by Dasila et al. [21].

3.3. Delayed Coking Process

In this section, a methodology to estimate the kinetic parameter for Delayed Coking is
developed. It is to important to point out the similarities between the Delayed Coking and
Hydrocracking in the way how the experiments were carried out. It means that, according.
to the data from literature related with delayed coking. It will be explain further in the

subsection Modeling and equations.

3.3.1. XML (eXtensible Mark-Up Language) data standardization

The number of available data for delayed coking is less than the other process mentioned
above. One of the main reasons is the process is the more recent. Although there are a several
researches about cracking processes, the interesting of delayed coking process just start in
the last decades. However, a set of experimental data were collected to give a global vision

of the delayed coking as we proposed for the last processes.

The methodology was identical to described before. Taking into account that all the ex-
periments to get the experimental data collected in this research were carried out in batch

reactors, therefore, the experimental data collected in the XML database has associated only
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two process conditions, as it have been see for hydrocracking process, the process conditions
are temperature and residence time, this was LHSV for hydrocracking. The process condi-
tions which were collected through experimental data were in the range of 410 and 475 ° C

for the temperature and one and two hours for the residence time.

A total of 32 data corresponding to three different authors were collected to make the
optimization. It is expected that the set of experimental data may enough to give a global

vision about the delayed coking process.

3.3.2. Modeling and equations

The DC process was simulated as a Batch Reactor. Considering all the experiments worked

at isothermal conditions, the set of reactions could be represented as shown in the Eq. 3-14

The system that represent the Delayed Coking is represented as a set of a second order reac-
tions for VGO decomposition and first order reactions for de gasoline or gas decomposition,
also considering all of them are irreversible reactions. According to the mentioned above, the

kinetic equation for DC process will be as shown in the Eq. 3-14

dCz‘
=~ Eq. 3-14
at (Eq. 3-14)

Because of all reactions are first order reactions, the equations to calculate the velocity
constants are the same and follow the Arrhenius expression. This equations are shown below
(Eq. 3-15).

—-E,
k=Ax Exp (RT) (Eq. 3-15)
3.3.3. Kinetic Parameter Estimation

A total of 32 experimental data corresponding to four different sources were taking into

account to make a general fitting to get the best set of kinetic parameters for Delayed coking
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but first, it is necessary to know the lump-mechanism that will be used to represent this

process.

After database was completed, fmincon routine from Matlab based on Levenberg-Marquardt
algorithm was developed to estimate the corresponding kinetic parameters. The algorithm
search the optimal values that minimizes the mean square error, MSE in equation Eq. 3-16,

between experimental data and data obtaining from this mechanism.

N
MSE =3 (y" — ye)” (Eq. 3-16)

=1

Where N mean the number of experimental data from the different sources, in this case, 32,
Y represents yield, mass fraction or flows depending on the case, and y;”"*¢ and y;**” are the

predicted and experimental yields for each lump in the mechanism respectively.

A weighting factor also as used in the DC case due to the considerable differences between
the lumps concentration along the riser reactor. It was demostrated in the hydrocracking

case that a weighting factor is successful to guarantee an equal optimization for each lump.

The same procedure to estimate the objective function for the FCC case was carried out.
Hence, the objective function did not suffered a change for the kinetic parameter estimation

for FCC. Therefore, the same minimization error function was also used as is shown in the
Eq. 3-17 and Eq. 3-18

N
WSE =3 w; (4" — )" (Eq. 3-17)

=1

and:

w =1/ (yf™")"? (Eq. 3-18)



4. Results and Analysis

This chapter presents the main results of this thesis. Following the methodology from Chapter
3, The thesis presents the results when it was applied to each process: HC, FCC and DC. The
XML representation of the experimental data for each process is in the Appendix E and also
available in the FRUN web page [88].The chapter also shows the selected lump-mechanism for
each process and the corresponding kinetic parameter estimation and uncertainty calculation.
Finally, each mechanism was validated with experimental data taken from literature. This
chapter also explains the compensation effect between kinetic parameters from the same

reaction.

4.1. Hydrocracking

4.1.1. Data compilation

In order to get a kinetic mechanism based on the existing experimental literature for the
catalytic HC process, a total of 99 points corresponding to six different [13-16] authors were
taking into account for the creation of the database. XML structure has been widely used

given its multiple advantages.

For HC process the gathered data allow us to perform the analysis in a range of conditions
wider than usually reported in literature. For temperature, the range of working of the
general mechanism was between 360°C and 450°C, and 0.8 h™! and 1.5 h™! for the Liquid
Hourly Space velocity (LHSV). Most of reported studies works only with one kind of VGO,
even (380°C-400°C) and 1 h™! and 1.2 h™'.

Despite the XML database, as show in the appendix E, includes more than 10 works, only a

few of the works published experimental data for lumps which properties could be calculated,
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therefore, these were chosen for the model validation. Another works such as the developed
by Botchew et al. [15] that consider different lumps than the mechanism proposed here, was
included due to consider also a VGO decomposition, hence, only data regarding for VGO

decomposition were used for validation.

On the other hand, given that Aboul-gheit [13] proposed a lump-mechanism for hydrocrac-
king and according to Martinez et al. [12] agree that the model had a fitting coefficient
near to 1, simulations were carried out under typical conditions in order to generate the

experimental data for further validation with this mechanism.

4.1.2. Optimization and uncertainty calculation

4.1.2.1. Optimization routine

Figure 4-1 shows the total number of lumps and reactions for the mechanism. As explained
in Chapter 3, it was assumed that the reaction rate constant could be represented by an

Arrhenius expression which implies the estimation of 12 kinetic parameters for the mechanism

selected to represent the HC process.

Ky Distillate

g

k
Gas Oil —2> Naphtha Ks

ks

Gases <«—

Figure 4-1. Four-lumps HC mechanism proposed in this thesis.

Table 4-1 shows the set of kinetic parameters for the HC process that was obtained using



4.1 Hydrocracking 53

the fmincon routine as explained in the last chapter.

Table 4-1. Uncertainty values for each kinetic parameter obtained from the bootstrap tech-

nique

Reaction Ln Ko(g/gcat.h) Uncertainty value

1 10.1277 0.5119
2 27.9983 0.7786
3 19.2296 0.3823
4 5.5026 0.98207
) 3.7916 0.4904
6 24.0114 0.0631
Reaction Ea(kJ/mol) Uncertainty value
1 59.7720 2.7807
2 213.9262 0.2161
3 216.9726 0.1633
4 33.0237 5.2053
) 31.7994 2.6528
6 281.8131 1.0545

Table 4-1 shows non typical values for the kinetic parameters corresponding to the reactions
3 and 4. Despite model have a good fit with the experimental data, values for Eas and
Ea, are low taking into account that for cracking reactions the values are bigger. Also, we
have to take into account that these values correspond to global pathways between pseudo
components and the empiricism associated with the optimization method leads to obtain

low values in the kinetic parameters as we observed for Eaz and Eay.

To asses the goodness of the kinetic parameters to fit the experimental data, Figure 4-2
shows a parity plot that relates the model results and the data collected. Most of the points
are close to the parity line. The estimated value of R? is 0.96, an acceptable value given the
differences in the sources of experimental data. However, The model has a regular fitting
with some data at high temperatures (black diamonds and blue squares) proposed by [14,15].
Despite this regular fitting at 450°C, we can also see the good fitting with the experimental
data which were included as blue asterisks.

Despite the fact that Figure 4-2 indicates a good fitting of the proposed mechanism, an

additional sensitivity analysis was carried out by changing one parameter at a time in a
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specified range, and then recalculating the objective function. By observing the changes in
the objective function, one can determine if the obtained solution was indeed a minimum of

the objective function.
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Figure 4-2. Parity plot for the model prediction and data taken from literature. Red dots
[14], black squares [13,15], Blue dots [16].

Figure 4-3 shows the sensitivity of the objective function to the activation energy of reaction
1. In Figure 4-3 the existence of a local minimum, at the estimated Ea corresponding to the
reaction 1, is evident. The X axis represent the ratio between the value of the parameter and
the optimized value, therefore, number 1 in the X axis represent the optimized value obtained
in the previous step. The same analysis for all the parameters is available in Appendix A.

In all cases the presence of a local minimum was evident.

As final test for the kinetics that resulted from the optimization process, Figure 4-4 compares
the model predictions to that of the experimental data reported by Mohanty et al. [17]. The
figure shows that, although not perfect, the experimental data with an absolute error less
than 10 %.
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Figure 4-3. Sensitivity of the objective function to variations in the activation energy of

the reaction 1 of the mechanism in Figure 4-1
4.1.2.2. Uncertainty calculations

The bootstrapping technique, as it was described in the Chapter 3, is a powerful Monte
Carlo (MC) method to determine the uncertainty of a parameter determination process
when the data set is small or not enough to know the distribution through re-sampling of
the original set of data, keeping the same size of this. Table 4-1 shows the uncertainty values

corresponding to each parameter of the HC mechanism.

In general the uncertainty values are very low and tend to be less than 10 % of each parameter.
As mentioned in Chapter 3, it is important to remember that uncertainty is associated to
the parameter estimation process as it does not consider any experimental errors. Figure 4-5
shows that care was taken to guarantee that the number of bootstrap samples was enough
to guarantee a good representation of the kinetic parameters. Similar plots are available for
the pre exponential factors in Appendix A. Figure 4-7 presents an example of the histogram
of different values that result from the multiple optimizations that take place during the

bootstrap process. The figure only shows results for reaction 1, but similar plots are available
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Figure 4-4. Comparison between experimental in reference [17] for HC of an oil fraction

and the model using the parameters in the Table 4-1.

for all other parameters in Appendix A. The fact that the distribution tends to be centered
at the optimized parameter gives confidence that the uncertainty and parameter estimation

calculations are correct.

Figure 4-5 shows the results obtained from the tested of how change the values for the
mean of the re samples bootstrapp. The figure also show that the values for each energy
activation is stable with the resampling. Given that the value of each energy activation does
not represent a significance change, we need to follow this methodology to make the same

analysis with the standard deviation.

Figure 4-6 shows the results obtained from the tested of how change the values for the
standard deviation of the re samples bootstrapp. Unlike the Figure 4-5, this Figure presents

more changes with the bootstrapping resamples. We can observed the big changes associated
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Figure 4-5. Variation of the activation energies with respect to number of bootstrap resam-
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Figure 4-6. Variation of the standard deviation of activation energies with respect to number

of bootstrap resampling
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with the Eay in the first 300 iterations, and after between iteration 1000 and 1400. Despite
using 2000 bootstrapp resampling, the Figure 4-6 shows that 1600 iterations would have
been enough to estimate the kinetic parameters for HC where the standard deviation values
for each kinetic parameter are established. The same analysis was carried out for the pre ex-
ponential factor. The results, in the appendix A, also shows that 2000 bootstrapp resampling

are enough to calculate the kinetic parameter for HC.
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Figure 4-7. Histogram distribution for the activation energy corresponding to reaction 1
for HC mechanism

Figure 4-8 shows the compensation effect between the kinetic parameters corresponding for
reaction 3 and 4 from the HC mechanism. Figure also shows that despite the correlation
shows a more dense zone close to the optimized values, which are the expected results,
the linear behavior is highly predominant for HC. Given the background in the Chapter 3,
the linear behavior corresponds mainly because all of the reactions for HC are first-order

reactions.



4.2 Fluid Catalytic Cracking 29

30

25 | g

Ln A (1/h)
N
o
/
LnA,(/h)
(e))
\

4 e
..é t B
15 o
27 .
%o 210 220 230 ST 30 40
Eaa(kJ/ mol) Ea 4(kJ/moI)

Figure 4-8. Scatter distribution for the kinetic parameters for the reactions 3 and 4

4.2. Fluid Catalytic Cracking

4.2.1. Data compilation

The XML database for FCC contains the main process conditions such as initial mass flow
rate of VGO, temperature of reactor, molecular weight of lumps, catalyst oil ratio, length of
reactor, and yields of each lumps at the exit of the reactor. For a better understanding of
the database, a tree-structure XML was used to represent the experimental data associated
with FCC. The XML database is in the appendix F and also available in the FRUN web
page [88].

4.2.2. Optimization and uncertainty calculation
4.2.2.1. Optimization routine

Chapter 3 showed the equations to carry out the optimization process. With a complete

database, a four-lump mechanism for FCC process was proposed. Figure 4-9 shows the total
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number of lumps and reactions for the mechanism.
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Figure 4-9. Four-lumps FCC mechanism proposed in this thesis.

For the FCC case, the products were lumped according to its molecular structure. VGO
considers compounds between 19 and 22 carbon atoms, Gasoline (C3-Ciz), light gases (Cs-
Cgs) and coke as a solid product of the cracking reactions. For the mechanism described
before, each velocity constant follows the Arrhenius expression which leads to estimate eight

kinetic parameters for the FCC mechanism.

Once again, this work used optimization fmincon routine available in Matlab 2014 to mi-
nimize the objective function and obtain the kinetic parameters. The kinetic parameters
obtained after the optimization process guarantee an acceptable agreement between model
and experimental data as the parity plot in Figure 4-10 shows. Although the points in the
figure are more scattered than the HC results, (R? for the FCC parity plot was 0.62 while
that for HC was 0.94), they follow the tendency of the perfect parity (line) including the
experimental data taken from Gianetto et al. [25] marked as red asterisks, and experimental

data from an industrial riser marked as black asterisk.

Table 4-2 shows the values of the kinetic parameters using the fmincon routine and the
objective function previously defined in the chapter 3. In general the uncertainty values are

very low and tend to be less than 10 % of each parameter.

According to Figure 4-11, the values obtained in the optimization correspond to a minimum

value in the objective function when the pre exponential factor for reaction 1 changed in
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Figure 4-10. Parity plot for the model prediction and data taken from literature [18-25]

Table 4-2. Uncertainty values for each kinetic parameter obtained from the bootstrap tech-

nique for the proposed mechanism for FCC
Reaction Ln Ko(m®/kmol.kgcat.s) Uncertainty value

1 14.411 0.9041

2 12.555 0.8874

3 10.134 0.971
Reaction Ln Ko(m?/kgcat.s) Uncertainty value
4 6.225 1.638
Reaction Ea(kJ/mol) Uncertainty value
1 89.101 1.7829

2 84.508 2.046
3 71.616 2.7091
4 80.703 0.7664
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50 %. A similar analysis for the other parameters yields the same evidence of the existence

of a local minimum as shown in Appendix B.
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Figure 4-11. Sensitivity for activation energy of the reaction 1 of the proposed mechanism

for FCC
The evaluation of the parameters showed in Table 4-2 used this parameters in a model of

an industrial riser reactor in order to determine how the proposed mechanism can represent
experimental data from a local refinery. These data were not included in the database.

Figure 4.2.2.1 also shows a good fitting between the model and experimental data.

4.2.2.2. Uncertainty calculations

Following the same procedure than the applied to calculate the uncertainty values for HC
process. Table 4-2 shows the uncertainty values corresponding to each parameter of the FCC
mechanism. In general the uncertainty values are also very low and tend to be less than 10 %
of each parameter. As mentioned in Chapter 3, it is important to remember that uncertainty
is associated to the parameter estimation process as it does not consider any experimental
errors. Figure 4-13 shows that care was taken to guarantee that the number of bootstrap
samples was enough to guarantee a good representation of the kinetic parameters. Similar

plots are available for the pre exponential factors in Appendix A. Figure 4-15 presents an
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Figure 4-12. Representation of the experimental data for FCC Industrial riser using the

parameters in Table 4-2

example of the histogram of different values that result from the multiple optimizations
that take place during the bootstrap process. The figure only shows results for reaction
1, but similar plots are available for all other parameters in Appendix B. The fact that
the distribution tends to be centered at the optimized parameter gives confidence that the

uncertainty and parameter estimation calculations are correct.

Similarly to HC, we developed an analysis based upon the changes in the values of standard
deviation for the activation energies and pre exponential factors. Figure 4-14 shows these
changes for the activation energy values. In the initial 600 iterations wee can see that the
values of keep unstables, and even the value for Ea; between 1000 and 1200 iterations presents

considerable changes. The values established from the iteration 1600.

The Figure 4-15 show the distribution for the reaction that transforms VGO gasoline. The

others histograms are in Appendix B.

To determine the optimum number of re sampling bootstrap it was necessary to quantify
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Figure 4-13. Variation of the activation energies with respect to number of bootstrap re-

sampling

how change the mean values and standard deviation of each parameter with the number of
bootstrap, and after to define the number of bootstrap for this process. Figure 4-13 shows

how to change the activation energy of the re sampling with the number of re sampling.
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Figure 4-14. Variation of the standard deviation for activation energies with respect to

number of bootstrap resampling
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Figure 4-15. hystogram distribution for kinetic parameter corresponding to reactions 1 and
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Figure 4-16 shows the distribution of the results as a scatter plot. This plot shows the region
where is more likely to find the set of kinetic parameters. The other distributions are in the
appendix B. Also, Figure 4-16 indicates that the compensation effect is not present in the
FCC optimization. The reason for may stem from the fact that most reactions are second

order. As explained above, first-order reactions are more prone to suffer the compensation

effect.
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Figure 4-16. Scatter distribution for the kinetic parameters for the reaction 3
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4.3. Delayed Coking

4.3.1. Data compilation

The XML database for DC process contains the main conditions for batch reactors, given
that all the experiments reviewed were carried out in this kind of reactor. Therefore, the
XML database has only residence times and temperature. For a better understanding of the
database, a tree-structure XML was used to represent the experimental data associated with
DC. The XML database is in the appendix G and also available in the FRUN web page [88].

4.3.2. Optimization and uncertainty calculation
4.3.2.1. Optimization routine

Based upon equations from Chapter 3 to describe the DC process, one mechanism that

includes the most representative lumps for this process was proposed here. Figure 4-17

Gas

ka

ky
VRC ———— > Distillates

ks
Coke
Figure 4-17. Four-lumps DC mechanism proposed in this thesis.

For the DC case, the mechanism proposed in this thesis agrees with other reported studies in

the classification of pseudo-components (VRC, gases, distillates and coke) and the number of
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lumps. VRC, gases, distillates and coke. For the mechanism described before, each velocity

constant follows the Arrhenius expression which leads to estimate six kinetic parameters.

We followed the same optimization process described in HC and FCC sections and a similar
objective function define in Chapter 3. We found that the model’s results have a good
fitting with the experimental data, as shown in Figure 4-18 with relative good agreement
(R?2=0.94) shows a parity plot between data obtained from our model and the data taken

from literature.
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Figure 4-18. Parity plot for the model prediction and data taken from literature.

The table 4-3 shows the values of the kinetic parameters obtaining using the fmincon routine

and the objective function previously defined in Chapter 3.

The same procedure was followed to carry out the sensitivity analysis described in previous
sections. As an example Figure 4-19 shows the behavior of the objective function when
we change the parameters corresponding to the reaction that transform VRC in gases. We
conclude that the optimization was successful and that the obtained parameters are local

minima optimum. Thus, we accept these values as the kinetic parameters for the DC process.

Figure 4-19 shows a symmetrical values in the objective function with a change in the pa-
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Table 4-3. Uncertainty values for each kinetic parameter obtained from the bootstrapp

technique
Reaction Ln Ko(1/h) Uncertainty value
1 34.90 0.51
2 27.78 0.85
3 44.06 1.00
Reaction Ea(kJ/mol) Uncertainty value
1 219.71 2.64
2 171.73 5.03
3 268.02 5.80
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Figure 4-19. Sensitivity for activation energy of the reaction 1 of the proposed mechanism

for DC

rameters from the same reaction for DC. In this case, Figure 4-19 shows the corresponding
parameters for reaction 1. The symmetric behavior follow the compensation effect phenome-
non. Given that activation energies and pre exponential factors are strongly coupled, it is
reflected in the figure above. Figure 4-19 also shows objective function trends to be constant

when the variation is over 1.5 times the minimum value. This behavior occur for every reac-



70 4 Results and Analysis

tion for DC (Appendix C) due to extreme values for each kinetic parameter, it means that,
for instance, in the case of Ea; lower values (0.5 times of optimized value), decomposition
of VRC will take place instantaneously and implies the highest error against experimental
data. In the other side, if the value of Ea; is extremely high, VRC will not decompose and

implies another high error. The same analysis could be carried out for A;.

4.3.2.2. Uncertainty calculations

Finally, we followed the bootstrap methodology for generating 2000 sets of parameters and
analyze their distribution and standard deviation. Table 4-3 shows the uncertainty values
corresponding to each parameter of the DC mechanism. The DC results can show the same
results as distribution probability diagram or using histograms that enable to see clearly the
distribution of each kinetic parameter. The figures below Figure 4-20 show this distribution
for the kinetic parameters corresponding to DC process.The others histograms are in the

appendix C.

Finally, Figure 4-22 presents the scatter plot of the most probable region for the kinetic
parameters. We observed the same behavior than HC process. It is mainly because DC has

first-order and irreversible reactions.
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Figure 4-20. Histogram distribution for kinetic parameter corresponding to reaction 1
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Figure 4-21. Variation of the activation energies with respect to number of bootstrap re

sampling
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Figure 4-22. Scatter distribution for the kinetic parameters for DC for the reaction 1



5. Conclusions

This thesis developed a lump kinetic model for three important refinery processes: Hydro-
cracking, Fluid Catalytic Cracking an Delayed Coking. We used XML for compiling, storing
and unifying experimental data reported in literature for the three processes. By using the
fmincon routine from Matlab, it was possible to calculate the best set of kinetic parameter
for each lump kinetic model obtaining a good fitting with the data. The soundness of the
kinetic model was ensured by a sensitivity analysis for the calculation of each set of kinetic
parameters and the adaptation of a powerful statistic technique for the calculation of the
uncertainy associated with each parameter. The bootstrap technique is a tool for calculating
uncertainty when the uncertainties associated to experimental date a are not available, like

in our case.

This thesis provides a tool for developing lump kinetic models when experiments are not
available. We highlight that the best way to get a lump kinetic model is through experi-
mentation, as this way we can obtain kinetic parameters for the exact process conditions
(feedstock, residence times, temperature, pressures, etc). However, the goal of this thesis
was to give a more global approach than the traditional alternative to experiments that the
CFD community normally takes, i.e. the selection of the kinetic expressions available in just
one scientific publication. The use of the XML standardization and the optimization and

uncertainty analysis described above provide this alternative.

When applied to HC, FCC and DC for databases with 99, 84 and 36 data points respectively,
the coefficient of determination (R?) between model predictions with the global kinetic <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>