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Abstract

Facultad de Minas

Facultad de Minas, Departamento de Procesos y Energia
M.Sc. in Chemical Engineering

Improvement of the performance of a hydrocracking reactor using a

computational fluid dynamics perspective.

by Juan José Arias Belduque

The distribution of the liquid phase at the top of the catalytic bed of a hydrocracking
trickle bed reactor was obtained by CFD simulations and coupled to a 1-D hydrocracking
reactor model, used to evaluate the performance of the reactor. The design of the
distribution system, that operated at industrial conditions (644K and 17M Pa), was
based on a multiphase CFD study carried out with the commercial software ANSYS
Fluent v.15. Three CFD simulations were needed to accurately describe the distribution
at the top of the reactor: (1) the gas phase entering to the vapor lift distributor (VLD)
unit, a device used to mix the gas and the liquid phases; (2) the VLD itself, and (3) the
dispersion zone where a mixture of both phases falls to the top of the catalyst bed from
the outlet of the VLD unit. The CFD simulations and the 1-D hydrocracking reactor
model were validated using literature data. A parameter variation process was done at
the VLD unit and the dispersion zone, to improve the distribution of the liquid phase
at the top of the catalytic bed and the performance of the hydrocracking reactor. For
the VLD unit the parameter varied was the ratio between the separation plate height
and the total VLD height. A comparison of three different cases showed that a value of
0.83 is the best configuration. The evaluation of two different depth distances for the
dispersion zone indicates that 40cm offered the best liquid distribution at the top of the
bed. With the configurations selected an analysis of different profiles at the top of the
catalyst bed, showed the advantage of a careful description of the distribution in the top
tray when predicting reactor conversion. An arrangement of VLD units allowed for a
conversion of 0.1284 for conditions selected, which is comparable with obtained for the
completely mixed case. These results indicate the importance of a proper description of

the distribution system in this type of reactors.
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Resumen

Facultad de Minas

Facultad de Minas, Departamento de Procesos y Energia
M.Sc. in Chemical Engineering

Mejoramiento del funcionamiento de un reactor de hidrocraqueo usando

una perspectiva de dinamica de fluidos computacional

por Juan José Arias Belduque

La distribucién de la fase liquida en la parte superior del lecho catalitico de un reactor
de hidrocraqueo se obtuvo mediante simulaciones CFD y acoplado con un modelo 1-D
para un reactor de hidrocraqueo, se evalué el desempeno del reactor. El sistema de
distribucién, operando a condiciones industriales (644 K and 17 MPa), se basé en un
estudio CFD multifdsico y se llevé a cabo usando el software ANSYS Fluent v.15. Tres
simulaciones CFD fueron necesarias para describir correctamente la distribucion en la
parte superior del reactor: (1) el gas entrando a la unidad de distribucién asistida por
gas (VLD singlas en inglés), un dispositivo usado para mezclar las fases liquida y gas;
(2) la unidad VLD en si misma, y (3) la zona de dispersion donde una mezcla de las dos
fases cae a la parte superior del lecho catalico desde la salida de la unidad VLD. Los
resultados de la simulaciéon CFD y los del modelo 1-D de un reactor de hidrocraqueo
fueron validados usando datos de la literatura. Un proceso de variacion de parametros
se realiz6 para la unidad VLD y para la zona de dispersién para mejorar la distribucién
de la fase liquida en la parte superior del lecho catalitico y el desempeno del reactor
de hidrocraqueo. Para la unidad VLD el paramétro variado fue la altura de la placa
separadora con respecto a la altura total de la unidad VLD. Una comparacién entre
tres casos diferentes mostré que un valor 0.83 es la mejor configuracién. La evaluacién
de dos profundidades diferentes para la zona de dispersién indicé que 40cm ofrece la
mejor distribucién en la parte superior del lecho. Con las configuraciones seleccionadas
un analisis de diferentes perfiles en la parte superior del lecho catalitico, mostré las
ventajas de la cuidadosa descripcién de la distribuciéon en la parte superior cuando se
predice la conversion del reactor. Un arreglo de unidades VLD permite una conversion
de 0.1284 para las condiciones seleccionadas, que es comparable con la obtenida para el
caso completamente mezclado. Estos resultados indican la importancia de la descripcién

apropiada de los sistemas de distribucién en este tipo de reactores.
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Chapter 1

Introduction

1.1 Justification

The UPME (Mining and Energy Planning Unit by its spanish acronym) is a special
administrative colombian unit that is responsible to develop plans to mining and energy
sector. Scenarios for Oil Supply and Demand in Colombia is an official document pre-
sented by the UPME, the base-case scenario of this document shows that for the next
twenty years is estimated that 1.205 million of heavy oil barrels (MBIs) will be added
to Colombia’s oil reserves [1]. It is expected that a part of this new heavy oil reserves
will be processed at local refineries, this kind of oil is characterized by a high viscosity
and high density, hence to be refined much severe operating conditions are needed [1],
knowledge about refining processes involved on the conversion of these heavy oils to

more valuable products will be fundamental to compete on the global markets.

This thesis is part of the objectives proposed for the research project Development of
stmulations tools to heavy oil refinement - an approximation by computational fluid dy-
namics (CFD) funded by Ecopetrol and Colciencias, with the aim of strengthen national
research groups on knowledge about heavy crude oil refining processes. Particularly, the
aim of this research is to generate knowledge and achieve an improvement over the perfor-
mance of a hydrocracking (HDC) process by studying the phenomenological interactions

using a computational fluid dynamic (CFD) perspective.
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1.2 Objectives

1.2.1 General objective

To propose design alternatives to improve the operation of a VGO-hydrocracking reactor.

1.2.2 Specific objectives

e To identify bottlenecks in the standard operation of a VGO-hydrocracking process

reactor.

e To develop a computational fluid dynamic simulation of a VGO-hydrocracking

process reactor.

e To evaluate different design configurations to improve the operation of a VGO-

hydrocracking process reactor.

1.3 Theoretical framework

In this section will described some concepts that will be important along the document.

1.3.1 Hydroprocessing

Hydroprocessing is an oil refining process applied to heavy oil fractions with high con-
centrations of impurities. In this kind of process molecular hydrogen is fed at inlet

stream with with two different objectives:

e To remove impurities in the feedstock mainly heteroatoms like N, O, V, Ni, and
any other type of metals present on the hydrocarbon molecules which are replaced

with hydrogen atoms.

e To decrease the molecular weight of the molecules into the feedstock, this change
in the molecular weight is related to a change in the chemical identity of the

molecules.

These processes are called hydrotreating and hydrocracking, respectively [2]. Typical
conditions to this kind of processes were proposed by Gruia [3] and are summarized at
the Table 1.1.
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TABLE 1.1: Range of operation conditions proposed by Gruia [3] to hydrocracking and
hydrotreating processes

Condition Hydrocracking Hydrotreating
Temperature (°C') 300- 425 (572-797 °F) 290 379 (554-714.2 °F)
Partial pressure of Hy (kPa) 8618 17236 (1250-2500 psi) 1378 13789 (200-2000 psi)
LHSV (h71) 0.2a8

1.3.2 Hydrocracking process

1.3.2.1 Reactor configuration

The configuration of HDC reactors can vary from one to another, but there are some
similarities between them; excepting some novel configurations HDC processes are usu-
ally hosted in trickle bed reactors (TBR) [4], in this kind of configuration the catalyst
is a fixed bed (with a porosity of 0.38 approximately) and the liquid trickles over the
surface of the catalyst particles in a down-flow mode while it is exposed to a hydrogen
atmosphere [5, 6]. The HDC reactions are exothermic, this means that reactions release
energy as heat when they take place, this heat release is used to enhance the reaction
rates of HDC process by an adiabatic operation. To control the temperature inside the
HDC reactor a fluid (in HDC process is commonly used hydrogen or feedstock as quench
fluid) is injected in the middle of two fixed beds, the injected fluid has a lower temper-
ature than mixture exiting from first catalyst bed, this process is know as quenching
process; thereby a typical configuration of a HDC reactor should have more than one
fixed bed.

Another important component of the HDC process is the liquid distribution system. In
the system are included the distribution tray section, that is a set of devices used to
mix the phases and the dispersion zone, that is a non-catalyst zone located between the
distribution tray and the top of the first catalyst bed, more specifically the dispersion
zone is used to guarantee a good dispersion of the liquid/gas mixture that gets out from
the VLD unit.

In conclusion, a HDC process can be separated in two zones: (1) the liquid distribution
zone that includes all the reactor systems that are used to mix the phases and spread
the liquid over the top of first catalyst bed and (2) the reaction zone that is the volume
right below distribution zone full of catalyst and where the reactions take place. The

interaction between both zones is located at the top of the catalyst bed.
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1.3.2.2 Catalyst functioning

The HDC reactions take place over the surface of a catalyst, for this kind of process is
used a mixed catalyst, it is called mixed because it is possible to find over the catalyst
surface active sites with metallic components or acid components. The metallic sites
are only composed by noble metals like palladium and platinum or metals in the group
VIB and VIIIB (their oxides or sulphides); the last ones have a better tolerance to the
presence of sulfur atoms in the feedstock, nevertheless they have less catalytic activity
than their counterpart (noble metals). The main function of metallic sites is to activate
the hydrogen and to catalyze the hydrogenation and dehydrogenation reactions. On the
other hand, the acid sites have a cracking function by breaking bonds in the hydrocarbon
molecules, these sites are composed by amorphous oxides, zeolites or mixtures of them.
The concentration of metallic sites and acid sites in the catalyst depends on process

needs [2, 3].

1.3.3 Multiphase models
1.3.3.1 ANSYS Fluent Volume of fluid (VOF) model

The VOF model was formulated under the assumption that modeling fluids are im-
miscible, this assumption allows to model two or more fluids by solving a single set of
momentum equations. For each additional phase added to the simulation a new variable
is introduced: the volume fraction of the phase in the computational cell. Using those
variables it is possible to track the interface between phases through space and time,
because the sum of the volume fraction of the phases must be equal to one. Due to a
single set of momentum equations is solved, the velocity field obtained is shared among
the phases. The set of momentum equation has a dependency on the volume fractions
of all phases which is represented by the density (p) and viscosity (1), as can be seen at
the equation below (with a x property), a property can be calculated using the volume

fractions of all phases o, at each cell.

X = Zaqxq (1.1)

1.3.3.2 ANSYS Fluent Eulerian multiphase model

The Eulerian multiphase ANSYS model assumes that each of the phases can be simulated
using an Eulerian treatment, this assumptions allows to simulate multiple separate and

yet interacting phases, those phases could be any combination of liquids, gases or solids;
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the only limitation of the Eulerian multiphase model for the number of secondary phases
are: the memory requirements and convergence behavior for complex multiphase flows.
In particular to this model a single pressure is shared by all phases and the momentum
and continuity equations are solved for each phase. The Eulerian multiphase model can
describe a multiphase flow as a continua by adding the volume fraction of each phase,
also the interaction among the phases for the exchange of momentum, heat, and mass

can be introduced.

1.3.4 Maldistribution factor

The maldistribution factor (M) proposed by Marcandelli in 2000 is a coefficient used on
TBR simulation to quantify the uniformity of the liquid distribution. M} is obtained by
dividing a surface in the simulation domain in N zones with equal area, measuring the
liquid flow rate through each of zones with equal area(Qp;) and calculating the average
liquid flow rate(Q Lmean) With the total liquid flow rate through the selected surface and

total number equal areas (V) [7] with the equation below.

_ QLtotal

QLmecm = T (12)

The maldistribution coefficient (M) is defined as:

— 1 QLi - QLmean 2
Mf B \/N(N - 1) Z < QLmean > (13)

The My coefficient varies from 1 for a perfect distribution of liquid at the surface to 0 if

the liquid only flows using a single zone of equal area of the surface. Thus, until lower

the value of My the better of the liquid distribution at the surface selected.

1.4 State of the Art

As stated previously, the hydrocracking reactions are usually hosted on TBRs, this
kind of reactors have been modeled since mid-70s when Satterfield [8] proposes the first
simulation of a TBR using empirical correlations to approximate the flow regime, the
pressure drop, liquid hold up, mass coefficients and other important parameters. It was
at 1999 with Jiang et al. work that a CFD simulation of a TBR was built to observe
the flow distribution of two phases in a 2-D model [9].
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In 2003, Ranade proposes a methodology to model a TBRs using an Eulerian multi-
phase model coupled with models for wetting efficiency, interphase momentum exchange,
porous distribution and capillary pressure [10], this methodology is used to nowadays.
Along the years different works (as examples: [11-13]) were published using different
models to those variables. One of the most widespread models to inter-phase momentum
exchange is the model proposed by Attou et al., this model became popular on TBR
CFD simulation because it was developed via force balances and it has good agreement

with experimental data [14].

In 2007, Ranade sets the first approach to model a reactive multiphase flow in a TBR
using a CFD simulation [15]. This same approach with some variations is still being
used to simulate reactive flux on TBR, as example are Hashemabadi works, where hy-

drotreating of gasoil in a TBR is simulated isothermally and non-isothermally [16, 17].

Liquid spreading at the inlet and inside TBRs has been extensively studied experimen-
tally as showed by Marcandelli [7], Moller [18], Nigam [19], Tsochatzidis [20] works. In
particular the research work done by Marcandelli et al. lay the foundation to analyze
the liquid maldistribution by proposing the Maldistribution factor, a coefficient that is
calculated using the liquid flows in different sections of the reactor [7]. In 2005 Boyer et
al. presented a research work in liquid spreading in TBR with an experimental compo-
nent and a CFD simulation, this work marks the beginning of CFD simulation of liquid

spreading and liquid distribution in TBRs [11].

After Boyer et al research work, CFD simulations with non-homogeneous inlet of liquid
are developed; Atta et al. [21] developed a 3-D CFD simulation using the porous media
concept with only two phases (rather than three-phase Eulerian model) to capture the
liquid flow maldistribution experimentally measured by Marcandelli in 2000. Bazmi et
al. (2012) studied the liquid flow maldistribution in a TBR using different configurations
to liquid entrance [22], with the traditional three-phase Eulerian approach and compares
the results against Atta et al. results. Solomenko (2015)[23] using a two Eulerian ap-
proach studied the liquid distribution in a TBR with a 2-D and 3-D CFD simulations
besides it was developed a sensitivity analysis of the liquid spreading to different vari-
ables. In 2012, Kuzeljevic et al. developed a CFD simulation that can be consider
the first research work with a reactive flow and liquid distribution components, because
the liquid inlet was simulated using injection points instead of a homogeneous profile
and the reaction of decomposition of hydrogen peroxide in cooper chromite catalyst was

modeled [24].

All the previous research works generate important knowledge of TBR operation in their
own way but all have in common that to spread the liquid it was used the distribution

tray technology; as Maiti summarized in 2007 there are different kinds of gas-liquid
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distributors for TBRs and the distribution tray technology is being replaced by new
developments [25]. In 2015, Augier et al. in their review work done to the oil and
gas industry [26] considers that the CFD simulation of gas-liquid distributors is a topic
with an increasing trend because there are new requirements for the industry to take
advantage of the reactive volume in the TBRs, which only can be done by the enhancing
the liquid distribution at the top of the catalyst beds. The works done by Ramajo
[27] and Martinez [28] simulated a perforated plate and chimney in a distribution tray,
respectively, both works focused in accurately describe the behavior of the phases at the
inlet of the TBRs.

There is no CFD simulations of VLD units in the open literature at the time of this
thesis but the experimental works of Du et al. [29] and Nolin [30] could be the starting
point to develop a CFD simulation of a VLD unit, both works have a lot of experimental
measurements to gas flows. Besides Du et al. describes some important patterns in the
VLD unit operation, as well as gives operation ranges to some important variables to
the correctly operation of the VLD unit. It is important to note that both works have
a lack of information about the geometry of the VLD unit, even though this issue can
overcome using data reported in other works like the Bazer-Bachi experimental work
done with gas-liquid distributors [31], this lack of information makes more difficult the

CFD process simulation.

1.5 Thesis outline

This document is divided in 9 chapters, in the first chapter there is an introduction
to VGO-hydrocracking process, important concepts for the thesis and a brief state of
the art are presented. In the second chapter is presented the general methodology used
in this thesis to complete the proposed objectives; each of simulation chapters explain
extensively how each simulation was done, the conditions used, the assumptions made
and the simulation results. In the third chapter an analysis of the literature suggests
that liquid maldistribution is a relevant bottleneck to the TBR and VGO-hydrocracking
operation is introduced, in this chapter is also explained the implications of the identified

bottleneck to the CFD simulation process done in this thesis.

The next three chapters are focused on the systems that were studied: (1) the gas inlet
to the VLD unit (Chapter 4), (2) the VLD unit itself (Chapter 5) and (3) the dispersion
zone (Chapter 6). The seventh chapter summarized the geometrical changes done over
the CFD simulations to enhance the liquid distribution at the top of the catalyst bed

when is used a VLD unit to mix the phases.
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The best configurations found in the Chapter 7 were used to build a simulation in the
Chapter 8, the liquid distribution obtained in the simulation was analyzed using a 1-D
mathematical model of a VGO-hydrocracking reactor besides some strategies used on

the previous chapters (Chapter 8).

Finally, in the last chapter are the general conclusions obtained from this work.



Chapter 2

Methodology

In this chapter it will detailed the general methodology used to achieve the specific
objectives proposed previously, this chapter is divided in three sections: Bottleneck
identification process section, the CFD simulations process section and evaluation of

design configurations process section.

In the bottleneck identification process section is explained the methodology used to
identify a relevant bottleneck that could be simulated via CFD. In the CFD simulations
section is detailed the simulation process done, the software used and the validation
process, but the particularities of each simulation are extensively explained in each
simulation chapter. Finally in the evaluation of design configurations process section
there are explained the strategies used to evaluate the liquid distribution in the CFD
simulations and there is an emphasis in the evaluation of the liquid distribution at the

top of the catalyst bed.

2.1 Bottleneck identification process

The bottleneck detected to the VGO-hydrocracking operation was identified by a search-
ing in open literature, a first search was done to find any problem on reactor operation
regardless if was possible to be addressed using a CFD simulation. After, a second
search was done but it was limited to find only operational issues that could involve a
CFD simulation, this search suggested that an attractive bottleneck to be solve via CFD
simulation it must be associated with TBRs operation. At the chapter 3 are presented

the results of the second search, these are the results related only to TBR operation.
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2.2 CFD simulation process

After being identified the bottleneck in the VGO-hydrocracking process the next step is
to formulate the CFD simulation, the CFD simulations were built using ANSYS Fluent
v.15, there are different kind of models available to be used on ANSYS Fluent v.15;
the state of the art suggests that the best way to model the behavior of the phases at
any stage of the VGO-hydrocracking process is by multiphase models accordingly to
the requirements of the simulation a model of this kind was selected to the simulation
process. The meshes needed were built using ICEM CFD v.15 a meshing program
available on ANSYS v.15.

Process data like operating conditions, properties of the fluids, HDC kinetic constants,
global conversion and products yields were obtained before starting the simulation pro-
cess. Some of this information (operating conditions, global conversion and products
yields) was took from the work done by Mohanty in 1991 for a two step-hydrocracking
reactor [32]. The properties of the fluids were obtained using ASPEN HYSYS; the
complex components like the feedstock and the products of the HDC process which are
mixtures of thousands different organic molecules with different number of carbons and
H/C ratio were characterized by using a pseudo-component, in ASPEN HYSYS to char-
acterize a pseudo-component are needed the API gravity and its distillation curve. The
API grades and distillation curves used to characterize feedstock, naphtha and distil-
lates pseudo-components were obtained by a literature search and they are presented in

chapter 8.

The post-processing of the results obtained from CFD simulations was done using CFD-
Post, a tool from ANSYS workbench. If it was necessary an unavailable analysis, the data
were exported in ASCII format and later were read using MATLAB and in MATLAB

environment the treatment needed was applied..

2.2.1 Validation process

To validate the performance of the CFD simulations, experimental data in the literature
were used. The validations processes were done by trying to be as accurate possible to
the experimental setup, this means use the same fluids of the experimental setup, the
same operating conditions and if possible the same geometry. The process validation

involves three steps:

1. To propose a CFD simulation capable to describe the behavior of both phases at

a particular zone.
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2. To compare the results of the CFD simulation with the experimental measured

data.

3. To readjust the assumptions or geometry made at the step one in the CFD simu-

lation to accurately describe the behavior.

An iteration process between step 2 and 3 allowed to build CFD simulations to approx-
imately describe the behavior of the phases in the experimental setups selected from

literature.

2.3 Evaluation of design configurations process

The evaluation of the design configurations was done by two different methodologies,
the first methodology uses the maldistribution factor proposed by Marcandelli in 2000,
by this way it was possible to quantify the liquid distribution. The second way used in
this work to evaluate the liquid distributions at the top of the catalyst bed obtained by
CFD simulations was using a 1-D VGO-hydrocracking reactor mathematical model, by
this way it was possible to estimate an approximate behavior of the performance of the
reactor by solving a system of first order differential equations. The set of equations are
presented in the chapter 8, it is composed by five mass balance differential equations for
each pseudo-component of the reaction mechanism and the hydrogen and a differential
equation for the energy balance. By using the 1-D model of the VGO-hydrocracking
reactor it was only possible to obtain an approximate behavior of the reactor, however
the final aim of the 1-D VGO-hydrocracking reactor mathematical model is to relate
the performance of the reactor to hydrodynamic variables at the top of the catalyst bed

(like velocity of the phase or volume fraction of the phases).



Chapter 3

Bottleneck identification

To achieve an improvement on a system, the first step is to identify when, where and/or
why the system fails. In engineering, a bottleneck is defined as any element of a sys-
tem which reduces the capacity of the system below of the demanded throughput. The
improvement of the performance of the HDC reactor in this work started by an identifi-

cation of process limitations (bottlenecks) that could be studied by a CFD perspective.

3.1 Bottleneck to a VGO-hydrocracking process

To identify the most usual process limitation on HDC reactor operation it was necessary
use firstly a bibliography search on indexed science journals, handbooks and other related
literature. Atypical information sources as HDC process surveys, gray literature and
online forums were used too. Process limitation are important for both academic and
industrial areas so it was important take the relevant information from both sides to

build ideas and concepts about current bottlenecks in HDC processes.

The previous definition of bottleneck was used with the objective to identify any element
on reactor operation that could be considered as a bottleneck, the information search
showed that the bottlenecks may be associated with the type of the reactor used to host
the VGO-hydrocracking process. The HDC reactions are usually hosted in trickle bed
reactors (TBR), in TBR operation liquid flow distribution is one of the most critical
parameters to guarantee that this kind of reactor behaves near to design values, also it
is known that small variation in liquid flow distribution can lead to a substantial loss in
the activity of the catalyst [21, 22, 28], in normal operation liquid flow distribution in
the reactor can be noticeably different from design distribution, this condition is known

as flow maldistribution and is undesirable, deviation from the design flow patterns can

12
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be caused by preferential flow path (or channeling of fluid), by recycling of fluid or by
creation of stagnant regions (or dead zones) [33]. Liquid flow distribution inside the
reactor is function of diameter of reactor to catalyst particle diameter, liquid and gas
flow rates, physicochemical properties of the fluids, wettability, initial distribution and

orientation and shape of the catalyst [10, 19, 21].

Flow maldistribution can generate several problems on TBR operation, some of them are
related to the inefficient use of the catalyst [22] like losses on the performance, selectivity
or catalyst stability [7] while another common issue on operation is hot spot formation
[22]. These issues will lead the reactor to loss his volumetric productivity through
undesired reaction rates (as coke formation on oil refining processes) or decreasing the
desired reaction rates. Finally liquid distribution also has an impact over pressure drop,

higher pressure drop means high long-term operating cost of TBRs.

Although liquid flow maldistribution is not an element of the system and it is more
like an undesirable situation on operation, it can be considered like a bottleneck due to
the kind of issues that triggers, this issues can lead to the reactor (taken system) works
below demanded throughput, further this condition is closely related to process variables
as was mentioned above making possible to correct the liquid flow maldistribution by

CFD simulations based on process modifications.

3.2 Bottleneck implications to the CFD simulation process

This work focused on achieve an improvement of the performance in a VGO-hydrocracking
reactor using CFD simulation, as was presented in the previous section the literature
suggest that the liquid distribution (or maldistribution) at the top of the catalyst bed
is critical parameter to the VGO-hydrocracking process to guarantee the appropriate
performance of the reactor, also the state of the art showed that the flow maldistribu-
tion has been successfully simulated with CFD simulation therefore is bottleneck that

is possible to be addressed by CFD simulation.

As mention previously at the introduction chapter there are two important sections on
the distribution zone: (1) the distribution tray section and the dispersion zone section.
As Maiti et al. [25] showed in their review work there are different gas liquid distributors
that could be used on the distribution tray section, in this work it was chose to work
with a Vapor Lift Distributor (VLD) unit, this kind of distributor had not yet been

simulated at the time of this thesis in the open literature.

It was concluded that there are necessary three CFD simulations to accurately describe

the behavior of the phases at the distribution zone. Two simulations to describe the
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VLD unit and another one to describe the dispersion zone, each of them have a chapter

dedicated to explain the results obtained and how the simulation was built.

The geometry of the distribution tray and the dispersion zone was obtain by combining
the information report by Bazer-Bachi et al. [31] about devices used on TBR operation
to spread the liquid phase over the top of the catalyst bed and the information report
by Du et al. [29] about VLD units.

In conclusion the CFD simulations done in this work will focused on appropriately de-
scribe the behavior of the phases at the distribution zone to improve the performance

of a VGO-hydrocracking reactor.



Chapter 4

CFD simulation of gas inlet to a
single VLD unit

As it was mentioned at the methodology chapter (Chapter 2) to simulate the liquid
distribution at the top of the catalyst bed it is necessary to simulate the distribution tray
and the dispersion zone, to describe completely both sections of the liquid distribution
system three CFD simulation were built, however this chapter will focus only on the

CFD simulation of the gas inlet to a single VLD unit.

The VLD unit is a U-shaped conduit device surrounded by a pool of liquid used to mix
the liquid flow and the gas flow in a single stream, one of the legs (INLET leg) of the
U-shaped conduit is shorter than other and have a tiny slot that is used by the gaseous
phase to go inside the VLD unit, the other leg (OUTLET leg) allows the mixture stream
go to the dispersion zone. Illustrative scheme of the VLD unit operation can be seen at

the Figure 4.1.

Previously to this work there is no literature available about CFD simulations of VLD
units and there is not clear information about how the gas phase behaves at the sur-
roundings or at inlet slot of the VLD unit. Because of this it was necessary to simulate

the behavior of the gaseous phases as approaches to the inlet slot.

4.1 CFD modeling

Like was mentioned above the VLD unit is surrounded by a pool of liquid, due to
high computational resources that could be needed to simulate the pool of liquid and

the interaction with the gas phase by a multiphase CFD model, it is proposed the

15
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FIGURE 4.1: VLD unit operating scheme. Flow lines of the gas phase inside the VLD
unit.

assumption that the liquid surface that is exposed to the gas phase acts like wall, this

assumption will be examined at the result section.

A mesh with 544000 cells with a non-homogenous size distribution was used to simulate
the behavior of the gaseous phase as goes to the inside of the VLD unit, the more refined
section of the mesh is in front of the inlet slot to capture accurately the inlet profile. The
mesh refinement can be seen at the Figure 4.2. Also a transient single phase Eulerian
model on ANSYS Fluent v.15 was used until the pseudo-stationary state (PSS) was
reached. It was establish that the PSS is reached using an arbitrary criteria: the average
velocity magnitude at the inlet slot of the VLD unit does not have changes greater than

5% of itself.

FIGURE 4.2: Mesh used in the CFD simulation of the gas inlet at the VLD unit.
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To involve the turbulence effect in the simulation, principally the turbulence near at the
inlet slot unit and at the interior of the VLD was chosen to use a Reynolds Averaged
Navier-Stokes (RANS) turbulent model, more specifically the k-e turbulent model, this
kind of turbulence models offer an economic approach to compute turbulent flows pro-
viding a good level of accuracy. The k-e¢ turbulent model is a widely used model for

industrial and engineering flow calculations.

4.1.1 Geometry, fluid properties, operating and boundary conditions

The geometry used in the gas inlet to a single VLD unit simulation is a cubical volume
of 0.5x0.5x0.4m where the bottom surface of the cube is the liquid surface simulated
like a wall, the rest of the surfaces of the cubical simulation domain (five surfaces) are
inlets to the gas phase, this cubical volume simulates to be the surrounding of a single
VLD unit. At the center of the cubical volume there is a parallelepiped shape with a
dimensions of 0.2x0.1x0.05m and with an inlet slot of 0.002x0.15m, this parallelepiped
at the center simulates to be the VLD unit. The gaseous phase use the inlet slot to
goes inside the VLD unit volume in the center of the simulation domain to reach the
outlet surface inside of him, for this simulation case the outlet surface was established

as a pressure outlet boundary condition.

It is assumed that the gas inlet stream is pure hydrogen and there is no reactions at
this point of the reactor to produce any other gas species, so the gas phase is composed
only by hydrogen. As mentioned at the chapter 2 the properties of the hydrogen at
the operating conditions were calculated using ASPEN HYSYS, the properties were
assumed like constants because there are no great changes of pressure or temperature
at the VLD unit or the surroundings. The properties used and the operating conditions

are summarized in the Table 4.1.

TABLE 4.1: Gaseous phase properties on gas inlet to a single VLD unit simulation.

Properties Value
Temperature (K) 644.15
Pressure (M Pa) 17.06

Density (kg.m™3) 6.2522

Viscosity (kg.m~1.s71)  1.5363e-05

As was mention above five surfaces are used by the gas to inlet to the simulation domain,
it was choose that all of them were velocity inlets with a flat profile of 5.7 mm.s~!, the

time step used in the simulation is the 1ms.
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4.2 CFD simulation results

As was mentioned at the beginning of this chapter the aim of this simulation is to
capture the behavior of the gas phase as approaches to the inlet slot of the VLD unit,
this objective includes the velocity profile at the inlet slot. The first step to capture
behavior of the gas as goes inside the VLD unit is reach the PSS, as was said before
the PSS is found by tracking the average velocity magnitude at the inlet slot. The PSS
was reached after simulate 9s as can be seen at the Figure 4.3 at this time the tracking
variable (average velocity magnitude at the inlet slot) does not change drastically. The
simulation data were taken from 5s until the end of the simulation but only data after

reached the PSS were used to built the figures shown in this chapter.
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FIGURE 4.3: Tracking of the average velocity the slot inlet to idenfity when the simu-
lation is on PSS.

As expected closer to the inlet slot higher the velocity of the gaseous phase, as can be
seen at the Figure 4.4, where the horizontal axis (abscissa) is a dimensionless length that
as increases it is farthest from the inlet slot. This acceleration phenomenon of the gas
phase is due to the conservation of the volumetric flow. Observing the velocity profile
as the gas approximates to the inlet slot in the Figure 4.4 is clear that there is a drastic
acceleration of the gaseous phase near to the slot, more precisely at ¥ equal to 0.3. The

Figure 4.4 also shows that the velocity remains below 2m.s~! until ¥ is lower than 0.2,
right in the vicinity of the slot.

Now that the behavior of the gas phase as approaches to the inlet slot was characterized,
it seems important to known also the behavior of the phase velocity in the vertical

direction to know how far the profile extends. By observing at different points of the
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FIGURE 4.4: Behavior of the velocity magnitude. The vertical axis is logarithmic,
while the horizontal axis is the ratio between X distance measured from the slot and
the width of the VLD unit.

simulation domain it was concluded that the gas phase only accelerates along the inlet
slot (0 < a < 1) and along the slot this acceleration is almost uniform as can be seen at

the Figure 4.5.
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FI1GURE 4.5: Velocity profile in the height direction. The dimensionless variable on the
vertical axis is the ratio between the y distance and the height of the slot.



Chapter 4. CFD simulation of gas inlet to a single VLD unit 20

After understand the general behavior of the gas phase as goes inside the VLD, seems im-
portant to examine the assumption used at the bottom surface of the simulation domain,
as was mention in this chapter this assumption was made to reduce the computational
resources needed to simulate this particular section. This assumption is conceived using
the concept of stratified laminar flow, in this kind of multiphase flow the velocity at the
interface between the two immiscible fluids becomes equal to the velocity of the most

viscous.

As it was mentioned above that the VLD unit is surrounded by a pool of liquid, it
is approximately correct to assume that in real operation the liquid pool should not
drastically move in a different direction that the vertical (change in the liquid level).
The last assumption means the velocities in a direction different of the vertical direction

L are near. At low velocities of the gas phase (like in the distant zones

if are not 0 m.s~
from the slot of the VLD unit) the interaction of the gaseous phase with the liquid pool
should be low, so the interface between the fluids should behaves in a similar manner
that a stratified laminar flow. Because the liquid is the most viscous fluid and practically
it is stationary to any different direction that the vertical direction as was noted, the

velocities at interface between the liquid and the gas phase should be near to zero.

The previous explanation will be correct only if in the simulation domain there is not
large areas with high velocities, in the Figure 4.6 can be seen that this statement is true
except for the area near to the slot of the VLD unit. But the area where velocity of

1is not even 10% of the total liquid surface exposed to

the gas phase is above 1 m.s™
the gas phase. It was concluded that to decrease the computational resources necessary
to simulate gas inlet to a single VLD unit it was approximately correct to assume that
the interface between the fluids behaves like a wall with a no-slip condition as long
as the area with high interaction of the gas phase over the liquid phase remains small
in comparison with the total exposed area, in contrary case the assumption that the

interface between fluids behaves like a stratified laminar flow is not accurate.

Finally, in the Figure 4.7 is presented the velocity profile at the inlet slot, the values
presented are the velocity magnitude at the center of the 200 cells which their faces
belong to the inlet slot surface. As expected, most of the variation in velocity is in the
horizontal direction and as was noted before in the vertical direction the acceleration
is almost uniform along the inlet slot. Also it is important to note that the horizontal
axis in the Figure 4.7 is not in scale to facilitate observation of the velocity profile. This

profile will be used in the next simulations as boundary condition.
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FIGURE 4.6: Velocity contours of the gas phase as goes inside the VLD unit.
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FIGURE 4.7: Velocity magnitude profile of the gaseous phase at the inlet slot profile.



Chapter 5

CFD simulation of a vapor lift

distributor unit

The previous chapter focus on the behavior of the gas phase, on the other hand this
chapter will change the focus to capture accurately the interaction between both phases
at the VLD unit. As it was mentioned before at the VLD unit the gaseous phase flows
from the outside of the VLD unit to the inside at high velocity using the inlet slot, this
high velocity gas stream assists the movement of the exposed stationary liquid phase
breaking its surface and lifting him through the inlet leg to the top of the VLD unit and

generating a continuous flow of liquid at the outlet leg.

The literature about VLD unit at the time of this thesis is limited to some experimental
papers, this research work proposes a practical way to simulate a single VLD unit using
CFD, the simulation built with the methodology proposed in this chapter was validated

using experimental data on literature.

5.1 CFD modeling

The CFD simulation of the VLD unit was built under the main objective to build a
simulation with a low-consume of computational resources. To simulate the behavior
of both phases on the VLD unit it was choose to use a multiphase transient model,
specifically the Volume of Fluid (VOF) model, this model is in capacity to track the
interface between two phases making possible to observe the behavior of the liquid

surface exposed to the high velocity current of gas.

The main assumption of the VLD unit CFD simulation is that the only piece of the
liquid pool that matters to the simulation is the portion of liquid that is right below

22
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FIGURE 5.1: Mesh used in the simulation of the VLD unit with refinement in front of
the inlet slot.

of the inlet leg, this liquid portion was simulated using a container with the same sizes
that the inlet leg. At the bottom of the container there is velocity boundary condition

that was used to guarantee that liquid height of the pool remains almost constant.

The Figure 5.1 shows the mesh used in the CFD simulation of the VLD unit, the mesh
is composed by 120000 non-homogeneous size hexahedral cells, the mesh is more refined
in front of the slot to capture accurately the behavior of the gas while goes inside the
VLD unit. As was remarked in the previous chapter (Chapter 4)the velocity profile at
the slot is inherited from the CFD simulation of gas inlet to a single VLD unit, the

profile used can be seen at the Figure 4.7.

The turbulence effect on the system was model by using again the RANS k-e model,
in the previous chapter (Chapter 4)was discuss the convenience of use this model on
the CFD simulation, the conclusion remains, using a k-e turbulence model allows a
good level of precision to predict the turbulence in the system without expensive use of

computational resources.

5.1.1 Geometry, fluid properties, operating and boundary conditions

The sizes of the simulation domain are 0.05x0.1x0.3m to width, length and height,

respectively. The domain is composed by two velocity inlets and one pressure outlet. An
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FIGURE 5.2: ASTM D1160 distillation curve for the VGO.

exclusive velocity inlet for the gaseous phase (inlet slot) with dimensions of 0.002x0.15m
and an exclusive velocity inlet for the liquid phase (at the bottom of the container) that

was sized as 0.05x0.05m.

In the same way as in previous chapter (Chapter 4) the properties of the liquid and
gaseous phase were assumed as constants, because there is not great changes of tem-
perature or pressure inside of the VLD unit. The properties were obtain from ASPEN
HYSYS at 644.15 K and 17.0636 M Pa. The gas properties remain same as in previous
chapter but the properties of the liquid were calculated using the distillation curve in

the Figure 5.2.

TABLE 5.1: Properties of the liquid and gas phase in the VLD unit CFD simulation.

Property Hydrogen (gas phase) VGO (liquid phase)
Density (kg.m™3) 6.2522 647.6747
Viscosity (kg.m~t.s71) 1.5363¢ ! 5.5454e 1
Surface tension (dyn.cm™1) 6.0121

As was noted previously there are three boundary conditions in the simulation domain,
the inlet slot is a velocity inlet boundary condition used exclusively by gaseous phase,
where the velocity values on each cell were inherited from the previous simulation, Figure
4.7. At the bottom surface of the container, it is a velocity inlet boundary condition to
the liquid, a flat profile (constant entrance velocity) was used instead. The container
was patched with a starting pool of liquid with a height of 0.1m and the velocity inlet

boundary condition restores the liquid that goes out at a rate of 0.2244 m.s~ L.
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5.2 Validation process

A validation process was done to ensure that the models and the assumptions used in the
CFD simulation represent correctly the behavior of the phases at the VLD unit. At the
time of this thesis there is no standard procedure to validate a CFD simulation of a VLD
unit. Instead it was proposed to validate the results of the VLD unit CFD simulation
using the pressure drop between two points inside simulation domain, the chosen point
were the gas inlet slot and the outlet. The data used in the validation process was the
experimental pressure drop data obtained by Nolin [30] for the water/air system. As
not all the dimensions were available, initially the opening between the inlet and outlet

leg was used as parameter and later was used the area of the inlet slot.

Initially was assumed that the liquid phase has a volume fraction so low (below 0.1) that
is possible to capture the pressure drop at the VLD only simulating the gaseous phase.
Using the opening between the inlet and outlet leg as parameter in the simulations three

simulation were proposed:

e Opening length between the inlet and outlet leg equal to 2.5¢m.
e Opening length between the inlet and outlet leg equal to 5em.

e Opening length between the inlet and outlet leg equal to 15¢cm.

The results at the Figure 5.3 show that this assumption is not correct, for the case where
the opening between legs have a length of 15¢m the pressure drop is under predicted
to any volumetric gas flow. To the cases where opening between legs have a length of
5 and 2.5¢m the pressure drop to the lowest values of volumetric gas flow were under
predicted too, but to the highest volume gas flow rate the pressure drop was approx-
imately captured. These results show that the assumption of neglect the presence of
liquid is correct only to high volumetric gas flows. Also it was noted that the case with
an opening between legs equal to 15¢m under predicted the values of pressure drop for

all volume gas flow rates but capture better the tendency of the experimental data.

The previous set of simulations allowed to identify the importance of the liquid phase to
validate the VLD unit simulation. Then another set of simulations were proposed using
an opening between the legs of 15¢m, but the liquid phase increased the computational
cost of the CFD simulations, in order to complete the validation process only the points
at the ends (65 m3/h and 140 m?/h) were simulated. In the first set of simulations (using
an inlet slot area of 3cm?) the pressure drop was overestimated as can bee see at the

Figure 5.4. As was noted previous in this section some dimensions of the experimental
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FiGure 5.3: CFD simulation of the gas phase to validate the pressure drop on the
VLD unit.
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FIGURE 5.4: Comparison between the data measured by Nolin and the CFD simulation
results when the inlet slot area is equal to 3em?

setup were unavailable, to capture accurately the pressure drop measured by Nolin a
parameter modification of the geometry of the simulation was done using the area of the

slot as parameter.

Two other cases were evaluated, an inlet slot area of 6em? and 10.5¢m? were used, it was

presumed that a bigger inlet slot area will reduce the velocity at the inlet slot and also
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FI1GURE 5.5: Comparison between the data measured by Nolin and the CFD simulation
results when the inlet slot area is varied.

reduce the pressure drop at the VLD unit. Both simulations showed that the hypothesis
proposed previously is fulfilled as can be observe at Figure 5.5, if the area of the inlet slot
increases, the pressure drop at the VLD unit declines drastically as can be concluded
by comparing the results of the simulation with bigger slot area (inlet slot area of 6¢m?

and 10.5cm?) against the first VOF simulations (inlet slot area of 3em?).

By comparing the predicted results by CFD simulation with the experimental data mea-
sured by Nolin it is possible to state that the CFD simulations proposed and the models
used on them can represent the behavior of the phases inside a VLD unit. In addition
to the tendency of the pressure drop (which was predicted by all the simulations), it
was possible to predict the values of the pressure drop obtained from the experiments
however the geometry of the VLD unit is a key parameter to achieve better and more

accurate simulations.

5.3 CFD simulation results

To capture the behavior of the phases at the VLD unit a transient VOF model was used,
when transient formulation of the models are used previously to obtain the results of
the simulation achieve the PSS is needed. In particular to the VLD unit simulation the
PSS was obtained by tracking the average volume fraction of the liquid and the velocity
at the outlet of the VLD unit. The data is presented in this section is taken after the
PSS is reached.
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FI1GURE 5.6: Iso-surface of liquid phase volume fraction at different times.

The first step in the flow analysis inside the VLD unit was done by examining an iso-
surface for a liquid-phase volume fraction, an iso-surface is a surface that represents
points of constant value within a volume of space. The iso-surface was calculated using
CFD-post with a liquid volume fraction of 0.75, the change over time of the iso-surface
after the PSS can be observe in the Figure 5.6. The iso-surface showed three important

results:

e At the inlet leg there is a large portion of the simulation domain where the volume
fraction of the liquid phase is above 0.75, this zone with high liquid concentra-
tion explains why the simulations done at validation process needed of multiphase
models instead of single phase formulation, the initial assumption where the gas
phase is in a higher concentration than the liquid phase is not satisfied at the inlet
leg, the pressure drop generated by the high liquid concentration at the inlet leg

only could be observed after using multiphase models.

e The interaction between the high velocity gas phase with the stationary liquid
phase at the inlet leg creates a continuous flow of liquid. Inside the VLD unit the
behavior of the phases is similar to a wispy-annular flow, in this kind of flow one
of the phases moves in contact with the wall and the other moves in the center of
the pipeline, this multiphase flow behavior change when the mixture reaches the

outlet leg.

e At the outlet leg a particular behavior was found by the flow analysis, a significant
portion of the liquid phase descents in contact with the opposite wall of the gas
entrance, Du et al. [29] in 2014 experimentally evidenced this behavior to the
water/air system at standard conditions, even if the conditions and fluids are
different this similar behavior between the experimental and simulation data brings

more confidence of the simulation results.
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Once that was obtain a qualitative behavior of the phases inside the VLD unit using the
iso-surface, it was necessary a quantitative analysis, this analysis starts with building
the liquid volume fraction profile along the VLD unit. This profile was built using
planes at different heights at each of the legs of the VLD unit, 15 points were taken,
5 at the inlet leg and 10 at the outlet leg. In the Figure 5.7 is possible to seen how
the volume fraction of the liquid phase decreases from a value of almost 1 near to the
surface of the liquid pool to a value less than 0.1 at the outlet of the VLD unit. It is clear
that as larger 8 smaller the volume fraction of the liquid. This behavior of the liquid
phase is due to exchange of momentum between phases, the high velocity gas stream
loses momentum that translates into a velocity decrease with a rise of volume fraction,
instead the behavior of liquid phase is the complete opposite, using the momentum
exchanged with the gas phase the liquid phase accelerates and decreases his volume

fraction.
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FIGURE 5.7: VLD unit liquid phase volume fraction profile along the inlet leg.
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Chapter 6

CFD simulation of the dispersion

z0one

Like it was mentioned at the chapter 3 to simulate the liquid distribution at the top of
the catalyst bed it was necessary to simulate the distribution tray and the dispersion
zone, the past two chapters described a single VLD unit using two CFD simulations,
on the other hand this chapter will focus on the simulation of the dispersion zone. This
simulation is the final step and yields the liquid distribution at the top of the catalyst
bed.

The dispersion zone is a catalyst-free volume located between the distribution tray and
the catalyst bed to guarantee dispersion of the liquid/gas mixture that exits from the
VLD units. The mixture stream exiting at high velocity from the VLD unit reduces his
velocity as moves from the outlet of the VLD to the top of the catalyst bed. Similar to
the behavior of a jet stream, the flow velocity decreases as moves away from flow center
and the width of the stream flow increase as the stream goes from the outlet of the VLD
to the top of the catalyst bed. This behavior increases the spread of the liquid over the
catalyst bed but the collision of the flow with the porous bed also influences the liquid

distribution.

6.1 CFD modeling

As it was mention previously the dispersion zone is free of catalyst, in the cubical simu-
lation domain used to simulate the dispersion zone there are a free-catalyst simulation
zone and a porous simulation zone. The porous zone was used to simulate the top of

the catalyst bed. It was chosen not simulate all the distribution tray, instead simulate

31
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a square arrangement of four VLD distributors with four symmetry boundary condi-
tions in the vertical surfaces of the cubical domain, by replicating the profile with the
symmetry boundary conditions a larger area can be obtained if it is needed, using this
configuration it was possible to study if there is an interaction between injectors in any
direction without an excessive use of computational resources. To properly export the
velocity and volume fraction from the previous simulation four velocity inlets were used,
also by this way was possible to manipulate independently each velocity inlet allowing
to evaluate if the alignment of the VLD units could enhance the liquid distribution at
the top of the bed. Finally a pressure outlet boundary condition was used at the bottom

surface of the simulation domain.

FIGURE 6.1: 500k non-homogeneous hexahedral cells mesh of the dispersion zone.

The mesh used on the simulations of the dispersion zone has 500000 non-homogeneous
hexahedral cells, the velocity inlets have a high refinement to accurately capture behavior
of the mixture stream as moves away from the boundary conditions in the simulation
domain as can be seen in the Figure 6.1. The CFD simulation of the dispersion zone was
built in ANSYS Fluent v.15 using the Eulerian-Eulerian multiphase model in transient
form with a time step of 1ms. In this simulation the turbulence model used was the
RANS k- model that allow to capture accurately the turbulence generated by the collision
of the streams with the top of the catalyst bed.

6.1.1 Geometry, fluid properties, operating and boundary conditions

The cubical domain is sized by 0.674x0.674x0.25m, the dimensions were calculated using
the cross sectional area of the reactor and the number of injectors needed to guarantee
the liquid flow reported by Mohanty [32]. Using 100 injectors guarantee the liquid flow
reported and also the gas phase opening rate defined by Du et al. [29] it is kept in the
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suggested range. The free-catalyst simulation zone have a depth of 0.2m and porous

simulation zone that is right below uses the rest of length.

The same operating conditions of the VLD unit simulation were used on this one, as can
be observe at the CFD simulation of a VDL unit chapter (chapter 5) the pressure drop
in the VLD unit is negligible when is compared against the total pressure of the reactor.
The temperature also remains constant because there is no sources or sink of heat in the
process, besides the reactor was assumed like adiabatic, a typical operational condition
to this kind of reactor. Due to there is no great changes of pressure or temperature on

the system same properties in the Table 5.1 were used.

As mention above the top of the catalyst bed was simulated using an ANSYS Fluent
v.15 porous zone, the bed properties used were calculated using mean values of volume
fraction of the phases (0.35 and 0.03 to the gas and to the liquid respectively) and the
interaction between phases model proposed by Attou et al. [14], the values obtained can
be seen at the Table 6.1.

TABLE 6.1: Properties used on the porous zone in the simulation domain.

Property Liquid phase Gas phase
Viscous Resistance Coefficient (m=?2) 1.7765e+09 1.6910e+08
Inertial Resistance Coefficient (m~—1) 5922.7 949.04

In the four velocity inlet boundary conditions at the top of the simulation domain a
velocity profile and liquid volume fraction profile were used, as it was mention along
the document this profiles are inherited from the previous simulation (VLD unit CFD
simulation in the chapter 5), the liquid volume fraction profile and velocity profile were
taken at certain time after the PSS was reached. In the Figure 6.2 and 6.3 the liquid

volume fraction profile and the velocity profile of the phases can be seen, respectively.

6.2 Validation process

The dispersion zone CFD simulation was validated employing the liquid distribution
measured by Du et al. beneath the distributor using liquid collectors at a certain distance
not reported. Air and water were used as gas and liquid phases, respectively, just like

Du et al did in their own experimental setup.

The dispersion zone simulation domain was built using the dimensions reported for
collectors in the experimental setup of Du et al., eleven collectors were used with a
width of 0.04m, with a total length of 0.44m. Because the separation between the

collectors and the distributor was not reported like was mention previously the depth
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FIGURE 6.2: Liquid volume fraction profile at the velocity inlets in the dispersion zone
CFD simulation.
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FIGURE 6.3: Velocity profile at the velocity inlets in the dispersion zone CFD simula-
tion.

of the simulation domain was assumed as 0.4m. The dimensions of the dispersion zone

simulation domain used to the validation process were 0.44x0.44x0.4m.

The description of the experimental setup built by Du et al. refers to a single distributor,
which was represented in the CFD simulation of the dipersion zone by velocity inlet
boundary condition, the velocity and volume fraction profiles used in the inlet boundary
condition were obtained from a CFD simulation of a VLD unit using the same flow
velocities to the gas and liquid phase (0.044m/s to the liquid phase and 4.4m/s to the
gas phase) in the inlet boundary conditions, unfortunately the dimensions of the VLD

unit were assumed as they were not reported by Du et al.

To simulate the liquid collectors of the experimental setup eleven surface monitors for lig-

uid volume flow were used, each of them with a same area as a single collector (0.0016m?).
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The Figure 6.4 shows the CFD simulation results against the experimental data mea-
sured by Du et al., a rough representation of the experimental data was obtained but
the experimental data trend was approximately captured. There are two differences

between the CFD simulation results and the experimental data:

1. The experimental data have bigger values of flow to the bins next to the peak but
lower values to farthest bins, the CFD simulation have a porous zone at the outlet
to bring converge to the CFD simulation and to avoid reverse flow at the pressure
outlet of the simulation domain, even if this configuration is more similar to the
real operation of the VLD unit this porous zone could displace a portion of the

liquid flow to the farthest bins from the bin peak.

2. The value of the peak was approximately captured by the CFD simulation but
the location did not, the location of the VLD unit and the portion of the liquid
descending in contact with the wall that is typical of the VLD unit operation could
displace the location of the peak. The liquid descending in contact with the wall
portion is so high that miss place the VLD unit easily displace the peak of the
CFD data.

A rough capture of the experimental data trend was obtained by the CFD simulation but
it is important to note that several assumptions were made during the validation process
also the fact that the velocity of the phases were reported instead on the volumetric flows
difficult the process validation. Even if a refinement of the CFD simulation is needed, to
obtain a better representation of the experimental data than actually obtained a better

description of the experimental setup is needed.

6.3 CFD simulation results

The dispersion zone CFD simulation allows to capture the liquid distribution at the
top of the catalyst bed, as was established at the chapter 2, the first step to simulate
the dispersion zone by a CFD transient simulation is to reach the PSS, similar to the
previous CFD simulations the PSS was tracked by following the evolution of a simulation
variable, to this particular case the liquid volume fraction at the top of the catalyst bed,
after 12s the tracked variable seems not have important changes of itself, so it was settled
that the PSS was reached. After achieve the PSS, an analysis of the phases behavior
in the simulation domain was done, each zone in the simulation domain (free-catalyst
zone and porous zone) was examined separately, first the free-catalyst zone and later

the porous zone.
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FIGURE 6.4: Comparison between experimental data measured by Du et al., 2014 and
calculated data.

The average liquid volume fraction at the top of the catalyst bed (0.1282) is higher than
the liquid volume fraction at the inlets (0.0888), this change in the liquid volume fraction
suggests that in the free-catalyst zone there is a liquid concentration phenomenon. In
the Figure 6.5 can be seen that the liquid is concentrating as goes from the outlet of
the VLD unit to the top of the catalyst bed. To explain this behavior is important to
note that there are two different zones in the inlets as can be seen at the Figure 6.2,
a high liquid concentration zone and a low liquid concentration zone, the streamlines
analysis at the inlets indicates that the path follow by the mixture going out from the
zone with low liquid concentration is larger than mixture that goes out from the zone
with high concentration of liquid, this behavior can be seen at the Figure 6.6. This
means that mixture with low liquid concentration tends to go directly to the upper part
of the dispersion zone allowing that liquid phase concentrates just above the top of the
catalyst bed. The described behavior of the entering mixture illustrates why the liquid

volume fraction growths as the depth of the simulation domain increases.

The analysis of the porous zone begins with the presentation of the distribution of liquid
phase over the top of the catalyst bed by a contour of the liquid volume fraction (Figure
6.7), at first sight it is clear that there are zones with high and low concentration and

this zones are associated with the velocity inlet boundary conditions.

At the Figure 6.7 is possible to see how the distribution of the liquid phase in the top of
the catalyst bed is highly dependent of the liquid distribution at the outlet of the VLD

unit. Also can be noted that the point of higher liquid phase concentration is displaced
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FIGURE 6.5: Liquid volume fraction profile above the top of the catalyst bed.

FIGURE 6.6: Stream lines from the velocity inlet boundary condition colored by the
liquid volume fraction of the liquid phase.
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FIGURE 6.7: Liquid volume fraction distribution over the top of the catalyst bed.

towards zone with higher concentration of liquid in the outlet of the VLD unit, this
means that the liquid descending in contact with wall in the VLD unit have a significant

effect on the liquid distribution at the top of the catalyst bed.

Three liquid volume fraction profiles at different points inside the porous zone of the
simulation domain were obtained and are presented in the Figures 6.7, 6.8 and 6.9. The
Figures show the slight expansion of the liquid phase high concentration zone while the
catalyst bed depth increases, this behavior agrees with previous data found in literature
where it is settled that the liquid distribution is function of the depth in the reactor [21],
thereby the liquid distribution is enhanced as moves from the top of the catalyst bed to

the outlet surface.
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FIGURE 6.8: Liquid volume fraction distribution 2.5 ¢m below the top of the catalyst
bed.

The variation of the liquid volume fraction when the surface moves away from the top

of the catalyst bed implies that the velocity is changing as well, as can be seen in the
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FIGURE 6.9: Liquid volume fraction distribution 5 ¢m below the top of the catalyst
bed.

Figures 6.10, 6.11 and 6.12, there is an extreme variation of the velocity right after the
flow passes the top of the catalyst bed, the same location as the liquid volume fraction

changes.
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F1cURE 6.10: Contour of the superficial velocity magnitude of the liquid phase in
m.s~ ', over the top of the catalyst bed.
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FIGURE 6.11: Contour of the superficial velocity magnitude of the liquid phase in
m.s~1, 2.5cm below the top of the catalyst bed.
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F1cURE 6.12: Contour of the superficial velocity magnitude of the liquid phase in
m.s~ !, 5bem below the top of the catalyst bed.



Chapter 7

Parameter variation processes to

enhance the liquid distribution

This chapter explains the parameter variation process done over the geometry of the VLD
unit and the dispersion to enhance the liquid distribution. In the VLD unit section, the
height of separator plate between the legs was varied to eliminate the liquid phase flow
in contact with the wall, the process shows that using height of separator plate only can
minimize the problem but is not complete solved, future work will focused in propose
new variation over the geometry to obtain a better distribution. At the dispersion zone
section, Du et al. suggested that the separation between the distribution tray and the
top of the catalyst bed can enhance the liquid distribution, when the length is duplicated
the statement proposed by Du et al. is correct, future work will consider if the there is a
limit to extend the separation between the distribution tray and the top of the catalyst
bed.

7.1 Parameter variation process over the VLD unit

The liquid phase flow in contact with the wall is a recurring problem in VLD unit
operation, this problem has been identified experimentally (as was mentioned previously
Du et al. report a similar phenomenon) and by CFD simulation (as can be seen at the
chapter 5), a parameter modification over the geometry of the VLD unit was done trying
to reduce this phenomenon, as was noted in chapter 6 liquid phase flow in contact with
the wall phenomenon is closed related with some liquid distribution issues at the top of

the catalyst bed.
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FIGURE 7.1: Geometry changes done by change the ratio of separator wall height (SH)
to total VLD unit height (H)

The openning between legs characteristic length was modified by varying the ratio of
separator wall height (SH) to total VLD unit height (H). Three different ratios were
used: 0.5, 0.84 and 0.92 and the liquid distribution at the exit of the VLD unit was
studied, each of the changes done over the geometry of the VLD unit can be observe in
the Figure 7.1. The ratio of separator wall height (SH) to total VLD unit height (H) was
selected for this parameter modification process because was found to have a significant

effect over the behavior of liquid phase and the liquid distribution inside the VLD unit.

The liquid distribution at the outlet of the VLD unit was studied using the maldis-
tribution factor (M) analysis, this strategy was extensively explain at the theoretical
framework in the chapter 1. The Figure 7.2 shows a comparison of the liquid distribu-
tion in the outlet surface of the VLD unit among the three cases studied, all the studied
cases showed the same zone with high concentration of liquid flow in the wall opposite
to the gas entrance. Then, the modification characteristic length of the opening between
legs can reduce but cannot eliminate the phenomenon of liquid phase flow in contact
with the wall. The Table 7.1 shows the maldistribution factors obtained for each case,
based on the calculated coefficients the best liquid distribution is yielded when a ratio
of separator wall height (SH) to total VLD unit height (H) equal to 0.86 was used. The
comparison of the liquid distribution in the nine partitions (Figure ) yields to the same

conclusion.

TABLE 7.1: Change of the Maldistribution factor at the outlet of the VLD unit when
the ratio of separator wall (SH/H) changes over time.

The ratio of separator wall (SH/H) Maldistribution factor (My)
0.50 0.59
0.84 0.38
0.92 0.40
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FiGURE 7.2: Comparison of the liquid distribution at the outlet of the VLD unit
through nine partitions when the ratio of separator wall (SH/H) changes over time.

7.2 Parameter variation process over the dispersion zone

Du et al. suggest that the separation between the distributor and the top of the bed
influences the dispersion of the liquid over the surface, using the CFD simulation built
to the dispersion zone the depth of simulation domain was increased (from 20cm to
40 cm), to examine how the variation of the length between those points affects the
liquid distribution. The liquid volume fraction distribution at the top of the catalyst
bed is presented for both cases in the Figures 7.3 and 7.4, at first sight is possible note
that the liquid distribution to the case with larger depth have a more homogeneous
contour than the opposite case, both cases were examined with the same strategies
(maldistribution factor My and liquid flow distribution) used along this document to

verify if the statement previously stated is correct.

Liquid volume fraction
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FiGURE 7.3: Liquid volume fraction distribution over the top of the catalyst bed,
simulation with a depth of 20cm.



Chapter 7. Parameter variation processes to enhance the liquid distribution 44

Liquid volume fraction

0.29
0.28
0.26
0.25
0.23
0.22
0.21
0.19
0.18
0.16
0.15
013
0.12
0.10
0.08

FiGURE 7.4: Liquid volume fraction distribution over the top of the catalyst bed,
simulation with a depth of 40cm.

An analysis using the liquid maldistribution factor M; shows that increasing the depth
of the simulation domain it was possible to decrease the maldistribution factor (from
0.1642 to 0.0746). In the Figures 7.5 and 7.6 can be seen that the liquid flow at the
center slightly increases in the case with larger depth, another important fact to be
noted is that the corner zones have the larger flows, this happens because the velocity
inlets are located just above, but the dispersion zone configuration with a larger depth

increases slightly the flow in the center of the simulation domain.

PV »
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FIGURE 7.5: Liquid flow distribution in 9 planes at the top of the catalyst bed to the
simulation domain with 20cm of depth.

Different comparisons between both simulations were done (streamlines analysis), but
there were no significant difference among the behaviors of both simulations. At the
Figure 7.7 can be observed that the behavior of the flow velocity along the depth of the
dispersion zone, the behavior is significantly different to same location, both simulations

starts with the same velocity but the transition is smoother for the case with a larger
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FIGURE 7.6: Liquid flow distribution in 9 planes at the top of the catalyst bed to the
simulation domain with 40cm of depth.

depth. Also it is important to note that right above the top of the catalyst bed, the
velocities are lower in the case with larger depth than the opposite case. A better

analysis of the phases behavior in the dispersion zone is left as future work.
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FIGURE 7.7: Velocity profile of the liquid phase above the top of the catalyst bed.



Chapter 8

Assessment of performance of a
1-D VGO-hydrocracking reactor
using a non-homogeneous inlet

profile

A one dimension mathematical model was developed for a VGO-hydrocracking reactor
to evaluate the approximate performance of a catalyst bed when at the top of the reactor
some of the non-homogenous hydrodynamic profiles obtained in the previous chapters
are used. To describe the decomposition of the VGO by the hydrocracking reactions was
chose to use a reaction mechanism based on five lumps (or pseudo-components)[34] pro-
posed by Ancheyta for vacuum residue, the hydrocracking reactions of vacuum residue
were obviate because there is an absence of vacuum residue in the feedstock. The reaction
mechanism used is composed by four pseudo-components (VGO, Distillates, Naphtha
and Gas) and six reactions. The final reaction pathways used in the one-dimension

model of the VGO-hydrocracking reactor are showed at the Figure 8.1.

Vacuum Gasoil — Distillates — Naphtha — Gas

FIGURE 8.1: Reaction mechanism used on the 1-D simulation of VGO-hydrocracking
reactor.
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8.1 Model development

The mathematical model for the hydrocracking catalyst bed was built using an axial
mass balance for each pseudo-component and hydrogen. The reaction mechanism do not
consider the hydrogen as a component because was built with a common assumption for
hydrocracking processes, under this assumption the reaction rates are independent of the
hydrogen concentration since this concentration is in excess. However the model built for
the hydrocracking catalyst bed can handle the consumption of hydrogen, using the C/H
ratios of each pseudo-component the stoichiometric coefficients of the reactions were
calculated, the coefficients allowed to introduce to the model the hydrogen cosumption

rate.

The final mathematical model of the hydrocracking catalyst bed is composed by six
differential equations, five differential equations for the mass balances of each pseudo-
component and the hydrogen, and another equation for the energy balance. The set of

differential equations is presented below.

dF;
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av Z?:l FiCPi

— R

To resolve the differential equation system was used the ordinary differential equation
solver MATLAB routine odel5s, this routine can be used on stiff problems if needed.
One boundary condition needs to be specified in the mathematical model (since is a 1-D
model), the boundary condition was placed at the the inlet of the reactor, at the inlet is
necessary to specify the flow of each component in the model (there are 5 components
including the hydrogen) and the temperature. In the CFD simulations was assumed
that the only components flowing were the VGO and the hydrogen, thereby the mass

flow of the other components were assumed like 0 at the inlet of the catalyst bed.

8.1.1 Assumptions

The assumptions made to develop the hydrocracking reactor mathematical model are:
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1. The rate of reactions are independent of the hydrogen concentration since the
concentration is in excess. This means that all the reactions that are involved on

the hydrocracking reaction mechanism are first order reactions.

2. The heat losses are negligible and the VGO-hydrocracking reactor operates at

adiabatic condition.
3. Diffusional resistances are absent.
4. Steady state operation.

5. The reactor works on a plug flow pattern.

8.1.2 Fluid properties

A pseudo-component (or lump) is defined as fictional group of molecules with similar
molecular weight and chemical characteristics, this concept allows to reduce the com-
plexity of some systems in chemical reaction engineering where are involved thousand
of different molecules (like the VGO-hydrocracking reactor) grouping them in pseudo-
components. TTo characterize the pseudo-components used of the VGO-hydrocracking
reactor simulation were needed the API gravity and a distillation curve, these data

allowed to obtain the set of properties for each pseudo-component.

In the absence of experimental data to characterize the pseudo-components of the reac-
tion pathway, literature data was used instead [3, 35-38]. A first search of information
in the literature allowed to identify ranges of API gravity and temperature for each
pseudo-component. The results of the literature search can be seen at the Figure 8.2,
8.3 and 8.4.

From all the distillation curves found in literature two curves were selected to char-
acterize the Distillates and Naphtha pseudo-components, the selected ones were those
curves with the wider range of temperature, hoping that a wider range allows a better
characterization of the of the pseudo-components. On the other hand, the Gas pseudo-
component it is commonly characterized using a percentage distribution of the species
that composes the gas mixture, in a VGO-hydrocracking process the gas mixture has a
high concentration of methane (70% on a mass basis) [4], the pseudo-component Gas was
assumed as methane because has a higher concentration than the rest of components in
the gas mixture. At the Figure 8.5 are presented the distillation curves used on Aspen

HYSYS to calculate the properties of the pseudo-components.

Properties like density, viscosity, surface tension and other important properties that

are needed in the simulations processes were calculated in Aspen HYSYS indirectly
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using the API gravity and the distillation curve of each pseudo-component. To calculate
the properties used in the simulations there is intermediate step, in this step empirical
correlations are used to estimate thermodynamic properties that allow to calculate all
other properties, in Table 8.1 can be seen the thermodynamic properties as well as the

correlation used to estimate them.

TABLE 8.1: Correlations used by Aspen HYSYS to characterize a pseudo-component.

Property Correlation
Molecular weight Extended Twu critical
Specific gravity Constant Watson K
Critical temperature Twu critical property correlation
Critical pressure Twu critical property correlation
Acentric factor Twu critical property correlation
Ideal enthalpy Lee Kesler

The kinetics constants of the reaction mechanism were obtained by numerical optimiza-
tion, this kinetics constants have the particularity that were obtained using a data base
of hydrocracking yields that was built with literature data and operate over a wider
range of operation conditions, the procedure used to obtain the constants on the Table
8.2 is detailed in [39].

TABLE 8.2: Kinetic constants of the four lumps mechanism reaction to hydrocracking
of VGO

Reaction log.(k) (h™!) E, (kJmol™1!)

1 10.1277 59.7720
2 27.9983 213.9262
3 19.2296 216.9726
4 5.5026 33.0237
5 3.7916 31.7994
6 24.0114 281.8131

8.2 Validation process

Previously to use the 1-D VGO-hydrocracking model over the CFD simulation results it
was necessary to validate if the model built represents correctly a hydrocracking process.
To validate the mathematical model was used at same conditions as the industrial size
hydrocracking reactor simulated by Mohanty in 1990 [32]. Mohanty in his research work
simulated a two-stages hydrocracking process, which is a special configuration commonly
used to improve the conversion of the feedstock in refinery by using a second hydrocrack-
ing reactor in series with hydrotreating-hydrocracking reactor and a distillation tower.
In this kind of configuration the first reactor is used mainly to eliminate the heteroatoms

in the feedstock but but some hydrocracking reactions also take place, the unconverted
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feedstock is separated at the distillation tower and goes to the second hydrocracking
reactor, in the second reactor there are catalyst beds with high conversion catalyst, in
different conditions, use this kind of catalyst it would be economically non-viable because

has a high cost and can easily be fouled in presence of high heteroatoms concentrations.

The second Mohanty hydrocracking reactor comprises three catalytic beds and two hy-
drogen quenches between beds. The length of each bed in the reactor is not specified,
instead it was assumed that the three beds have the same length. For each catalyst
beds were solved the mass balances of each component and the energy balance, for the
quenches were solved the mas balance of the hydrogen component (the other pseudo-
components remain constant) and the energy balance to find the inlet temperature to

the next bed.

Figure 8.6 and 8.7 are parity plots where the experimental data taken from the Mohanty
were compared against the calculated results by the 1-D hydrocracking reactor model,
the Figure 8.6 shows that the model built was capable of represent the consumption
most important pseudo-components (feedstock and distillates) with an error below 10%
but have low accuracy trying to represent the yields of the light pseudo-components (gas
and naphtha). It is important to note that the reaction mechanism used on the simula-
tion was optimized to represent a wide range of operation conditions in hydrocracking
process, then it is expected that the model has some issues to represent accurately small
values like the yields of the light pseudo-components. Even though the limitation of
the mathematical model to represent the yields of the lighter component it is possible
to state that the 1-D mathematical hydrocracking model it is approximately correct in
describing the behavior and estimating the yields of the pseudo-components used in the

reaction mechanism.

Finally it was necessary to examine the results obtained in the energy balance, at first
sight Figure 8.7 shows good agreement among the experimental and calculated data
(the error is below 2.5%), but in terms of temperature, differences among data above
1% could be considered as unacceptable to be considered a reliable simulation, however
it is necessary to remark that the model will be used to give a general perspective
of the approximate behavior of the species in a hydrocracking process when there is a
change in the hydrodynamic conditions at the inlet of the reactor, under this perspective
the simulation results in mass and energy balances seem to suitable to fulfill the aim

proposed.
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8.3 CFD modeling

The liquid distribution at the top of the catalyst bed to be evaluated with the 1-D
hydrocracking model was obtained by a CFD simulation similar to the one built in
chapter 6, however the improvements obtained at the chapter 7 were implemented. As
can be seen in chapter 7, the CFD simulations showed that a VLD unit with a ratio of
0.83 minimizes the liquid phase flow in contact with the wall and there is an improvement
of the liquid distribution in the dispersion zone when there is a distance of 40cm between
the distribution tray and the top of the catalyst bed, both conclusions of the chapter 7
can be expressed as changes at the inlet boundary conditions and at the geometry over

the new CFD simulation.

The liquid phase volume fraction and the velocity profile at the inlet boundary conditions
were taken from the CFD simulation of the VLD unit with a ratio of 0.83 between the
separation plate height and the total VLD height, both profiles can be seen in the Figures
8.8 and 8.9, respectively.

Liquid volume fraction
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FIGURE 8.8: Liquid volume fraction profile obtained after an averaging process to
different times.

The same simulation domain in chapter 6 was used again, as it was mentioned previously
the depth was increased to enhance liquid distribution, thus the dimension of the new
simulation domain are 0.674x0.674x0.4m. The CFD simulation in this chapter remains
quite similar to the one presented at the chapter 6, models, properties, time step and
bed properties keep the same values; if more information is needed in the section CFD
modeling in chapter 6 the CFD simulation is extensively explained, in this section are

only explained the changes made over the original simulation.
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F1GURE 8.9: Velocity profile obtained after an averaging process to different times.

8.4 Results

As previously noted the 1-D hydrocracking model was used to bring an approximation of
the behavior of the reactor catalyst bed when there is a non-homogeneous distribution
of the liquid phase at the inlet, a liquid distribution profile is composed by the velocity
profile of the phases and the volume fraction profile of the liquid phase. From the
CFD simulations two liquid distribution profiles were obtained, besides three more inlet
profiles with homogeneous distribution of the liquid phase were evaluated using the 1-D

hydrocracking reactor model. The cases evaluated are:

VLD units oriented in the same direction.

VLD units oriented in different directions.

e Homogeneous distribution with a Q;, = 0.02523m3.s71.

e Homogeneous distribution with a @y, = 0.02540m3.s71.

e Homogeneous distribution with a @y, = 0.02460m3.s71.

As noted at chapter 6 the models used for each phase at the dispersion zone simulation
are in transient form, then to obtain a characteristic liquid distribution at the top of
the catalyst bed an averaging process through time was needed. The liquid distribution
profiles were obtained from a surface at 5¢m below the top of the catalyst every 150
time steps (0.150s) during 3000 time steps (3s) after the PSS was reached in the CEFD
simulation. The liquid distribution profiles at different times were saved in an ASCII

format and then were read using MATLAB, then the variables of the profile (velocities
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and liquid phase volume fraction) were averaged through time to obtain the characteristic

profile of the CFD simulation.

The surface selected to obtain the liquid distribution profiles is composed by more than
10000 cells, which implies a substantial amount of data to be processed, in order to reduce
the computational cost, a sample of the total data composed by a certain number of cells
(not less than 800) were randomly taken, the number of cells in the sample increased
until the mean and the standard deviation of the sample data are approximately the
same as the total data of the surface. The 1-D hydrocracking model was applied over
the sample of randomly taken cells. A similar process is applied on the homogenous

distributions to avoid use the 1-D hydrocracking model on too many cells.

In Figure 8.10 are plotted the conversion obtained from the 1-D hydrocracking model
for each of cells in the sample against the residence time, three important conclusions

can be obtain from the Figure 8.10:

e as expected all the homogenous distribution are a point in the graph, on the other
hand the profiles obtained from the CFD simulations have a wide range of residence
times, this means that the residence time to the homogeneous profile is practically

the same for all the cells.

e there is not a large difference between the configuration where VLD units are
oriented in the different directions with the configuration where the VLD units are

oriented in the same direction.

e as expected there is a linear correlation between the residence time and the con-

version.

In Table 8.3 are the global values for conversion, yield of distillates, yield of naphtha
and yield of gas, when those values were analyzed was found that a better conversion
did not mean better yield of distillates, which means more consumption of feedstock
leads to less production of distillates, because there is no temperature control inside
the reactor the higher conversions will always be related with higher temperatures, the
increasing temperature leads to increase both the rate of production and consumption of
distillates and also to increase the rate of production of the other products. The behavior
previously explained can be seen at the Figures 8.11,8.12 and 8.13, in those Figures also
can be seen that to the operation range of temperature in the studied system there is an
almost linear correlation between the yield of the distillates and the temperature, but
linear correlation more evident when the yield of the distillates is plotted against the

conversion.
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the cases evaluated.

TABLE 8.3: Global values of conversion, and products yields to the evaluated cases.

Mass flux of feed Yield of
at inlet (kg.m~2.s7') Conversion distillates Yield of naphtha Yield of gas
VLD units oriented in the same direction 3.1737 0.1284 0.9104 0.1006 0.0258
VLD units oriented in different direction 3.1738 0.1284 0.9106 0.1004 0.0257
Homogeneous distribution with Q;, = 0.02523 3.1857 0.1278 0.9169 0.0951 0.0244
Homogeneous distribution with @y, = 0.02540 3.1154 0.1311 0.9141 0.0975 0.025

Homogeneous distribution with Q;, = 0.02460 3,2172 0.1269 0.9176 0.0945 0.0242
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FIGURE 8.13: Yield of the distillates in function of conversion of the feedstock to cells
randomly selected in the cases evaluated.
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As can be seen at the Figures 8.11 and 8.14, in the same way as the conversion there is
no significant difference among the temperatures obtained for the cases with homoge-
nous distribution with the 1-D hydrocracking reactor model. To the cases with non-
homogeneous profiles a temperature distribution is obtained with temperature values 3
or 5 °C' above or below of the temperatures obtained for the homogenous distribution.
The 1-D hydrocracking model cannot predict the real temperature at the outlet because
the heat transfer between cells is not covered in the model, the temperature distribu-
tion as in Figure 8.15 is a tool formulated in the model to identify potential zones with
high temperature, to observe if there are difference between non-homogeneous profiles
or to propose ranges of probable temperatures at the outlet of the VGO-hydrocracking

reactor.
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FIGURE 8.14: Temperature at the outlet of the 1-D VGO-hydrocracking reactor model
as function of the residence time.

Finally the liquid distributions obtained from the CFD simulations were compared
against a profile with a high maldistribution (bypassing), in this profile the liquid moves
at higher velocities at the center of the surface. In the Figure 8.16 the mass flux of the
feed is plotted against the conversion, it is clear that the maldistribution profile has the
widest range of mass flux; in some points it is even reached a conversion of 1 but in
those cells the mass flow near to 0. This means that wider the range of mass flux worse
the liquid distribution at the top of the catalyst bed. The conclusion remains when the
Figure 8.17 was analyzed, in this figure is plotted the residence time against conversion,
also it is important to note that the linear dependence of the conversion with the resi-
dence time is lost when the fluids have a residence higher than 4000s. Both figures show

an important fact, even if the profiles generated by the VLD units are quite different
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FiGure 8.15: Distribution plot of temperatures at the outlet of the 1-D VGO-
hydrocracking model.

from the ideal-homogeneous distribution, when compared against a profile with a high
maldistribution it can be concluded easily that the VLD units provide liquid distribution

profiles near to the desired standards.
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F1cURE 8.16: Evaluated cases compared against a profile with a high maldistribution
in a plot of conversion as function of the mass flux of the feedstock at the inlet.
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Chapter 9

Conclusions

The liquid flow maldistribution was successfully identified as a bottleneck to the VGO-
hydrocracking reactor operation using literature data, this operational limitation was
minimized through CFD simulation on three points of the distribution system, in those
points the behavior of the phases was accurately captured as it was showed by the

validation processes done on the proposed simulations.

A successfully CFD simulation of a VLD unit was proposed, previously to this work there
was not a CFD simulation for this kind of device in the open literature, the simulation
proved be able to represent experimental data found in the literature as well as similar

behaviors observed on the experimental setups.

To enhance the liquid distribution at the top of the catalyst bed parameter variation
processes were done over the VLD unit and the dispersion zone, at the VLD unit the best
liquid distribution was obtained with an inner separation plate with a height of 25¢m,
however by modifying the height of the inner wall only could minimize the liquid flow in
contact with the wall, new modifications for the VLD unit are needed to eliminate that
phenomenon. At the dispersion zone the liquid distribution was enhanced by increasing
the distance between the distribution tray and the top of the catalyst bed from 20 to
40cm, it is necessary to identify if increasing the distance between the distribution tray
and the top of the catalyst bed always enhance the liquid distribution or otherwise there

is a limit for the dispersion of the liquid phase.

A 1-D VGO-hydrocracking model was built in MATLAB, the properties of the pseudo-
components used in the model were calculated using ASPEN Hysys and literature data
(distillation curves and API gravity). A validation process showed that the model
is able to represent adequately the behavior of a hydrocracking process. The VGO-

hydrocracking model was used to evaluate the liquid distribution obtained from a CFD

62
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simulation with all the improvements found by the parameter variation processes done.
This evaluation showed that the liquid distribution generated by a VLD unit operates
near to the homogeneous liquid distribution condition, using this kind of devices to mix
the phases a slightly better global conversion is achieved but in expense of reach worse

yields to the distillate product than homogenous liquid distribution condition.

The final configuration that ensures the best liquid distribution at the top of the catalyst
bed to the conditions studied in this work is: a VLD unit with a height of 30cm and
intern separation plate of 25cm. The optimal separation between the distribution tray
and the top of the catalyst zone is 40cm, at the distribution tray the VLD units can
be aligned all of them in the same direction to ease the building process because the

alignment did no have an important role over the liquid distribution.
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