UNIVERSIDAD

NACIONAL

DE COLOMBIA

Analysis of a depropanizer column
with internal energy integration of
concentric configuration

Javier Alexander Mancera Apolinar

National university of Colombia
Faculty of Engineering, Department of Chemical Engineering
Bogot4, Colombia
2022



UNIVERSIDAD

NACIONAL

DE COLOMBIA

Analisis de una columna
depropanizadora con integracion
energética interna de configuracion
concentrica

Javier Alexander Mancera Apolinar

Universidad Nacional de Colombia
Facultad de Ingenieria, Departamento de Ingenieria Quimica y Ambiental
Bogot4, Colombia
2022



Analysis of a depropanizer column
with internal energy integration of
concentric configuration

Javier Alexander Mancera Apolinar

Thesis presented as a partial requirement to qualify for the title of:

PhD in Chemical Engineering

Advisor:
Ph.D. Carlos Arturo Martinez Riascos
Co-Advisor:

Ph.D. Diego Fernando Mendoza Mufioz

Research area:
Process modeling and simulation
Research Group:

Process System Engineering

Universidad Nacional de Colombia
Faculty of Engineering, Department of Chemical and Environmental Engineering
Bogota, Colombia
2022



Dedication

To my savior Jesus Christ and to my mother who is

in his presence.



Declaration of original work

| declare that:

I have read Agreement 035 of 2003 of the Academic Council of Universidad Nacional.
"Regulation on intellectual property" and the National Regulations related to the respect
of copyright. This dissertation represents my original work, except where | have

acknowledged the ideas, words, or materials of other authors.

When ideas or words from other authors have been presented in this dissertation, | have
made their respective recognition by correctly applying the citation and bibliographic

reference schemes in the required style.

When it was necessary, | have obtained permission from the author or publisher to
include any copyrighted material (e.g., tables, figures, survey instruments, or large

portions of text).

Finally, | have submitted this dissertation to the academic integrity tool, defined by the

university.

Javier Alexander Mancera Apolinar
10/11/2022



Acknowledgments

To GOD first for giving me the opportunity to study. To Professors Carlos Martinez and

Diego Mendoza for their direction and wise advice.

To Professor Ronnie from the University of Chalmers for receiving me in the internship

and for his useful collaboration for the development of the thesis.

To my mother, who is with GOD, for all those years she was with me and for supporting
me in every project | undertake. To my brothers for the simple fact of being my brothers,

| love them.

Vi



Abstract

In this study, the performance of a concentric distillation column with internal energy
integration (HIDIC) was analyzed, considering the system propylene-propane and based
on the second thermodynamic law. Additionally, the hydraulic behavior was studied and
the efficiency of some trays in different points of column was estimated by CFD. To
achieve that, five specific objectives were established: 1) Select the most suitable type
of concentric HIDIC configuration for the separation of the propylene-propane mixture,
considering second thermodynamic law, as well as the effect of the configuration on the
entropy generation, the energy and exergy required for the separation. 2) Fit a CFD
model for predicting the hydraulic behavior and mass transfer efficiency in a tray of the
selected HIDIC. 3) Identify effects of column design and operating variables on thermal,
hydraulic and mass transfer performance in a HIDIiC tray. 4) Analyze the second law
efficiency in the selected HIDIC, distinguishing the exergetic losses by phenomena, and
5) Propose a preliminary methodology for the conceptual design of concentric HIDICs,

considering the operational viability and its thermodynamic efficiency.

In the development of the first objective, it was possible to determine that the HIDIC
column that presents the best exergetic behavior, for the separation of the studied
system, is the Top-HIDIiC (Chapter 1). In the second objective, due to the absence of
experimental data for the chosen system, we first proceeded to validate the use of CFD
for a known binary system with experimental data of its hydrodynamic behavior (Chapter
2), and mass transfer, through tray efficiency (Chapter 3). Once the hydrodynamic and
mass transfer components were validated, the CFD was applied to a tray of the HIDIiC
for the propylene-propane system (Chapter 4), predicting the clear liquid height and the
tray efficiency in rectification and stripping sections, obtained results were coherent with
the studied phenomenon. For the third objective (Chapter4), three integrated trays —
located in different places of the HIDIC: above, in the middle and in the lower— were
analyzed to check the influence of initial and boundary conditions on the studied
properties (clear liquid height and tray efficiency). For the fourth objective, it was possible
to discriminate the exergetic losses for each component of the HIDIC column and they
were compared with the losses generated in a Conventional Column and a Vapor
Recompression Column, confirming a higher thermodynamic performance for the HIDIC
(Chapter 5). Finally, in the development of the last objective, it was possible to establish
a preliminary conceptual design through 5 general steps, with the exergetic loss as the

main design criteria (Chapter 6).
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Resumen

En este estudio se analiz6 el desempefio termodinamico de una columna de destilacién
concéntrica, con integracion energética interna, para separar la mezcla propileno-
propano, mediante el andlisis de segunda ley de la columna. Adicional, se estudi6 el
comportamiento hidraulico y se determind la eficiencia de un plato en diferentes
secciones de este tipo de columnas mediante CFD. Para lograr esto, se establecieron
cinco objetivos especificos: 1) Seleccionar del tipo de configuracion HIDIC concéntrica
mas adecuado para la separacién de la mezcla propileno-propano mediante el analisis
de segunda ley de la termodindmica aplicado en la columna completa considerando el
efecto de la configuracién sobre la entropia generada, la energia y exergia requerida
para la separacion. 2) Predecir el comportamiento hidraulico y la eficiencia de
transferencia de masa en un plato de la HIDIC seleccionada usando CFD. 3) Identificar
efectos de las variables de disefio y de operaciéon de la columna sobre el desempefio
térmico, hidraulico y de transferencia de masa en un plato de la columna HIDIC. 4)
Analizar la eficiencia de segunda ley en la HIDIiC seleccionada considerando las
pérdidas exergéticas generadas por cada uno de los fendbmenos, y 5) Proponer una
metodologia preliminar para el disefio conceptual de columnas HIDIC concéntricas,

considerando la viabilidad operacional y su eficiencia termodinamica.

En el desarrollo del primer objetivo, se logré6 determinar que la columna HIDIiC que
presenta mejores resultados exergéticos (segunda ley), para la separacién del sistema
de estudio, fue la HIDIiC de tope (Capitulo 1). En el segundo objetivo, debido a la
ausencia de datos experimentales del sistema en este tipo de columnas, se procedid
primeramente a validar el uso de CFD para el caso de un sistema binario conocido que
contara con datos experimentales tanto en la parte hidrodindAmica mediante la propiedad
altura del liquido claro (Capitulo 2), como de transferencia de masa mediante la
eficiencia de plato (Capitulo 3) obteniéndose resultados muy cercanos a los
experimentales; éstas simulaciones se realizaron sobre un plato perforado rectangular.
Una vez validado la parte hidrodinamica y de transferencia de masa, se procedié a
aplicar el CFD a una seccién de plato de la columna HIDIiC (Capitulo 4), prediciendo la
altura del liquido claro y la eficiencia de plato, en ambas secciones, rectificacion y
agotamiento, obteniéndose resultados coherentes con los fendmenos estudiados. Para
dar cumplimento al objetivo tres, se tomaron tres platos integrados ubicados en
diferentes lugares de la columna HIDIC, uno arriba, otro en el medio y otro en la parte
de debajo de la columna las cuales contaban con tres condiciones diferentes (Capitulo

4) comprobando la influencia de estas condiciones iniciales y de frontera sobre las
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propiedades estudiadas (altura del liquido claro y eficiencia de plato). En el cuarto
objetivo se logré discriminar las perdidas exergéticas por cada componente de la
columna HIDIC y se compararon con las pérdidas generadas con la columna
convencional y la de recompresién de vapor obteniéndose mejores resultados en la
columna HIDIC (Capitulo 5). Para finalizar, en el desarrollo del ultimo objetivo, se logro
establecer un disefio conceptual preliminar mediante 5 pasos generales teniendo como

base principal del disefio el principio de pérdida exergética (Capitulo 6).

Keywords: HIDIC, exergy, CFD, distillation sieve tray, clear liquid height, tray efficiency.
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Introduction

The use of renewable energies and the development of energy efficient technologies are
priority issues to achieve the sustainable development of our society (Hanley et al., 2009;
Hepbasli, 2008). Proof of that are the intense studies related to the energy integration of
processes (Morar & Agachi, 2010), which have allowed the development of energy use
methodologies such as: pinch analysis (Kemp, 2007), exergy analysis (Kotas, 1995) and
Analysis of the second law (Bejan, 2013), which seeks to reduce the net energy demand
of the processes, identifying conditions and/or designs that reduce irreversibilities. In the
analysis of processes, an eye has also been focused on the study of hydrodynamics,
due to its role on the behavior and efficiency of equipment, therefore, in recent years,
the use of computational fluid dynamics has awakened great interest for both, the
academic and industrial sectors, allowing improvement in R&D in terms of equipment,

products and processes (Krishna & Van Baten, 2003; Tu et al., 2018).

A process of relevant interest in the search for greater energy efficiency, is distillation,
because it is one of the most widely used separation techniques in spite of having high
energy consumption and low thermodynamic efficiency (Sun, 2010). One case of great
importance in the petrochemical industry is the separation of propylene-propane system
by distillation. In this sense, Heat Integrated Columns (HIDIC) have been seen as an
interesting alternative in the separation of this type of mixtures, because they have
shown advantages in the energy use for separation of mixtures of low relative volatility
(Nakaiwa et al., 2003), but due to its complexity, specific studies are required to make

its implementation feasible.

In the design of HIDIiCs, some barriers have been identified, such as: 1) Lack of
systematic methods and mathematical models that allow to simulate, analyze, design
and establish control strategies; In addition, more experimental evidence is required to
demonstrate the scope and limitations of this technology. 2) Absence of strategies and
methodologies for the conceptual design of these systems, including the selection of the
type of concentric configuration, based on the analysis of the second law of
thermodynamics, which considers thermodynamic efficiency, and 3) In available

literature there are no studies on tray hydraulics or efficiency for this type of configuration.

To partially address these inconvenience, two good tools are: 1) The knowledge that has
been achieved in the analysis of exergy and conceptual designs for conventional
columns and 2.) The studies and advances that have been obtained in the use of CFD

techniques in the analysis of trays for conventional columns, the latter used for the
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purpose of analyzing the fluid-dynamic behavior and the effect of geometry in the design
of columns. However, there is still a long way to go and many obstacles to overcome in
terms of physical aspects and simulation, in order to move from empirical designs to
designs with a greater technical-scientific basis. In the case of HIDIC columns, due to
the complexity in their configuration, a great effort is required, in the first instance, in the
use of simulations that allow a better understanding of the operation, advantages and
limitations of the column. Within these analyzes, CFD tools make it possible to study, in
depth, the hydraulic behavior of a column, and with the help of mass transfer models,
also to determine the efficiency of the tray, which is key to obtaining designs that meet

operational and energy expectations.

In accordance with the aforementioned, this work makes use of these two tools in order
to contribute to the knowledge, use and application of HIDIC columns, which can bring
benefits to the petrochemical and chemical industry in general, and in an indirect way, to
environmental issues. For this reason, the general objective of this study was to “Analyze
the thermodynamic performance of a concentric distillation column with internal energy
integration to separate the propylene-propane mixture, by second law column analysis,
and hydraulic and efficiency of one plate by CFD”. To achieve this purpose, five specific
objectives were established: 1) Select the most suitable type of concentric HIDIC
configuration for the separation of the propylene-propane mixture through the analysis
of the second thermodynamic law, considering the effect of the configuration on the
entropy generated, the energy and exergy required for the separation. 2) Predict
hydraulic behavior and mass transfer efficiency in a selected HIDIC platter using CFD.
3) Identify effects of column design and operating variables on thermal, hydraulic, and
mass transfer performance in a HIDIC tray. 4) Analyze the efficiency of the second law
in the selected HIDIC considering the exergetic losses generated by each one of the
phenomena, and 5) Propose a preliminary methodology for the conceptual design of
concentric HIDIC, considering the operational viability and its thermodynamic efficiency.
To achieve these objectives, specific methodologies were established. In the
development of the first objective, the different types of concentric HIDIC configuration
were simulated, together with conventional and vapor recompression columns; the
exergy losses were calculated for each one and the results obtained were compared,
selecting the most efficient from the exergetic point of view. In the second objective, due
to the absence of experimental data for the study case, the methodology starts with a
validation of CFD for sieve trays analysis. A binary system with experimental data —both
in the hydrodynamic issue, through the clear liquid height property, and mass transfer,

through the tray efficiency— was selected for this step. Once the hydrodynamic and mass
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transfer part had been validated, the CFD was applied, with the models established in
the first validation, to a tray section of the HIDIC column, predicting the clear liquid height
and the efficiency of the plate, in both sections, rectification and stripping. To fulfill the
third objective, three integrated trays were taken, located in different places of the HIDIC
column, one on the top, one in the middle and another at the bottom of the column, this
strategy allowed to cover the entire range of possible operational conditions. In the fourth
objective, the exergy losses for each component of the HIDIC column were calculated
and they were compared with the losses generated in a conventional column and a vapor
recompression column. Finally, in the development of the last objective, the conceptual
design of conventional columns was taken as a basis, adjusting it to HIDIC columns, and

adding the exergetic criterion.
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Chapter 1

HIDIC configuration selection by exergetic
analysis

Highlights

Problem: There is no criteria for the selection of the type of HIDIC configuration
Contribution: A criterion is defined based on exergetic analysis to select the most
suitable HIDIC configuration for the separation of the propylene propane mixture
The study proposes an exergy-based strategy for selecting the appropriate Heat
Integrated Distillation Column (HIDIC) for separating the propylene-propane
system.

Different column configurations were analyzed, including a conventional column,
vapor recompression column (VRC), and several HIDIC configurations (Top,
Bottom, Basic, Optimal, and Total).

The results show that the Top HIDIC has the best performance, with a 66.4%
exergy saving compared to a conventional column, followed by the Total HIDiC
with a 43.4% exergy saving.

The Top HIDIC performs better than VRC, which is currently used in the industry
for the separation of the studied system.

The study concludes that selecting the configuration for energy integration is not
a straightforward task and that the proposed strategy can be applied to analyze

the separation of other mixtures.

Abstract

The present study shows an exergy-based strategy for defining the type of Heat

Integrated Distillation Column HIDIC, most suitable for separating the propylene-propane

system. For comparing and validating the results, the analysis was performed on

conventional column, vapor recompression column (VRC) and several HIDIC

configurations: Top, Bottom, Basic, Optimal and Total. Uniform heat transfer area was

used for the heat distribution between the internal and external column sections. As main



result, it was found that Top HIDIiC has the best performance among the HIDIC
configurations with a 66.4% of exergy saving compared to a conventional column,
followed by the Total HIDIC with a 43.4%. In fact, Top HIDIC shows better exergetic
behavior than VRC (55.0% of exergy saving), which is currently used in the industry for
the separation of the studied system. Additionally, results confirm that the selection of
the configuration for energy integration is not an obvious task and that the presented

strategy can be applied for the analysis of the separation of other mixtures.

1.1 Introduction

Conventional distillation columns tend to have low second law efficiencies. An important
condition that reduces the column efficiency is the way heat load is distributed through
the column. In a conventional column heat input and output are located at the hottest
(reboiler) and the coldest (condenser) points of the distillation column, demanding higher
exergetic quality of the heating input in the reboiler and withdrawing lower exergetic
quality heat in the condenser, if compared to diabatic columns that allow heat distribution

in the internal stages of the column (Mendoza & Riascos, 2011).

The HIDIC is a non-conventional distillation column developed from the diabatic
distillation concept; in a HIDIC (Figure 1-1), heat is transferred from stages located in
rectification zone to stages located in the stripping zone. The temperature difference
between the rectification and stripping stages is achieved operating each distillation zone
at different pressure, while heat transfer is allowed by heat exchangers located in the

stages.

The internal heat transfer reduces the heat demand in the condenser and reboiler, in an
ideal HIDIC (i-HIDIC) the external heat transfer is not necessary; while in a partial HIDIC
(p-HIDIC) only a part of the required heat is internally transferred, therefore the use of
the external reboiler and the condenser is still necessary. Detailed descriptions of HIDIiC
technology and some implementations are presented elsewhere (Kiss & Oluji¢, 2014).
The energy saving, compared to conventional columns, estimated by several authors
(Liu & Qian, 2000; Matsuda et al., 2010; Nakaiwa et al., 1997, 2001) are from 52 to 90%,
these studies considered systems with relative volatilities from 1.15 (propylene-propane)

to 2.40 (benzene-toluene).

Within the concentric type HIDIC there are several configurations (Figure 1-2), which can
be grouped in symmetric and asymmetric. In the symmetric HIDIC stripping and rectifying

sections are the same size, symmetric configurations are: Basic, Feed Optimum and



Total. The Basic HIDIC has equal number of trays in both columns (annular and internal),
the rectification zone is only the internal column, and the stripping zone is only the
annular one, allowing tray to tray heat transfer. In the Optimum Feed HIDIC, part of the
rectification zone is in the annular column at a lower pressure, i.e., the rectification zone
has more trays than the stripping one, both columns (annular and internal) have equal

number of trays, thus heat is transferred tray to tray.

On the other hand, in asymmetric HIDICs, the sizes of the annular and internal columns
are different and heat integration is performed into a part of the internal column and the
whole annular one. Within this type of columns, the most common are the Top and
Bottom HIDICs. In these configurations, the name refers to the section in which the heat
transfer is made (Pulido, 2008). There are many other possibilities for asymmetric
HIDICs (Suphanit, 2010), however, for this study, only we will analyze the Top and

Bottom ones.

Propylene is a key component for the petrochemical industry; in a general way, it is
obtained in mixture with propane from 40 to 60%, depending on the process, and
propylene is commonly purified to three different grades: refinery (> 60%), chemical (>
92%), and polymer grade (> 99.5) (Gonzélez Plaza et al., 2011). Due to the low relative
volatility, this mixture is separated using distillation columns (C3 splitter or PP splitter)
with high reflux ratio and large number of theoretical steps (above 100), generating huge
capital and energy costs (Mendoza et al., 2013). Thus, by adopting the HIDIC concept,
the energy required in a column could be reduced about 50% compared to the
recompression column (VRC), which uses one sixth of the energy required in a
conventional distillation column (Oluji¢ et al., 2006). In that way, the energy requirement

in HIDIC could be close to the theoretical limit.
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Despite the high number of studies on Basic HIDICs, currently, there is no detailed
information on the energy efficiency of other HIDIC configurations for the separation of
propane-propylene. Thus, we perform an exergy analysis for selecting the more suitable

type of HIDIC for separation of propane-propylene.

1.2 Methodology

The aim is to perform an exergy analysis for the separation of the propylene propane

mixture using not only the basic HIDIC configuration but other configurations, such as:



Total, Optimal Feed, Bottom and Top and compare them with the conventional column
and the VRC. It is mentioned that the HIDIC configurations do not have external heat
exchangers. This analysis will be carried out globally on each column using the following
methodology: 1). A vapour recompression column was taken as base case with data
supplied by Oluji¢ et al. (2006). 2) The characteristics of the studied HIDICs were
determined. 3) The heat distribution schemes in the HIDICs were defined, and 4) the

exergy loss in each HIDIC were estimated.

1.2.1 Base case

The operational conditions of the base case (VRC) are shown in Table 1-1.

Table 1-1: VRC operational conditions (Oluji¢ et al., 2006)

Feature Value

Rectification section pressure (bar) 11.2
Stripping section pressure (bar) 11.2
Number of stages rectification section 165
Number of stages stripping section 66
Feeding stage 165
Rectification section pressure (bar) 11.2
Feed flow (kg/h) 112000
Feed mole fraction (propylene) 0.53
Feed thermal condition feed (q) 0.37
Distillate mole fraction (propylene) 0.996
Bottoms mole fraction (propylene) 0.011

1.2.2 HIDiC designs

In order to make the most appropriate selection of the HIDIC type, the five configurations

of this type of column are compared according to the conditions shown in Table 1-2.

Table 1-2: Operational conditions of the different studied HIDIC configurations

Characteristic Top HIDIC  Bottom HIDIC Basic HIDIC Total HIDIC (H)Ipl;i CF eed
Rectification section pressure (bar) 14.6 14.6 14.6 14.6 146 -11.2
Stripping section pressure (bar) 11.2 11.2 11.2 11.2 11.2
Rectification section stages 170 170 115 170 170
Stripping section stages 61 61 115 61 61
Feeding stage 171 171 116 171 171
Trays in the Concentric Column 169 169 115 169 114
Trays in the Annular column 60 60 115 60 114

Feed flow (kg / h) 112000 112000 112000 112000 112000
Feed mole fraction (propylene) 0.57 0.57 0.57 0.57 0.57
Feed thermal condition (q) 0.37 0.37 0.37 0.37 0.37
Distillate mole fraction (propylene) 0.996 0.996 0.996 0.996 0.996
Bottoms mole fraction (propylene) 0.011 0.011 0.011 0.011 0.011




1.2.3 Heat distribution scheme

The scheme selected for the heat distribution between the rectification and the stripping
sections was the uniform heat transfer area adapted from the procedure by Suphanit
(Suphanit, 2010), which is summarized in the following steps: (1) to define the feed, the
pressures, the number of stages and the products specifications; (2) to obtain the total
amount of heat rejected from the rectifying section, Qz, the total amount of heat required
in the stripping section, Qs, and the temperature driving force at any stage location, AT,
along the column without integration; (3) to calculate the heat transferred in each tray,
Qi, by the Equation 1; (4) to perform the simulation with heat integration and input the
values of each, @, on the respective stage within each HIDIC and to recalculate Qg, Qs

and the temperature driving force, AT,.

_ 0r
Qi = ATi[ » ATJ ®

where Qr is the smallest value between Qz and Qc.

1.2.4 Calculation of the destroyed exergy

The exergy calculation was performed by first making an entropy balance on each
column, Equation 2, and then using the relationship between destroyed exergy and

entropy generated, Equation 3:

FSp + ViSyi + AiSai + Sgen = DSp + VoSyo + ApSao + WSy 2
where F is the feed, Sg is the entropy of the feed, V; and Sy,; are the steam flow and the
entropy at the reboiler inlet; A; and S,; are the flow of cooling water and entropy at the
condenser inlet; Sg, is the entropy generated in the column; D and S;, are the distillate
flow and its entropy; 1, and Sy, are the steam flow and the entropy at the exit of the
reboiler; A, and Sy, are the flow of cooling water and entropy at the condenser outlet; W

and Sy, are the flow of bottoms and their entropy respectively.

Xaestroyed = ToSgen (3
where Xgestroyea 1S the exergy destroyed and T, is the temperature of the environment
(298.15 K). The simulation of both the VRC and the HIDIC were carried out using Aspen
Plus™. The thermodynamic model used for the system was Peng-Robinson. The exergy

analysis of each column was performed through the interaction of ASPEN™ and Excel™.



1.3 Results and analysis

Figures 1-3 and 1-4 show the destroyed exergy and exergy saving for the VRC column
and the different HIDiC configurations, related to the conventional column. It is observed
the columns with the lowest exergy losses are the VRC and the Top HIDIC. The Top
HIDIC has the best performance among the HIDiC configurations with a 66.4% of exergy
saving, followed by the Total HIDIiC with a 43.4%. In the other way, the VRC, which is
currently used in the industry for the separation of the studied system, achieve 55.0% of
exergy saving. The other types of HIDIiC configuration, from the exergy point of view,
seem to be less favorable than the VRC for the study case. It should be noted that the
HIDIC configuration that presents the most exergetic loss is the Bottoms one, due to the

large flows of steam and cooling water required in the external exchangers.
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Figure 1-3: Relative exergy destroyed by column type
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Figure 1-4: Exergy saving regarding to conventional column

Below is a comparison of the temperature profiles by column type, only in the thermally
coupled stages, grouped into two groups, the first (Figure 1-5) where the Top, Bottom
and Total HIDIC are found, corresponding to the HIDIiC where heat transfer is carried out



in all 60 trays of the stripping section; the second group (Figure 1-6) corresponds to those
configurations where the annular section of the HIDIC column has 115 trays and on these

the heat transfer is carried out, which is the case of the Basic HIDiIC and Optimal Feeding.
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Figure 1-5: Temperature profiles of thermally coupled sections of Top, Bottom and
Total HIDIC
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Figure 1-6: Temperature profiles of thermally coupled sections of Opt. Feed and Basic
HIDIiC
As shown in Figure 1-5, the temperature of the rectification zone is always higher than
the temperature of the stripping zone, favoring a consistent design where heat exchange
is from rectification to stripping. In Figure 1-6 a similar behavior to the one described
above is presented except for the presence of a different trajectory in the first stages of
the annular column of the Optimal Feeding HIDIC because this column contents the

stripping zone (first 61 trays) and part of the rectification zone (remaining trays of the
annular column).



The HIDIC with the highest temperature differences is the Bottom one (between 5.04
and 9.08 °C), Figure 1-7, which favor the heat transfer rate. On the other hand, the
configuration with the lowest temperature difference is the Top HIDIC (AT~ 3.6 °C) being
less effective for a heat flow, however, this benefit of the Bottoms column is not reflected
in the exergy, since irreversibility associated to heat transfer increases as temperature
difference does.

In Figure 1-8 a significant difference in the temperature driving force profile is observed
for the Optimum Feed configuration in relation to the other HIDICs is observed, this
because a part of the plates in the rectification section are in the annular column, which

operates at a lower pressure (11.2 bar) than the central column (14.6 bar).
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Figure 1-7: Temperature difference profiles for Top, Bottom and Total HIDIC
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Figure 1-8: Temperature difference profiles for the Optimum Feed and Basic HIDIC

In order to deepen the analysis for the selection of the HIDIC type, the temperature

profiles in the stripping zones for each configuration before and after the energy



integration were also determined (Figures 1-9 to 1-13), with the purpose to verify if, after
the integration, the heat flow from the highest-pressure section to the lowest one will
occur.

As shown in Figure 1-9, the energy integration increased the temperature throughout the
stripping section corroborating a suitable integration. On the other way, when the
integration is made in the bottom HIDIC, in the first 25 stages, cooling occurs implying
that the flows at these stages are losing heat and becoming colder, contrary to what is
wished in this section (Figure 1-10). This is a consequence of the fact that due to
insufficient separation in the rectification section, the upper stages of the stripping section
contain relatively much more propylene and consequently have a lower temperature at
the same pressure. Due to the above, more heat needs to be transferred between the
two sections to reduce the demand on the reboiler. Similar to the bottom HIDIC, the same
problem occurs in the Basic and Total ones but in a lesser degree, as shown in Figures
1-11 and 1-12.
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Figure 1-9: Temperature profiles before and after integration in stripping section of the
Top HIDIC
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Figure 1-10: Temperature profiles before and after integration in stripping section of

the Bottom HIDIC

The Optimal Feed HIDIC (Figure 1-13) does not have the cooling disadvantages of the

aforementioned ones, however it is observed that it presents a temperature drop

between trays 30 to 55 in the stripping section after the energy integration, different from

the normal behavior in columns that, as it descends through the plates, the temperature

increases. This is due to the fact that the first 56 trays of this column are located before

the feeding plate producing a cooling effect in the upper plates.
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Figure 1-12: Temperature profiles before and after integration in stripping section
of the Total HIDIC

Figure 1-14 shows the mole fraction of propylene in the liquid per stage, for the different
HIDIC configurations. In Bottom HIDIC it is observed that most of the separation is
concentrated in the thermally coupled zone (last 60 stages), the distribution of the
separation task is increased in the following order: Total HIDIC, basic HIDIiC, Optimum
Feed and finally the Top HIDIC where the separation is more efficiently distributed. As
mentioned in previously, the Optimum Feed HIDIC presents a behavior different from the
others, in this column there is a drop in the propylene fraction between plates 170 to 150,
returning again to an increase in the propylene fraction as ascending in the column, it
occurs because part of the rectification section is in the annular column, as is

characteristic of this type of columns.
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Figure 1-14: Molar fractions of Propylene in liquid per stage for the different HIDiC
configurations

1.4 Conclusions

According to the study carried out, the type of HIDIC has a strong effect on the energy
efficiency that can be achieved and should be considered in the selection of these
systems.

For the case study, it can be concluded that among the various HIDIC studied
configurations, the one with the best benefits from the exergy point of view is the Top
one. It is also important to mention that this configuration presented better exergetic
behavior than the column usually used for the separation of propylene-propane system
(vapor recompression column), therefore it can be concluded that the Top HIDIC would

be a good option for the separation of the study system improving its energy efficiency.
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It is clear that although the other HIDIiC configurations did not show good results, they
should not be ruled out for other systems, since it is always necessary to carry out
previous studies with these configurations like the one performed here and verify if they
are efficient or not from the point of energetic and operational view.

The Optimum Feed HIDIC presents a different behavior, it is due to the changes in heat
transfer direction along the column: one part of the rectification section receives energy,

and the other part gives it.
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Chapter 2

Predicting clear liquid height in sieve tray using
CFD-PBM and bubble-induced turbulence
model

Highlights

e Problem: There is no availability experimental data for the validation of the
hydrodynamic behavior in plates of a HIDIC Column.

e Contribution: A CFD-based methodology to predict the hydrodynamic behavior in
a sieve tray.

e Implementation and validation of a CFD model to simulate sieve trays
hydrodynamics of distillation columns was conducted.

e The proposed adjusted drag coefficient approach generated better results
compared with the ones obtained in previous studies.

e Bubble-induced turbulence was added to the CFD simulation of a sieve tray
obtaining a good representation of the hydrodynamics of the dynamic system.

e Population balance equation was included for the first time in a CFD model to

study the multiphase hydrodynamic behavior in sieve trays.

Abstract

The purpose of the present study was to design a methodology for predicting the clear
liquid height (h¢) in sieve trays. Thus, based on computational fluid dynamics (CFD), we
created a model that could simulate the hydrodynamic behavior of sieve trays and
calibrated it by comparing its results with experimental data. The construction of the
model was divided in two general steps: i) we reviewed experimental data on the hg of
air at different superficial gas velocities (Vs) in order to refine the Grace Drag Law (GDL)
equation originally proposed by Grace; ii) we evaluated how some changes in several
key variables of the model affected h¢. Forinstance, we explored the effects of variations

in geometry type (2D and 3D), weir height (hw), liquid load, and Vs in simulations carried

16



out without a population balance model (PBM) (Approach 1). Afterwards, we evaluated
the effects of three different bubble-induced turbulence (BIT) models —Sato’s,
Simonin’s, and Troshko-Hassan’s— on h¢ (Approach 2) — Finally, we used a PBM to
simulate bubble size distribution during distillation and evaluated how h¢ would be
affected by variations in geometry type and hy in that case (Approach 3). At the time,
PBMs had not been used to study the multiphase hydrodynamic behavior of fluids in
sieve trays. The results of these simulations were validated with experimental data,
which also proved that our model allows for an accurate representation of the phase
momentum exchange of fluids. Moreover, the adjusted drag coefficient proposed in the
present study is a good alternative to estimate liquid hold-up in CFD models, since it
performs better than Bennet's approach, the one that is currently being used in most
research on CFD sieve-tray simulations. Indeed, the margin of error in the proposed CFD
model (Approach 1) was around 3.42%, compared with the 40% average reported in
previous studies. Approach 2, for its part, showed that Simonin’s BIT model was slightly
better when compared to other BIT models. However, the increase in overall
performance was not significant when compared to the results of a simulation ran without
a BIT model. Finally, when compared to Approach 1, Approach 3 showed that including
a PBM in the simulations does not significantly improve the prediction of the clear liquid
height.

Keywords

distillation sieve tray; bubble-induced turbulence; population balance model; bubble-size

distribution; clear liquid height

2.1 Introduction

Distillation is a separation process of major importance in the chemical and petroleum
industries worldwide. It is also the most studied one due to its relatively high energy
consumption. For this reason, both researchers and industry experts have had an
interestin improving separation efficiency and developing accurate mathematical models

that are able to predict the outcomes of the process.

The quality and type of the internal parts of a distillation column directly determine the
performance and efficiency of the distillation process. Sieve trays are one of the most
common internals in distillation equipment due to their simple design , low cost, and low
manufacture time (Kiss & Oluji¢, 2014). Due to the widespread use of this kind of tray,

some attempts have been made to accurately simulate sieve tray hydrodynamics using
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computational fluid dynamics (CFD) (Gesit et al., 2003; Krishna, Van Baten, et al., 1999;
Lietal., 2014; Roshdi et al., 2013; Zhao et al., 2019). Since clear liquid height (hg) is the
most influential variable for hydraulic behavior, the accuracy of this type of simulations
depends heavily on it (Lockett, 1986).

However, the experimental data with which the results of the aforementioned CFD
studies were compared shows that they fail to accurately represent he. Indeed, these
CFD models overestimate hg by 20% to 30%. This is due to the fact that these
researchers rely too heavily on the Bennet correlation in order to model the liquid holdup

fraction of the system, which, in turn, affects the coupling of its two-phase equations.

Drag force, on the other hand, is very often considered the predominant force for
modeling gas-liquid flows in bubble columns (Chen et al., 2014) since the magnitude of
this force can be over 100 times greater than other forces such as the lift, added-mass,
and turbulent-dispersion forces (Magolan et al., 2019). However, more accurate
approaches for modeling drag in sieve trays, such as those that take into account bubble-
induced turbulence (BIT) or bubble size distribution by through a population balance

model (PBM), have not been given enough attention in the academic literature.

Hence, the purpose of this research is to fill a gap in this area by developing a CFD
model capable of predicting he in sieve trays more accurately, on the one hand, and of
integrating BIT, on the other hand. Thus, instead of using the Bennet correlation for our
model, we worked with a modified drag coefficient which was fine-tuned by observing
the effects of different variables —such as geometry type, weir height (hw), and liquid
load per weir length (Q/W)— on hq. Additionally, we evaluated different BIT models
(Sato et al., 1981; Simonin & Viollet, 1990; Troshko & Hassan, 2001) by integrating them
into the main k-¢ turbulence model to see how BIT affects hq. Finally, we simulated the
bubble-size distribution of the gas-liquid flow within a sieve tray by using a CFD-PBM
model. All of our final results were compared with experimental data on h¢ to measure

the accuracy of the proposed models.

This chapter is structured as follows: section 2.2 presents a background of research and
advances in modeling of hydrodynamic in bubbling systems, section 2.3 describes que
model for each phenomenon considered into the system, section 2.4 introduces a
population balance model, section 2.5 presents the methodology employed to assess
the models, section 2.6 presents the main simulation remarks that allow to develop the
assessment, section 2.7 presents the results and their discussion and; finally, section 8

presents the conclusion.
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2.2 Background

Many drag models (Grace et al., 1976; Ishii & Zuber, 1979; Schiller & Naumann, 1935;
Tomiyama, 1998) have been used to calculate the drag force in gas-liquid flows (Gupta
& Roy, 2013; Laborde-Boutet et al., 2009). For small spherical bubbles, the Schiller-
Naumann model is frequently applied (Schiller and Naumann, 1935); while the Grace et
al. model is well suited to gas-liquid flows in which the bubbles can have a range of

shapes such as spheres, ellipses, and caps (Grace et al., 1976).

It is also important to mention BIT interaction forces between gas and liquid phases and
local bubble size distribution are emphasized and highly coupled with each other
(Magolan et al., 2019). Bubble-induced turbulence has been less studied and assessed
as an alternative for CFD modeling of two-phase systems with bubbles (Rzehak &
Krepper, 2013a, 2013b). Turbulence in this type of system has a strong impact on other
important phenomena such as turbulent dispersion of bubbles, bubble coalescence, and
breakup. The development of a suitable and accurate model for BIT is critical to
achieving a complete working model that allows predictive CFD simulations for

engineering applications involving bubbly multiphase flows at multiscale.

To model the influence of bubbles on the multiphase turbulence phenomenon, several
models are available; among them, the Sato, Simonin, and Troshko-Hassan models are
most frequently used in CFD studies. However, a common practice in engineering
multiphase flow CFD simulations is to simply add an extra bubble-induced contribution
to the effective viscosity (Sato et al., 1981). In the Sato model only the shear-induced
turbulent viscosity is calculated from a two-equation model, and the bubble effects are
included by an extra bubble-induced contribution to the turbulent viscosity; unlike the
Simonin and Troshko-Hassan models that add explicit source terms to the turbulence

equations.

In the PBM, bubble coalescence and breakup phenomena are very important for
obtaining reasonable predictions for the bubble size distribution. In dispersed gas-liquid
flows, the bubble size distribution plays an important role in the phase structure as well
as in the interphase forces. The PBM has received much attention in both academic and
industrial research because it is an effective method for calculating the size distribution
of the dispersed phase in a wide variety of processes. In recent years, much work has
been done using the PBM to simulate the bubble size distribution in gas-liquid flows
(Bhole et al., 2008; Sun et al., 2005; Wang et al., 2005, 2006; Xing et al., 2013; Yang et

al., 2017) These works evidence the great potential of the PBM in such kind of systems;
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however, this model, to the best of the authors’ knowledge, has not yet been used in the

design of sieve trays.

Krishna et al. , for instance, developed several CFD models to simulate a 3D, two-phase
flow in order to represent the hydrodynamics of distillation in sieve trays (Krishna,
Urseanu, et al., 1999; Krishna, Van Baten, et al., 1999; Van Baten et al., 2001). The two-
phase equations used in these studies were coupled, on the one hand, through an
interphase drag term that was estimated using the drag coefficient correlation proposed
by Krishna et al. (Krishna, Van Baten, et al., 1999) and, on the other hand, the Bennett
correlation for the liquid holdup fraction in the froth (Bennett et al., 1983). Gesit et al.
(Gesit et al., 2003), for their part, developed a three-dimensional CFD model to predict
the flow patterns and hydraulics of commercial-scale sieve trays; the Bennett correlation
for the liquid holdup fraction was also used in this case. Roshdi et al. (Roshdi et al., 2013)
used CFD to describe the hydraulic characteristics of packed sieve trays (PST). Li et al.
(Li et al., 2014) developed a 3D transient CFD model for describing the hydraulics of
flow-guided sieve trays, within the two-phase Eulerian—Eulerian framework. Zhao et al.

(Zhao et al., 2019) optimized the design process of flow-guiding sieve trays (FGST).

2.3 Mathematical model

The model considers the gas and liquid flows in a Eulerian-Eulerian framework, where
each phase is treated as an interpenetrating continuum having separate transport
equations. The following assumptions are imposed on the model developed for a
distillation sieve tray: A two-phase system is considered, and the gas phase is the
dispersed phase. We integrated a two-equation turbulence model based on the Reynolds
Averaged Navier Stokes (RANS) into our liquid-phase calculations. Additionally, another
set of source terms, both for k and &, that allow for a more precise description of bubble-
induced effects were included. We also evaluated several plausible models in order to
test the overall influence of certain variables, such as drag, lift, virtual mass, turbulent

dispersion forces and the bubble size distribution in a gas-liquid flow (Wang et al., 2006).

2.3.1 Flow equations

The two-fluid model, proposed in this study, treat both the vapor and liquid phases as
continua and is based on two sets of conservation equations, one for each phase; these
equations include mass, momentum, and energy balances.

Continuity equation for the liquid phase (Eq. 1):
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9(arpr) + V- (aypuy) = 0 (1)

ot
Continuity equation for the vapor phase (Egs. 2a and 2b):
a(a‘;;tpa) + V- (agpgitg) = 0 Without PBM (22)
Neeteld 1 g - (agpgugf,) = S; With PBM (2b)

In the equations 1, 2a and 2b the first and second terms on the left-hand side are the
rate of accumulation of mass and transport by convection, respectively, where p;, p¢,
u,, and u; are the liquid and gas phase densities and velocities, in that order. In Eq. 2b,
S; represents the extent to which each of the discrete bubble classes coalesce or break
up. We offer a more detailed description of this source term in Section 2.4. Finally, the
gas void fraction (a;) and the scalar fraction (f;) of each size group are related to the
number density of the discrete ith bubble class (Eq. 3).

acfi = Niv; 3

Momentum equations for the liquid and vapor phases (Egs. 4 and 5):

d(aLpLur)

% + V- (appruu) 4)
= —a, VP + V- [ayuf (Vu, + (Vu))] + ayprg + Frg

d(agpsuc) (5)

+ V- (agpsugug)
= —agVP + V- [agus(Vug + (Vug)")] + agpeg + Fgy
where p, uf and g correspond to pressure, effective viscosity (uf = wgmr + e HE =

Jt

Mamc T+ He ), and gravity, respectively. The first term on the left side of each equation is
the momentum accumulation in the phase, while the second one is the net momentum

outlet from the phase.

The equations that we used for calculating momentum exchange at the liquid-vapor
interface, F;; or Fg;, consider drag, lift, virtual mass, and turbulent dispersion forces
(Egs 6-9).

Fie = Fii" + Fil' + F{{' + FI§ = —Fg, )
where
F5* = Cagpy(ug — u,) (Vuy) Without PBM (72)
FiIt =3, fiCagp (ue — u,)(Vuy) With PBM (7h)
FZ?;/I = CymspL % (ug —uy) (8)
FIB = ~Crok g (222 - 22) ©)
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In the above equations, C;, Cyy, and Crp, Were setto be 0.5, 0.25, and 0.7, respectively,

following the current scientific consensus (ANSYS Release 19, 2018; Lote et al., 2018).

2.3.2 Drag model

In multiphase flows, the correlations of interfacial forces describe and quantify the
interaction between different phases. In fact, one of these forces, the drag force,
dominates the interactions between the liquid and the gas phase in this type of flows.
Solving the momentum equations (Egs. 10a and 10b) allows for the determination of the
drag force (Krishna & Van Baten, 2003; Laborde-Boutet et al., 2009; Liang et al., 2016):

Fi'? = £ 32 agpylug — uy|(ug — ) without PBM (10a)
Fie = Siinfis P acoilug —wl(ug —w)  with PBM (10b)

where Cp; and Cp, are the drag coefficient, whose values can be obtained from the model
developed by Grace et al. (Grace et al., 1978). Grace’s model is particularly well suited
for gas-liquid flows in which the bubbles exhibit a range of shapes, such as a sphere,
ellipsoid, and spherical cap. However, when working with bubbles of different shapes,

other equations (11-16) are more suited for the task.

CDi = maX(min(CDi’ellipse: CDi,Cap) ) CDi,Sph@‘f"e ) (11)
where
c 3 {24/Rebi Rebl' < 001} (12)
busphere = 124(1 + 0.15ReD?®") /Rey;  Rep; = 0.01
8
CDi,cap — § (13) (13)
4 gdp; (p, — pe)
Coi X 14
Di,ellipse 3 Ut2 P ( )
Us_u;ldy;
Re,, = PlMo-tuldni (15)
U
U, = P Mo—0149() — 0.857) (16)
PLApi

where Re,,; represents the Reynolds number as function of bubble size of group i (dy;),
which also allows the shape of the bubbles to be considered in the equation. The Morton
number (Mo), and the piecewise function (J) used in previous equations are calculated

as follows:
4
1.9(pL — pe)
Mo = —-=—— ¢~ ng03 ¢ (17)
0.94H°757 2 < H < 59.3}
- 18
J { 3.42H%**1 H > 593 (18)
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4 -0.14
H = =~ EoMo~0149 <i> (19)
3 .uref

where p,..r = 0.0009 kg/(m s) and Eo is the E6tvés number, defined as:

_ 9(pL — pe)dp; (20)
o

Eo

When calculating the drag coefficient for the model without PBM, we used the same

equations (11-20). However, we omitted the subscript i, which corresponds to the bubble

group.

2.3.3 Customized drag model

The Grace model for sieve-tray simulations is based on a balance of forces acting on a
single bubble moving freely under gravity within a liquid (Grace et al., 1976). Since the
present study aims to model bubble swarms, we modified Grace’s drag coefficient as
follows:

Cpmoaifiea = FeorrCp (21)
where Cj, is the drag coefficient calculated through the Grace model (Eq. 11) and F,,,,
is a correction factor. This factor was formulated as a function of superficial velocity of
the fluid, following the work of Liang et al., (Liang et al., 2016) and it was further adjusted
with the aid of experimental data on clear liquid height and superficial gas velocity
(Krishna, Van Baten, et al., 1999). This modified drag coefficient is used in all three

approaches described later in the methodology.

2.3.4 Induced Turbulence

Turbulence is integrated in the present study through the two-time-constants model
proposed by (Lopez de Bertodano M, Lahey RT, 1994), in which the total turbulent-
energy dissipation rate is determined through two forces: one shear-induced and another
bubble-induced. Additionally, we derived and reduced a previously available balance
equations for the liquid turbulent kinetic energy and turbulent dissipation (C, 1995;
Kataoka & Serizawa, 1989). As usual, the terms describing the coupling between phases
need to be modeled. Eqgs. 22 and 23 were the final k-& equations that we obtained.

d(ayprk;)

ot + V- (apprurk;)

=V- [aL (uL + 2

Ut L

0_k> VkL] + (i — pren) + rprSe,
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d(aLpLeL)

T + V- (aLpLuLer)

Ut1 €L

=V [aL (.UL + _) VfL] +a,— (CleGk,L - C2£.0L5L)
O¢ kL

T aLpLSe

(23)

where S ;, S, are source terms describing the effects of the dispersed phase on the

continuous phase, i.e., bubble-induced turbulence. The values of these terms depend on

the model used. Table 2-1 shows two of the three BIT models used in this work.

Table 2-1: Source terms for bubble-induced turbulence in this study

Model Sk.L SelL
. . €k
Simonin et al. CsarKg(ug —uyp) - vy, C3gk—Sk,L
L
1
Troshko-Hassan Cre K lug —uyl? Cea T—Sle
P

Unlike the Simonin and Troshko-Hassan models, the remaining BIT model relevant for
our study does not add explicit source terms to the turbulence equations. Instead, in an
attempt to incorporate the effect of the random primary-phase motion induced by the

dispersed phase in bubbly flow, Sato et al. (1981) proposed to modify y; as follows:

2

U k
== = CH? + CH,GaGdbluG - uLl (24)

PL
where C,; = 0.6 and k, ¢ are the liquid-phase turbulence intensity and eddy dissipation

rate, respectively (Egs. 23 and 24 with a S, ;, and a S, ; values of 0).

2.4 CFD-PBM coupled model

In order to couple a PBM with the two-fluid model to be used in Approach 3 (see
Methodology), we expressed the population balance of the fluid in terms of f;, i.e., the

volume fraction of bubble group i in the gas holdup a; (see Table 10).

0
T (agfi) + V- (agupfy)

jzk
1

= Z (1 ) 5j,k> Ni,jkCi k% fiac fie vi/vj/vk

JK (25)

xis(xj+xk)sxi+j
M M
— agf; z Ci 0 fxVi/ vk + z $ikbragfrvi/vi — biagf;
=1 =1
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(1 =)/ (X1 — x1) X <U < Xigq _
T’i'jk N {(U - xi_l)/(xi - xi_l) Xi_1 <v < X v= Uj + Vk (26)
Xi+1 X; -7V Xi V— Xi_
= [ B pmddv + [ T padv @7)
x;p X+l T Xi xi_y Xi — Xi-1

The first term on the left side of Eq. 25 is the time variation, the second term is convection.
On the right side, the first term is the source ascribed to coalescence, the second is the
sink ascribed to coalescence, the third is the source ascribed to break up and the fourth
is the sink ascribed to breakup. Here, ¢; j (or c(d;, d;)) is the bubble coalescence rate, by,

(or b(d)) is the bubble breakup rate, and (v, x;) (or B(f,,d)) is the unknown daughter
bubble-size distribution.

Table 2-2: Breakup and coalescence models for PBM (Population Balance Model)
implementation

Mechanism Equations
0.5
Breakup rate | b(d) = J b(f,|d)df,
0
Daughter 1 -1
bubble size .B(fv; d) = Zb(fvld) <J b(fvld)dfv)
distribution 0
1
b(f,ld) = 0.923(1 — ay)nes3 *
dp
f P, (f,ld. DA + d)2A-11/3d2
/‘Lmin
Bubble o
breakup due P,(f,ld, 2) = j Py (f,|d, e(1), VP, (e(1))de(N)
to turbulent 0
eddies 1 e(l)
Complement Fe (e(/l)) = (_e—@)> exp <— _e‘(/1)>
equations
e(1) = 1/12nA3p,u?
Cfmax = Min ((21/3 - 1), e(/l)/(dzan))
fomin = (/130'7'[/(69()-)51))3
Py(fyld, e(2),2)
— {(fu.max - fv.min)_1 fv.max - fv.min 2 O-Ol-fv.min < fv < fv.max
0 else
1 -1
Coalescence | collision @ (d;, dj) = ZnaG,max(aG,max —ag)
rate due to | frequency .
/2
turbulent (ij\/igl/?,(di + dj)z(diZ/S n djz/s)
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Mechanism Equations

eddies: Lyeij 6.0
c(d;, dj)=wiPy Gij=exp|— <K> ; eij = [l + ll%t,j
Jij
1/3
lbt = 089db, hb,ij = (Nl + ]V])
P.(d;,d;)
2 3\11/2
Coalescence = exp{— [075(1 + fl])(]‘ + fl])] . We'l'/z
_ l
efficiency (pe/pr + Crm)(1 + &;5) !
§ij = di/d;

The total coalescence rate is calculated as the sum of the coalescences produced by
turbulent eddies, different bubble rise velocities, and bubble wake entrainment. The total
bubble breakup rate is calculated as the sum of the breakups produced by eddy collision
and instability of large bubbles. In this work, we focused only on the mechanisms
inherent to turbulent eddies for bubble coalescence and breakup. This simplification is
reasonable at low-to-medium superficial gas velocities since coalescence due to
turbulent eddies is the main mechanism in such conditions (Wang & Wang, 2007). The
models for bubble coalescence and breakup to be used in Approach 3 are listed in Table
2-2. For details of the CFD—PBM coupled model we considered (Wang et al., 2006).

2.5 Methodology

The CFD model used in the present study for sieve-tray-hydrodynamics simulations is
based on the water-air experiments published by Krishna et al. (1999). Figure 1-1
presents an overview of the methodology used in this work. A more detailed description

of the set-up of each CFD simulation is given later in this section.
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Drag coefficient adjustment by
F.,-rbased on experimental data.

Step 1

Approach 1: ) Approach 3:
CFD simulations Without Approach 2: Including PBM model
BIT and PBM Including BIT model “Discrete model”
y
Case 1. | _ Case 1: Case 1:
2D or 3D }_1' Testing different 2D, varying hw ~
|1 BIT models: o
| L——p e T-H %
: e Simonin
Case 2: | e Sato Case 1:
Varying hw : e Without 3D, varying hw
|
|
|
Case 3: I
Varying QUW B —:
|
|
|
|
Case 4: < |
Varying Vg /

Figure 2-1: Flow diagram of the methodology used in this work.

The type and characteristics of boundary conditions for all the simulations in both steps
are shown in Table 2-3. The details of each CFD simulation set-up are described later
in this section.

Table 2-3: Type and characteristics of the boundary conditions used for the set-up of

the CFD modeling for all simulations.

Boundary Type of boundary Gas-phase
Conditions condition volume fraction
Uniform profile
Liquid inlet I ) 0
bin = hDCLW
Uniform profile
Gas inlet _ Vs4q 1
hole — NhAh
Liquid outlet Pressure outlet 0
Gas outlet Pressure outlet 1
Wall No-slip wall Grad=0
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2.5.1 Step 1: Drag-coefficient adjustment by F .,

The first step of our CFD entailed modifying the drag coefficient with the aid of the
correction factor (F.,.-) presented above (Eqg. 21). Thus, the drag coefficient was
adjusted to the available experimental data, i.e., the hg of the gas at three different
surface velocities (0.5, 0.7 and 0.9 m/s), at a Q./W of 8.25x10* m3/s.m, and with a h,, of
80mm. The purpose of these adjustments was to guarantee that the simulated values
would not exceed a 3% deviation compared to the experimental data. Finally, we used
the least-squares method to express F,,,, as a function of the surface velocity of the gas.

This equation was then used for the simulation set-ups of the next step.

2.5.2 Step 2: CFD Simulation

Once the drag coefficient correction factor was established, three types of simulations
were carried out.
e Approach 1: Simulations with the modified drag coefficient, but without PBM, and BIT.
e Approach 2: Simulations with modified drag coefficient and BIT, but without PBM.
e Approach 3: Simulations with modified drag coefficient and PBM, but without BIT.

Thus, we evaluated the effect of varying the operating conditions of sieve-tray distillations
on hg. We chose to focus primarily on he, since this property is used in most sieve-tray
studies to validate the hydrodynamics of the system (Krishna, Van Baten, et al., 1999;
Rahimi et al., 2012; Sadripour et al., 2012).

2.5.2.1 Approachl

In Approach 1, four cases were studied. First, for Case 1, we studied the effect of varying
the type of sieve tray geometry on h in order to determine whether there are significant
differences between working with a 2D geometry and working with a 3D one.
Additionally, we compared these results with the experimental data for h¢ at different
weir heights (60, 80, 90 and 100 mm). Thus, the four evaluated weir heights were
simulated with both types of geometry. Then, for Case 2, we used 2D geometry in all
simulations and varied hy in order to determine the effects of this parameter on hg.
Additionally, we compared the results of our simulations with the experimental data
reported by Krishna et al., (1999), and adjusted the Bennet correlation for h. For Case
3, on the other hand, we varied the liquid load per length unit of the weir (QL/W). The
results of these variations on h¢ were then noted and compared with the experimental

data. Finally, for Case 4, we varied the superficial gas velocity of the system in order to
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test the influence of this factor on hgy. These results were also compared with the Krishna
simulation, on the one hand, and the Bennett and Colwell correlations, on the other hand.

Table 2-4 summarizes the methodology followed in this approach.

Table 2-4: Overview of the four simulated cases in Approach 1.

Case Fixed variable Evaluated variable l\_lumbe_r of
simulations
Vs =0.7 m/s Geometry:
1 Qu/W =8.25x 10 e 2D 8
3
m°/s.m e 3D
hw: 60, 80, 90, 100 mm
hw (mm):
Vs =0.7 m/s e 60
2 Qu/W =8.25x 10* e 80 4
m3/s.m e 90
e 100
QuU/W (10* m3/s.m):
3 Vs =0.7mls o 4 3
hw: 80 mm e 8.25
o 12
QUW = 8.25 x 10 Vs (n:/ S)'O c
4 m3/s.m . 0'7 3
hw: 80 mm . 00

2.5.2.2 Approach 2

This approach includes an evaluation of the effect of BIT on hg. For this purpose, we
used three different models: Troshko-Hassan, Simonin, and Sato. The results of these
simulations were compared with the experimental data and the results simulations that

did not include a BIT model. Table 2-5 summarizes the methodology followed for this

approach.
Table 2-5: Overview of the simulated case in Approach 2.
Case Fixed variable Evaluated variable l\_lumbe_r of
simulations
BIT models:
Vs =0.7m/s e T-H
— -4
1 Q;/W =8.25x 10 . Simonin 4
m3/s.m e Sato
hw: 80
W mm e Without model

2.5.2.3 Approach 3

In this approach, a PBM was included in the simulations in order to determine whether

he could be more accurately determined thus. Two cases were evaluated in this

29



approach. For both cases hy was varied in order to determine the effects of this variable

on hg. All results were compared with experimental data. However, Case 1 was based

on a 2D geometry and Case 2 was based on a 3D geometry. Table 2-6 summarizes the

methodology followed in this approach.

Table 2-6: Overview of the simulated case in Approach 3.

Case Fixed variable Evaluated variable Number of
simulations
hw (mm):
VS = 07 m/S (. 6)0
—_ -4
1 g;//\slvr; 8.25x 10 . 80 4
) . e 90
Geometry: 2D . 100
hw (mm):
Vs =0.7m/s e 60
— -4
5 géﬁ\évn: 8.25x 10 . 80 4
) 90
Geometry: 3D ¢
y e 100

The boundary conditions for the three approaches were similar. Additionally, uniform

inlet boundaries for both the gas and the liquid phases were implemented in all

simulations. Table 2-7 summarizes the different modeling set-ups for all the evaluated

cases of this research.

Table 2-7: Set-up of the CFD simulations carried out in each evaluation approach.

Approach 1 Approach 2 Approach 3
System Air-water Air-water Air-water
2D or 3D depending of | 2D and 3D
Geometry 2D and 3D Approach 1/Case 1
mgggzase Eulerian two phases Eulerian two phases Eulerian two phases
Virtual Mass Virtual mass Virtual mass
Drag (Grace model)
Drag (Grace model) Lift (Tomiyama Model) Drag (Grace model)
Phase Lift (Tomiyama Model) Y Lift (Tomiyama Model)

interactions

Wall Lubrication (Antal)
Turbulence Interaction:
none

Wall Lubrication (Antal)
Turbulence Interaction:

Troshko-Hassan, Sato and

Simonin

Wall Lubrication (Antal)
Turbulence Interaction:
none

Surface Tension

Constant: 0.072 N/m

Constant: 0.072 N/m

Constant: 0.072 N/m

Viscous Model

Standard k-¢

Standard k-¢

Standard k-¢

Population
Balance Model

None

None

Discrete method with a
kv of 0.5236.
Aggregation: Kernel
Luo Model.

Breakage: Kernel Luo
Model.
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2.6 Simulation remarks

Simulations were performed with ANSYS-Fluent® V18.0 on a Dell Intel Xeon W3530
2.8GHz. The Design Modeler® and ANSYS meshing® tools were used for geometry and

mesh development.

Tray geometry was defined based on the work carried out by Krishna et al., (1999). The
Air-Water system was simulated within a two-phase Eulerian framework with a standard
k-¢ model and was compared with the experimental data on h reported by the same
researchers. Both the 2D and 3D simulations were transient and SIMPLE was used as
the solution scheme for their pressure-velocity coupling. Additionally the spatial and
temporal discretization of the model was carried out through the first-order upwind

method. The geometry and mesh used in the simulations are shown in Figure 2-2.

a)

Figure 2-2: Mesh and flow geometry. a) 2D b) 3D system domains
Additionally, we used a hexahedral mesh in order to maximize mesh quality and minimize

convergence errors due to the mesh configuration. Figure 2-3 offers a more a detailed

account of the boundary conditions of the system in the CFD simulation.
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Top: Qutlet gas

Above weir;
Top left: Qutlet liquid
Wall
Weir:
Under wall: Wall
teuiinlet ]
Bottom: Wall with multiple gas inlets (sieve plate)
b)
-.-_h::-—_'___
-H-H-"-\.
H._H_H--L‘-
S Above weir:
Top left: Outiet liguid

Under wall: _k_;,f_yz—_—'

Liquid inlet ¢ 3= " 2]

Bottom: Wall with multiple gas inlets (sieve plate)

Figure 2-3: Boundary-condition locations for the 2D-geometry (a) and 3D-geometry (b)
simulated sieve tray.
The inlet linear gas and liquid velocities used in our model were obtained from the

superficial gas velocity and liquid load, respectively. Additionally, the sieve tray was
assumed to be full of air at the beginning of the simulation. Table 2-8 presents the type
and number of cells used in the model according to the different geometries and weir
heights that were evaluated. The dimensions of the computational domain for the 2D and

3D simulations are summarized in Table 2-9.

Table 2-8: Geometry and meshes characteristics used for the CFD study
Number of cells

Type of T f cell Weir Weir Weir Weir
geometry ype ot ce 60mm 80mm 90mm 100mm
2D Quadrilateral 2808 3871 4212 4680
(5mm x 5mm)
Hexahedron
3D (5mm x 5mm x 123552 164736 185328 205920
5mm)
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Table 2-9: Geometry dimensions of the sieve tray for 2D and 3D simulations

Weir 2D simulat_ion 3D simulation _
(length x height) (length x depth x height)

60 0.39x0.18m 0.39x0.22x0.18m

80 0.39x0.24m 0.39x0.22x 0.24m

90 0.39x0.27m 0.39x0.22x 0.27m

100 0.39x0.3m 0.39x0.22x 0.3m

With regard to PBM, the bubble size was divided into 7 groups (Table 2-10) using the
geometric-ratio method with a r =2 factor. Thus, the smallest bubble volume was of
1.25 x 1073m, while the largest was of 20 x 10~3m. The aforementioned method for
determining this range of diameters was based on the works of (Hofer, 1983;
Kaltenbacher, 1984; Lockett et al., 1979; Wang et al., 2006).

Table 2-10: Diameter of each discrete bubble class used in the PBM

Group | Central group diameter d
# (mm)

1.25
1.98
3.15
5.00
7.94
12.59
20.00

N | oo B WIN |

Furthermore, the transport equations for additional scalars are assumed to have the form
of the general scalar convective-diffusion equation. The convergence criterion for the
simulations was set at 1x10° for most variables besides the volume fraction, which was
set at 1x10%. Additionally, the implicit first-order backward time differencing of the
simulation was carried out every 1x103seconds. The values of the under-relaxation
factor of the simulation always remained under 0.8. Finally, the 2D and 3D simulations
took two and seven days, respectively, to reach a steady-state. This state is achieved
when no more changes in the total liquid hold-up of the system are observed for a period

long enough to obtain a time average.
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2.7 Results and discussion

2.7.1Step 1

Table 2-11 presents the F,,, values obtained, thorough adjustments based on

experimental data on hg, for the three superficial velocities evaluated in the model.

Table 2-11: Results F,, as a function of V

he calculated
Vs (m/s) Feorr V\;:Ith the F.opr

he experimental | % deviation

0.5 0.07 0.042 0.0418 0.48%
0.7 0.04 0.0398 0.0387 2.84%
0.9 0.03 0.034 0.0343 0.87%

The equation found through the least squares method for calculating the correction factor
is:
F.orr = 0.25V2 — 0.45V + 0.2325 05<V;<09 (28)

However, Eq. 28 can only be applied if the following condition is:

2 0.379 0.293 28 0.724
Vdo 0.02290( 12 ﬂ> ( 1 ) <2Aadh> /1) (29)
Np Ay He opcdn Pg dp V3p®

This prerequisite is put in place in order to avoid weeping on the tray (Treybal,
1981).

2.7.2 Step 2

2.7.2.1 Approach 1

Case 1: As Figure 2-4 shows, there are no significant differences between 2D and 3D
simulations within Approach 1. Thus, since 2D models demand less computational
resources and have shorter calculation periods, it was decided to work with the 2D
system. Additionally, working with fewer dimensions makes 2D simulations much more

stable from a numerical point of view.
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Figure 2-4: Clear liquid height from 3D and 2D CFD simulations for approach 1. I}, =
0.7 m/s. QU/W =8.25x 10* m3/s m

Case 2: Figure 2-5 compares the results of the 2D simulation carried out for Case 1 with
experimental data on weir height and clear liquid height, on the one hand, and with the
results of Krishna’s simulation and the Bennet correlation, on the other hand. The higher
accuracy of the present model is due to the adjustment made to the drag coefficient
through the drag correction factor (Krishna, Van Baten, et al., 1999).

The performance of Krishna’s model is similar to Bennet's because it adjusts the drag
coefficient through the Bennet correlation, while the simulations carried out in the present
work are independent of said correlation. It worth noting that the average time that it took
for Krishna’s simulation to stabilize was of six seconds, while the simulations performed
took approximately 40 seconds to reach that point, possibly due to the adjustment of the

drag coefficient.
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Figure 2-5: Relationship between the clear liquid height and weir height from the 2D
CFD model approach 1. Vs = 0.7 m/s; Q./W=8.2x10* m3/s m, experimental data,
bennet correlation, and simulation results reported in the literature
Table 2-12 presents the individual and averaged margins of error of the aforementioned
models. These values were calculated by comparing the results of each model, at the
same operational conditions, against the experimental data. The results confirm that

model proposed in the present work has the lowest margin of error.

Table 2-12: Margin of error of the different simulations and correlation against the
experimental data for Vs = 0.7 m/s; Q./W=8.2x10* m3/m s

Weir height (m) Krishna Bennet This work
0.06 42.3% 35.8% 3.2%
0.08 43.2% 41.6% 2.84%
0.09 N/A 34.3% 1.8%
0.1 15.5% 29.1% 7.9%
Average 33.6% 35.2% 3.93%

Case 3: Figure 2-6 shows the results of comparing the h¢ results obtained by each model
—the Colwell correlation was also considered in this case— when the liquid load per unit
weir length is the evaluated variable. Once again, our model was the one that resembled
the experimental data to the greatest extent, which shows the effectiveness of our drag-
coefficient adjustments. Additionally, the similarities between Krishna’s simulation and

the Bennet correlation can be appreciated again.
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Figure 2-6: Relationship between the clear liquid height and weir load from the 2D
CFD model approach 1 h,=80mm; V¢= 0.7m/s, experimental data, Bennet correlation,
Colwell correlation, and simulation results reported in the literature.

Table 2-13 presents the individual and averaged margins of error of the aforementioned
models. The fact that the margin of error of our model is lower than the others is a
consequence of the fact that initialization and convergence values that we used were not

forced to meet the estimations that result from the Bennet correlation.

Table 2-13: Margin of error of the different simulations and correlations against the
experimental data for hy, = 80mm; Vs = 0.7 m/s.

Liglu(;qgr\:]v;irglz?d Krishna Bennet Colwell This work
0.4 55.88% 58.82% 14.71% 8.53%
0.825 43.15% 42.12% 19.90% 2.84%
1.2 29.56% 29.33% 21.48% 3.46%
Average 42.87% 43.42% 18.69% 4.94%

Case 4: Figure 2-7 shows the results of comparing the h¢ results obtained by each model
when the superficial gas velocity was the variable being evaluated. Once again, adjusting

the drag coefficient in our proposed model resulted in a higher accuracy.
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Figure 2-7: Relationship between the clear liquid height and superficial gas velocity

from the 2D CFD model h,=80mm, Q./W=8.2x10“*m?3/s m, experimental data, Bennet

correlation, Colwell correlation, and simulation results reported in the literature.

Table 2-14 presents the individual and averaged margins of error of all the
aforementioned models. As it had happened when liquid load was the variable being
evaluated, the fact that the margin of error of our model is lower than the others in this

case is a consequence of the fact that initialization and convergence values that we used

were not forced to meet the estimations that result from the Bennet correlation.

Table 2-14: Margin of error for the different simulations and correlations against the
experimental data for hy,= 80mm; Q./W=8.2x10* m®/m s.

Supen_‘icial gas Krishna Bennet Colwell This work
velocity (m/s)
0.5 53.35% 50.0% 8.13% 0.48%
0.7 44.7% 43.67% 18.86% 2.84%
0.9 32.65% 43.15% 21.87% 0.87%
Average 43.57% 45.61% 16.29% 1.40%

Table 2-15 summarizes the margin of error of the different simulations proposed in the

present study and those of Krishna’s model.
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Table 2-15: Average error for this work and Krishna’s simulations

Case This work Krishna
2 3.93% 33.6%

3 4.94% 42.87%

4 1.40% 43.57%
Average 3.42% 40.0%

2.7.2.2 Approach 2

With the purpose of creating a more realistic simulation, we integrated the BIT
phenomenon in our two-phase CFD model. In order to find the most suitable BIT model,
three different proposals were compared: (Sato et al., 1981; Simonin & Viollet, 1990;
Troshko & Hassan, 2001). Figure 2-8 shows the results of clear liquid height when BIT

models were applied.

0.042
0.041 +
E 0.04 -
S 0.039 -
=
~= 0.038 -
s
= 0.037 -
o
£ 0.036 -
o
0.035 -
0.034 -
0033 T T T T 1
Experimental Troshko-Hasam Simoni Sato No BIT model
Data
Bubble Induce Turbulence Model

Figure 2-8: Comparisons of the clear liquid height experimental value and the results

using different bubble-induced turbulence models: Troshko-Hasam, Simoni, Sato, and

No BIT model. Data shown correspond to conditions: Vs= 0.7 m/s, Q./W = 8.25 x 10*

m?3/s m, weir 80mm.

Simonin’s model is able to simulate BIT by including additional source terms in the
turbulence-transport equations and is only usable in dispersed and per-phase turbulence
models. The T-H model, on the other hand, is an alternative that accounts for the
turbulence of the dispersed phase in the k-epsilon equations (ANSYS, 2021; ANSYS
Release 19, 2018). Sato’s model had the highest margin of error (9%), probably due to
the effects of including certain bubble-induced effects within a more general term of the
equation instead of considering them on their own. The margin of error of the T-H model

was similar to that of the Sato model (see Table 2-16), possibly because of the quadratic

39



term of the equations used for the former. Indeed, this term does not allow for a negative
value to affect the turbulent kinetic energy. In other words, given that |u; —u,|? (see
Table 2-1), when the liquid velocity is superior to the gas velocity this value will increase
kinetic energy instead of decreasing it, which, in turn, decreases hy when it should
increase. Simonin’s model, on the other hand, can simulate systems where the liquid

velocity is greater than the gas velocity.

However, despite their shortcomings, all three models are close enough to the
experimental data to be acceptable. Table 2-16 summarizes the margins of error of the

different models.

Table 2-16: Margin of error of the bubble-induced turbulence (BIT) models.

BIT model eiﬁe[?i?r:/éitigrd(gta
Troshko-Hassan 6.20%
Simonin 1.29%

Sato 7.0%
No BIT model 2.84%

Simonin’s model is, thus, the most accurate of the evaluated BIT models. However,
integrating Simonin’s model reduces the margin of error by less than 2%, when
compared with a 2D non-BIT model. Therefore, at least for initial studies, working without

BIT models does not entail a significant sacrifice of accuracy.

2.7.2.3 Approach 3

In another attempt at creating more realistic simulations, we integrated a PBM in our 2D
and 3D models. Additionally, since other models —such as those use to study bubble
columns— also use it, we chose to work with the discretization method for our PBM
models (Bhole et al., 2008; Wang et al., 2006). This approach has the advantage of
directly computing particle size distribution. Indeed, as shown in Figure 2-9, small
bubbles prevail over larger ones, which favors mass transfer. However, if the PBM skews
too far towards small-size bubbles, the amount of transferred mass can be
overestimated. Indeed, the main difficulty in two-fluid modelling is the accurate
representation of the interphase forces, on the one hand, and turbulence, on the other
hand.

40



350E+04 -

300E+04 -

250E+04 -

200E+04 -

150E+04 -

Number Density

100E+04 -

050E+04

0 000E+00 -

0.00125 0.00198 0.00315 0.005 0.00794 0.0126 0.02
Particle Diameter (m)

mWeir o0mm = Weir 80mm = Weir 90mm = Weir 100mm

Figure 2-9: Number density bubbles for 60, 80, 90, 100mm weir with V¢=0.7m/s. Q./W
= 8.25x10*m3/s min 2D

Figure 2-10 shows the results of 2D and 3D simulations with PBM and compares them

with the available experimental data. However, as was the case with Approach 1, using

a 3D model only increases accuracy slightly. This might be due to de fact that most of

the bubble movement takes place in the x and y axes and only a negligible amount of

bubble movement flows along the z axis.

0.055 -
OCFD 3D Simulation PBM (this research)
005 - ACFD 2D Simulation PBM (this research) g
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Figure 2-10: Comparisons of clear liquid height in 3D and 2D simulation with PBM. V¢
=0.7 m/s, QU/W =8.25x 10* m®/s m

Table 2-17 shows how the 2D and 3D models without PBM compare with those with
PBM. Indeed, implementing PBM in the simulations leads to a small difference in the

results for the two types of geometry. However, the average margin of error for
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Approaches 1 and 3 is not significant by any means: the difference between the largest
margin of error (3.9%; 2D, no PBM) and the smallest margin of error (2.1%; 3D, with
PBM) is only 1.8%. Thus, a 2D simulation without PBM and BIT remains a viable
alternative that, furthermore, requires less processing time and computational power

than slightly more precise models.

Table 2-17: Margin of error of 2D from approach 1, and 2D and 3D from approach 3

against the experimental data, for Vg = 0.7 m/s; Q./W = 8.2x10* m3/s m.
Weir height (m) Approach 1 (no PBM) Approach 3 (with PBM)
2D 2D 3D

0.06 3.2% 3.0% 2.8%

0.08 2.8% 2.5% 2.1%

0.09 1.8% 2.1% 1.9%

0.1 7.9% 4.9% 1.5%

Average 3.9% 3.1% 2.1%

Contour plots and velocity vectors for the gas volume fraction for Approach 1 (2D model)
and Approach 3 (3D model) are shown in Figures 2-11 and 2-12, respectively. As can
be seen, the 2D model without PBM is less turbulent than the 3D model with PBM,

possibly due to the fact that only one bubble size is being considered.
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Figure 2-11: Evolution of instant gas hold-up distribution and vector gas velocity for
weir 100mm. V¢=0.7m/s. Q./W=8.25x10*m?'s m, in 2D without PBM and BIT.
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Figure 2-12: The evolution of instant gas hold up distribution and vector gas velocity
for weir = 100mm, V5=0.7m/s. Q./W = 8.25x10“*m3/s m, in 3D incorporating PBM.

2.8 Conclusions

With the CFD models developed in the present research, we were able to successfully
simulate distillation in sieve trays. Additionally, for the first time in a study of this kind, we
tested the effects of integrating PBM and BIT into a CFD model on its h¢ simulation
accuracy. The performance of these models was also evaluated by changing their

geometry (2D and 3D). Moreover, ANSYS Fluent® proved to be a suitable tool to
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simulate this type of complex fluid system, since the various meshes and geometries
used throughout the simulations did not lead to any issues during the processing stage

and the numerical performance was stable in all cases.

The accuracy of models was confirmed by comparing their results against experimental
data. Thus, the average h margin of error of these models was: 3.42% for Approach
one (Table 2-15), 1.29% for Approach 2 (using the Simonin model) (Table 2-16), and
2.1% for Approach 3 (using 3D geometry) (Table 2-17).

When compared to those of Krishna’s simulations (40.0%), the error margins of our
models seem much better. The same might be said when compared to Bennet's and
Cowell’s.

The obtained results led us to conclude that for this type of two-phase system with
turbulence, a 2D model is accurate enough. Despite being slightly more accurate, the
other models that we developed for this study are not as resource-effective as the 2D

model.

The same might be said about including BIT models in the CFD model. The Simonin BIT
model was the most accurate in representing he, but even so, when compared to that of
a plain model, the margin of error of the BIT model does not improve significantly: 1.29%
vs. 2.84%.

Finally, including PBM in our model also improved h¢ precision, compared to the Krishna
simulations and the Bennet correlation (Tables 2-11, 2-12, and 2-13), but they only
improved marginally when compared to our plain CFD model (Table 2-17). Thus, at least
for preliminary studies, including a PBM in the CFD model is not strictly necessary.
However, PBM might be more crucial when working with the mass transfer phenomena.
Thus, more studies are needed to determine whether it is worth it to include PBM in other

circumstances.
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Notation

al-f
Aq
Ap
Ap
b(fyld)

b(v), b, b(d)

b*

dcz

e(d)
e(d
fi
F
Fdrag
Flift
FVM

FTD

fb,large

fo
Gl

g
H
h

hpc
I

kb,large
k

Interfacial area concentration, m™
Active area on sieve tray, m?
Area bubble Sauter diameter, wD2, m?
Hole area on sieve tray, m?
Breakup kernel function

bubble breakup rate, s*

Model parameter, 100 s

specific heat, J/kg K

drag coefficient

lift force coefficient

virtual mass force coefficient
turbulent dispersion coefficient
Model constant, 1.44

Model constant, 1.9

User modifiable model, by default 1
Model constant, 1.2

User modifiable model, by default 0.75
User modifiable model, by default 0.45

abbreviation of c¢(d;, dy ), m%/s

bubble coalescence kernel function, m3%s
diffusion coefficient, m? s™

bubble Sauter diameter, D, = 1/Y; f;/d;, m
diameter of the mother bubble, m

Hole diameter of a sieve tray, m

critical size of bubbles having wake effect for
bubble coalescence, m

critical size of bubbles with breakup resulting
from instability, m

kinetic energy of an eddy of size 4, J

Mean kinetic energy of an eddy of size 4, J
scalar fraction of each bubble size group
total interfacial force, N

drag force, N

lift force, N

Virtual mass force, N

turbulent dispersion force, N

fraction of large bubbles

breakup fraction defined by v, /v

turbulence production term in the liquid phase, J/m3s
gravitational acceleration, m/s?

enthalpy, J/kg

inter-phase heat transfer coefficient

Downcomer Clearance, m

model parameter

model parameter accounting for bubble wake effect
kinetic energy turbulent, m?/s?

46



23z-58

Ny,
N;
Py (fy1d, 2)

Py(fyld, e(1), )

P, (e(D)

Covariance of the velocities of liquid and gas

Weir length, m

Plate thickness, m

number of bubble groups

Model parameter, 6.0

Number of bubbles per unit dispersion volume, m-
Number of holes in the sieve tray

number of the bubbles with volume between (v;, v;,;), m3

breakup probability for a bubble of size d breaking with
breakup fraction f, when hit by an eddy of size 1
breakup probability for a bubble of size d breaking with
breakup fraction f, when hit by an eddy of size 1 and
kinetic energy e(1)

Energy distribution density function for eddy of size 4, J*!

Pressure, Pa

pitch of perforations, m

Volumetric flow, m%/s

fractional rate of surface element replacement

Source term due to coalescence and breakup, Kg/m?® s

source terms describing the effects of the dispersed phase
on the continuous phase

source terms describing the effects of the dispersed phase
on the continuous phase

temperature, K

Thermo-fluid time scale, s

saturation temperature, K

exposure time in the penetration model, s
bubble slip velocity, m/s

bubble velocity, m/s

velocity, m/s

Mean velocity for eddy of size A

Drift velocity

volume of the mother bubble, m®

volume of the smaller daughter bubble, m3
volume bubble Sauter diameter, wD3 /6, m®
Superficial gas velocity, m/s

pivot bubble size of the bubble interval (v;, v;,,), m®
length of travel on a tray, m

Void fraction

Density, kg/m3

mass transfer rate duo to phase change, kg/m® s
effective viscosity, kg/m s

Viscosity, kg/m s

effective thermal conductivity, W/m K
Surface tension,N/m

Model constant, 1

dissipation rate of the kinetic energy, m?/s®
Characteristic time of induce turbulence
model parameter
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'3(1;, v'), daughter bubble size distribution function

B, xi)
yl eddy size, m
v kinematic viscosity of liquid, m?s™
Y Model constant
Subscripts
G Vapor
L Liquid

GL transfer of quantities from liquid phase to vapor
LG transfer of quantities from vapor phase to liquid

t turbulence
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Chapter 3

CFD modeling study of the mass transfer and
hydrodynamics of a sieve tray distillation
column

Highlights

e Problem: There is no availability experimental data for the validation of the mass
transfer in plates of a HIDIiC Column.

e Contribution: A CFD-based methodology to predict mass transfer in a sieve tray.

e Implementation and validation of a CFD model to simulate the separation of
methanol/propanol system representing the hydrodynamics and mass transfer in a
sieve tray.

e Equilibrium and non-equilibrium approaches were used and evaluated for the
modeling of the distillation process with CFD.

e A CFD solid model is proposed for the representation of hydrodynamics and mass
transfer in distillation detailed studies.

e An important improvement in the reproduction of the phenomena linked to distillation

is achieved in comparison to previous studies.

Abstract

Computational fluid dynamics (CFD) is used to represent transport phenomena in fluid
systems, in this case, interest is focused on hydrodynamics and mass transfer in a sieve
tray of a distillation column. The tray geometry characteristics are based on a large
rectangular tray. The methanol/propanol system was simulated using thermodynamic
equilibrium and non-equilibrium approaches. The obtained results were compared with
the experimental data and Aspen Plus® results. Different modeling alternatives were

investigated addressing resistance in gas and liquid phases, and the equilibrium ratio at
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the interphase. The modeling data were used to calculate the Murphree efficiency as an
indicator of the mass transfer capacity, and the clear liquid height as an indicator of
hydrodynamic behavior of the system. The proposed model considers the two-
dimensional, two-phase flow of vapor and liquid in which each phase is treated as an
interpenetrating continuum, with independent transport equations (Eulerian-Eulerian
framework). Interaction between the two phases occurs via interphase momentum and
species mass transfer. The final results regarding the clear liquid height and Murphree
tray efficiencies were used for the analysis and validation of the modeling approach
proposed in this research. The validation was carried out by the comparison of the
simulation results against experimental data, average percentages of difference between
experimental data and obtained CFD results were: 3.38% for the Murphree efficiency (a
significant improvement in comparison to previous studies that report a 16.52% of
difference) and 1.56% for the clear liquid height. Additionally, validation of some

hydrodynamic variables, phase fraction and vapor velocity field, was performed.

Keywords

Distillation CFD model; Murphree efficiency; clear liquid height; non-equilibrium; process

simulation; sieve tray.

3.1 Introduction

Distillation is the separation process of major importance in chemical and petroleum
industries worldwide. Increasing separation efficiency, as well as improving its prediction,
has been a major task in the design and operation of distillation columns (Kockmann,
2014; Oluji¢ et al., 2009; Yanagi & Sakata, 1982). Efforts to maximize the efficiency of
distillation columns are still justified on economic grounds and environmental impact due

to the large energy consumption of these units (Dejanovi¢ et al., 2010).

In the operation and design of distillation columns, one of the most used internals is the
sieve tray, because of its design simplicity and low cost. Despite the widespread use of
this kind of tray, few attempts have been made to model its hydrodynamics (Gesit et al.,
2003; Krishna, Van Baten, et al., 1999; Li et al., 2014; Malvin et al., 2014; Van Baten &
Krishna, 2000). In this way, some CFD studies of mass transfer in sieve trays has been
developed before (Abbasnia et al., 2019; Noriler et al., 2010; M. R. Rahimi et al., 2006;
R. Rahimi et al., 2012; Sun et al., 2007; Wang et al., 2004). Some important approaches
have been to developed CFD models to simulate a three-dimensional two-phase flow to
represent the hydrodynamics on a distillation sieve tray (Gesit et al., 2003; Krishna, Van

Baten, et al., 1999; Van Baten & Krishna, 2000), and to couple the two-phase equations
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through an interphase drag term, estimated using the drag coefficient correlation of
Krishna (Krishna, Van Baten, et al., 1999) and the Bennet correlation (Bennett et al.,
1983) for the liquid holdup fraction in the froth.

Other studies developed a three-dimensional transient CFD model for describing the
hydraulics of flow-guided sieve tray, within the two-phase Eulerian—Eulerian framework
(Lietal., 2014). However, these CFD simulations showed that the interphase momentum
exchange (the drag), estimated using Bennett correlation, fails to give fitted results,

compared with the experimental data for clear liquid height.

In the other way, some works have applied the method of the Droplet Size Distribution
(DSD) and the CFD flow pattern for sieve trays (Malvin et al., 2014). In these studies, a
biphasic and tridimensional model based on the volume of fluid (VOF) and large eddy
simulation (LES) approaches for simulating the complex phenomena of flow in sieve
trays were used. Considering the clear liquid height, the reported results complied with

experimental data.

Regarding the mass transfer phenomenon, one of the first works (Wang et al., 2004)
presents a single-phase tridimensional CFD model capable of representing the liquid
phase flow and its composition profile on a sieve tray. They calculated the velocity
distribution and composition profile for a 1.2 m diameter tray and compared it with
experimental results. Other complementary works focused on simulating a tridimensional
and biphasic model for predicting hydrodynamic, heat transfer, and mass transfer of
sieve trays (Noriler et al., 2010; R. Rahimi et al., 2006; Sun et al., 2007). In their work,
Rahimi and co-workers developed a 3D two-fluid CFD model to predict the fluid flow
patterns, hydraulics, and mass transfer; the results of the simulation were compared with
experimental data. Whereas Sun (2007) offered the semi-one-fluid tridimensional model
for predicting penetration of turbulent mass transfer, In this study, the tridimensional
profiles for velocity, composition, and, additionally, the separation efficiency were
predicted. In another interesting approach, (Noriler et al., 2009, 2010) presented a
biphasic tridimensional model following Eulerian—Eulerian approach for hydraulic
simulation of mass and heat transfer on distillation sieve trays; a combination of encoding
and simulating software was employed to calculate the auxiliary equations and the
concurring changes of composition along with the changes of pressure and velocity on
the tray were showed. In their simulations, they used the Ranz-Marshall equation to

calculate the heat transfer coefficient (Ranz & Marshall, 1952).
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In more recent research, (R. Rahimi et al., 2012), used the permanent and tridimensional
CFD model for simulating a rectangular sieve tray. They simulated two rectangular trays
which differed only in the diameter of the holes and showed that the tray with smaller
holes diameters would give more uniform liquid phase mixture, lower back mixing and

higher efficiency.

There are few studies about other kind of tray, Abbasnia and coworkes (2019) studied
the mass transfer and efficiency of sieve trays and Nye trays. Their simulations were
based on a 3D domain. Results showed that the liquid composition profile on the Nye
tray corresponds to a more efficient separation, and, consequently, Murphree efficiency

in Nye tray is about ten percent higher than in sieve trays.

Due to the interaction of transport phenomena, mass transfer in real operational sieve
trays is linked to hydrodynamics and heat transfer. The hydrodynamics, mass, and heat
transfer are mainly expressed for each phase in terms of the time and spatial distribution
fields of velocity, temperature, pressure, volume fraction, and compositions. From the
concentration fields, efficiencies (in a given point and in the whole tray) can be
calculated. These efficiencies are used to quantify the efficiency of mass transfer and
separation and, during the column and tray design, to translate the theoretical number

of trays into a real number of trays.

An impasse that has hindered the further improvement of sieve trays is the fact that little
is known about the flow phenomena prevailing inside a tray as functions of the geometry
and operating conditions. The main reason for this is the poor knowledge of the complex
behavior of the phases inside the tray. How are hydrodynamics, heat, and mass transfer
for a given geometry, and operating conditions? which is a major problem facing the
current practice of tray design and analysis. As a result, the current design and analysis
of sieve trays are based on experience and empirical correlations rather than on specific
data or models. The spatial behavior of the multiphase flow field is lacking, and the
designer relies heavily on gross oversimplifications. These practices do not consider the
actual hydrodynamics, and heat and mass transfer processes inside the tray. Therefore,
better models and methods for modeling and predicting sieve tray hydrodynamics, and

heat and mass transfer are needed.

Once a method or methods have been fitted to solve the above problems, it will be
possible to design trays having specific flow patterns that give rise to the best
performance. Over the past years, only experimental methods could be thought of in

solving such a problem. Although experimental methods are generally expected to give
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reliable data, the chaotic, three-dimensional, and multiphase flow behavior inside a
distillation tray severely limit the use of experimental methods and the amount of data

they can generate.

Advances in numerical methods and improvements in multiphase flow models allow to
address complex flow problems, also this is supported on the current computational
power available. CFD combines and uses these two characteristics, it is an approach
with important predictive and design capabilities for flow analysis in processing units.
Compared to experimental methods, it gives complete information (time and spatial
distributions of variables) and has a relatively low cost. A major advantage of CFD over
experimental methods is its flexibility as it typically enables changing flow geometry and

system conditions without incurring in high cost (M. Guevara & Belalcazar, 2017).

The present research aims to verify the use of the CFD to represent the separation in
sieve trays, considering the system methanol/propanol as a case study. To propose a
suitable setup for this modeling goal two thermodynamic conditions were considered:
equilibrium and non-equilibrium. This study also shows the importance of including the
resistance in the vapor phase for the system in non-equilibrium and the equilibrium ratio
in the interface as a function of the concentration, unlike Rahimi's work (Rahimi et al.,
2006), which took into account only resistance in the liquid phase and equilibrium ratio

constant.

The developed model is capable of reproducing the hydrodynamics and mass transfer
of a sieve tray, and as a consequence, it allows to accurately predict tray efficiency and
clear liquid height. This is supported by a comparison of the obtained results against

experimental data.

This chapter is ordered as follows, the mathematical model of the two-phase flow is given
in Section 3.2, the case study is described in Section 3.3, the methodology in section
3.4, the simulation results are shown in section 3.5 and the main conclusions are given

in section 3.6.

3.2 Mathematical model

Concerning turbulence in bubbly flows, it suffices to consider a continuous liquid phase
based on the small density and small spatial scales of the dispersed gas. We adopt a
two-equation turbulence RANS (Reynolds Averaged Navier Stokes) model for the liquid

and vapor phases (Bird et al., 1958; Kataoka & Serizawa, 1989; Morel, 1995), the energy
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equation and the momentum equation. Momentum exchange is modeled considering

drag, lift, and virtual mass.

3.2.1 Flow equations

The two-fluid model considers vapor and liquid phases as continua, and it solves two
sets of conservation equations for mass, momentum, and energy, which are written for
each phase by Equations 1 to 4.

Continuity equation of liquid phase (Eqg. 1).

d(appy)
Jat

+ V- (appLu) = Sig (1

Continuity equation of vapor phase (Eq. 2).

J(a
% + V- (agpcug) = —Si6 (2)

The momentum equation of liquid (Eqg. 3) and vapor (Eq. 4) phase correspond to

0(a,p u;)
# + V- (a,pLu uy)
3
= —a, VP + V- [ayuf (Vu, + (Vu )]+ aypg + Fig (3
+ (Speug — Sgruy)

d(agpsug)

o + V- (agpeucug)
4
= —agVP + V- [agué (Vus + (Vug)M)] + agpeg + For (4)

+ (SeLuy, — Speug)

The terms at the left-hand side correspond to the momentum accumulation in the phase
and the net momentum outlet from the phase, respectively. For the momentum exchange

at the liquid-vapor interface, F;, drag, lift, and virtual mass are considered:

Fio = Fio™ + Fl* + FIil = —Fg, )
where
FiIY = Clagp, (ug — uy) (Vuy) (6)
D
FZcI;W = CymagpL m (ug —uy) (7)

3.2.2 Drag Model

In multiphase flows, the correlations for interfacial forces are developed to study the
interaction between different phases (Ishii & Zuber, 1979; Schiller & Naumann, 1935).
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The interaction between liquid and gas phases is dominated by the drag force and it is
determined by solving the momentum equation (Egs. 3 and 4). The drag force is
calculated using the Eq. 8.

3¢,
F?gag = maGleuG — uLl(uG - uL) (8)

where Cp; is the drag coefficient, which can be obtained from the Grace model (Grace et
al., 1978). This model is well suited for gas-liquid flows in which the bubbles exhibit a
range of shapes, such as the sphere, ellipsoid, and spherical cap. The drag coefficients

for different shapes of bubbles are calculated by:

Co = max (min (Copugpe Cocap ) Corprere ) ©)
where
c _ (24/Re, Re, < 0.01 0
Dsphere = | 24(1 4 0.15Rep*®”)/Re, Re, = 0.01 (10)
8
CD,cap = § (11)
4 gdy, (p1 = py)
Cp,ettipse = 302 (12)
and
u,_u;|d
Re, = M (13)
Hy
_ M -0.149/7 _
U, = s Mo (J —0.857) (14)
where Mo is the Morton number and J is given by a piecewise function, defined by:
4 _
Mo = 1190 —pg) (15)
pro
0.94H%757  2<H< 59.3}
= 16
J {3.42H°'4'41 H > 59.3 (16)
In Equation (16) H is defined by:
4 -0.14
H = =EoMo=0%1%° <ﬂ> (17)
3 Urer
where p,..r = 0.0009 kg/(m.s) and Eo is the E6tvos number:
— d?
g0 < 9(PL=Pg)d} (18)

g

3.2.3 Modified drag model

In this research, we use a modified drag coefficient (Cp .o,+-), based in the Grace model

and developed in the chapter 2. This correction on drag coefficient is supported on the
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idea that Grace model considers the balance forces acting on a single bubble moving
into the liquid, instead of a multi-bubble system where each bubble interact with the liquid
and with other bubbles. The equation used is:

Cp,corr = FeorrCp (19)
here, Cp is the drag coefficient calculated with Grace’s model (Eq. 9), and F,,,, is the
correction factor. The value of the correction factor was estimated using experimental

data of clear liquid height as function of the specific superficial gas velocity.

3.2.4 Species Mass Transfer

To model interphase mass transfer, phase species transport equations are solved along
with the mass, momentum, and energy equations. The transport equations for the mass
fraction of the light component (LK), are the Equations 20 and 21 (similar equations are
considered for the heavy component):

Vapor phase:

d(agpcYik)

—at + V- (agpcucYix) = V- [aGpGDLK,GVYLK] = S16,LK (20)
Liquid phase:

o(aLpLXik)

a0 + V- (appu X ) =V- [aLpLDLK,LVXLK] + SieLk (21)

The interphase species mass transfer term S;; ;¢ is the interphase mass transfer rate of
the light component per unit volume (Eq. 22), where relationship of Eq. 23 is used to

calculate k.

Stk = kLGA(Kpll:K - PéK) (22)
1 1 K

e (23)
ki ke ki

where A is the interfacial area per unit volume, K is the mole fraction equilibrium ratio as
iny, =K *x, p;Xisthe mass concentration of the light component in the phase p, k;
and k; are the volumetric individual film mass transfer coefficients of gas and liquid,

respectively.

3.2.5 Mass Transfer model

Interphase mass transfer was modeled using the two-resistance model in ANSYS Fluent
(ANSYS Release 19, 2018). There are many theories available in the literature for the
calculation of the mass transfer coefficient k; and k; (Lamont & Scott, 1970), however
the most used are those mentioned next (Eqs 24 — 27):
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Penetration theory (Higbie, 1935):

2 DLLK
k, =— : 24
L \/E tL ( )
2 DG LK
ke = — |—= 25
G \/E t(,‘ ( )
where t, is the exposure time, calculated as:
dp
t, = 26
k Uyise ( )
(o= 27
= @7)

where d, is the bubble diameter, u, ;. is the bubble slip velocity and uy is the vapor
velocity through the tray holes. Therefore, the expressions for the local mass transfer

coefficient are:

D .
kL =27 L,LKu‘rLse (28)
T[db

LG LKuH
— , 29
kG =2Y lb ( )

Ranz-Marshall model (Ranz & Marshall, 1952) uses an analogous approach to that for

where Y is a model constant.

the Ranz-Marshall heat transfer coefficient model based on the Sherwood number
(Treybal, 1981):

kL
Shy =~ =2+ 0.6Re;’*Sc,/* (30)
q

where k, is the mass transfer coefficient in the qt" phase, D, is the diffusivity in the qth
phase, L, is a characteristic length (such as the bubble diameter), Sc, is the Schmidt

number of the phase and Re, is the relative Reynolds number.

3.3 Simulations setup

Sieve tray geometry was selected due to the availability of experimental results (Dribika
and Biddulph, 1986) for the system Methanol-Propanol at ten different experimental
composition profiles and simulated within the two-phase Eulerian framework and the
standard k-epsilon model. In that way, results were compared against experimental data
of Murphree efficiency, liquid composition profiles and clear liquid height reported by
(Biddulph & Dribika, 1986; Dribika & Biddulph, 1986). The simulations were two-

dimensional transient, and the tray dimensions are in Table 3-1. In the simulations, the
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solution scheme for Pressure-Velocity Coupling was SIMPLE algorithm and for spatial
discretization and transient formulation was first-order upwind (Versteeg & Malalasekera,
1995).

Table 3-1: Sieve tray technical specifications used in this study.

Characteristics Experimental Simulation
Weir length 83 mm 85 mm
Liquid flow path 991 mm 985 mm
Tray spacing 154 mm 155 mm
Hole diameter 1.8 mm 5 mm
Percentage of free area 8% 8%
Outlet weir height 25 mm 25 mm
Inlet weir height 4.8 mm 5mm

Simulations were done with ANSYS-Fluent® V18.0 on a Dell Intel Xeon W3530 2.8GHz.
The transport equations for additional scalars were assumed to have the form of the
general scalar convective-diffusion equation. The convergence absolute criteria for the
simulations were 1x107 for most variables except for the volume fraction which was
1x10* (ANSYS Release 19, 2018).

For the time-dependent term, implicit first-order backward time differencing was used
with a fixed time step of 1x103s. The simulations were run with a small underrelaxation
factor generally less than 0.8. The values from the simulation were obtained after
averaging over a sufficiently long-time-interval once quasi-steady-state conditions were

established. The time for each simulation took around seven days.

The geometry and mesh used in the simulations are shown in Figure 3-1. Geometry was
developed using Design Modeler® and the mesh was made with the software ANSYS
meshing®. The number of cells and type of mesh is shown in Table 3-2, this type of
mesh guarantees the maximum mesh quality and minimizes the convergence errors due
to mesh configuration. Locations of the boundaries of the system in the CFD simulation

are shown in Figure 3-2.
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L}
Vapor »

Interphase

Figure 3-1: Mesh and Flow geometry system 2D domain for the development of the CFD
simulations.

Table 3-2: Mesh data: type of geometry, type of element, and the number of cells, used
in the development of the CFD model applied in this study.

Type of Number
yp Type of cell
geometry of cells
uadrilateral
2D Q 6107
(5mm x 5mm)
Top: Outlet gas
Above weir:
Top left: Outlet liquid
Wall
Weir:
Under wall: Wall
Liguid inlet e

Bottom: Wall with multiple gas inlets (sieve plate)

Figure 3-2: Boundary conditions locations used for the setup of the CFD model: Inlets,
outlets, and walls of the geometry 2D.

3.4 Methodology

For the development of the work, two steps were employed:

In the First step, simulations were performed in thermodynamic equilibrium using Aspen
Plus® and Ansys Fluent®. The objective of this step was to verify the use of the CFD
model to describe a tray that attains thermodynamic equilibrium. Results from CFD were

compared with results of the same system simulated with Aspen Plus®.

In the second step simulations in Ansys Fluent® consider non-equilibrium conditions.
Results regarding the Murphree efficiency and the clear liquid heigh were obtained and

they were validated by comparison with experimental data.
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Additionally, a verification of the hydrodynamics representation by the resulting model

was performed to give a robust and wide consideration of the different phenomena

involved in the separation of the mixture occurring in the modeled tray.

3.4.1 Step 1 Thermodynamic Equilibrium model

These simulations were performed based on the next procedure:

1. Ten (10) simulations in Aspen Plus® considering a distillation column under

thermodynamic equilibrium conditions. Each of these 10 simulations was formulated
to match the inlet and operation conditions of the trays for which the experimental
data is available. The velocity and average concentration were obtained as results of
these simulations. In all simulations, the value of the F factor of the experimental part

was maintained; this value was 0.4.

. The liquid and vapor inlet velocity, concentrations, temperatures, and equilibrium ratio
were taken as initial and boundary conditions for the CFD simulations. Table 3-3
describes the general characteristics of the boundary conditions and Table 3-4 their
respective used values. The general setup used in each simulation is shown in Table
3-5. After, the CFD results (average liquid concentration of methanol, in equilibrium)

were compared with results from simulations with Aspen Plus®.

Table 3-3: Boundary conditions description for the CFD modeling.

Boundary Propert Gas-phase volume
Conditions perty fraction
Uniform profile
Liquid inlet o= 0
L hDCLW
. s _Vehs
Gas inlet hole = oA 1
Liquid outlet Pressure outlet 1
Gas outlet Pressure outlet 1
Wall No-slip wall Grad=0

Table 3-4: Boundary conditions used for each simulation under equilibrium conditions.

Inlet liquid Inlet vapor Inlet Inlet Inlet Inlet Molar
R composition | composition velocity velocity t n et ¢ n et fraction
un (Molar (Molar liquid vapor ﬁm%a&‘;e evn;g(e)rra(lg)r ¢ | Equilibrium
fraction) fraction) (m/s) (m/s) ratio
1 0.911 0.7887 0.001578 | 0.1081 339.25 349.24 0.8282
2 0.88 0.7114 0.001614 | 0.1075 340.05 352.3 0.7663
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Inlet liquid Inlet vapor Inlet Inlet inl inl Molar

Run composition | composition velocity velocity tem r;zreatture tem r;:?atlture fraction
(Molar (Molar liquid vapor I Elid ) vapor ) Equilibrium

fraction) fraction) (m/s) (m/s) q P ratio
3 0.862 0.6807 0.001677 | 0.1103 340.41 353.42 0.7418
4 0.794 0.5793 0.001743 | 0.1098 341.88 356.76 0.6623
5 0.759 0.5354 0.001778 | 0.1097 342.67 358.09 0.6285
6 0.714 0.4847 0.001825 | 0.1098 343.72 359.53 0.5902
7 0.622 0.3976 0.001926 | 0.1103 346.01 361.83 0.5263
8 0.569 0.3543 0.001955 | 0.1090 347.43 362.89 0.4959
9 0.483 0.2922 0.002039 | 0.1089 347.43 362.89 0.4541
10 0.320 0.1896 0.002225 | 0.1097 355.32 366.61 0.3916

Table 3-5: Set up of the CFD model used to simulate the tray with equilibrium conditions.

Characteristic Set up

System Methanol-Propanol
Geometry 2D
Multiphase Models Eulerian two phases
Virtual Mass

Drag (grace model) with modification
Mass: two mass transfer mechanisms - model options:
equilibrium ratio

Phase interactions

Surface Tension Constant: 0.00224 N/m

Viscous Model

Standard k-epsilon

3.4.2 Step 2 Non-equilibrium thermodynamic

This step was performed to evaluate the system under non-equilibrium conditions.
Results were validated by comparing with available experimental data. This step
considers: 1) Determination of Murphree efficiency and 2) Determination of the clear
liquid height.

3.4.2.1. Determination of Murphree efficiency

To determine the Murphree efficiency results regarding the concentrations of the
components within the system are necessary. To represent the interphase mass transfer
phenomenon the double resistance model was used. To validate these results they are
compared with experimental data. The Higbie theory model was used to calculate the
mass transfer coefficient in the liquid phase, and to implement Higbie’s model a UDF
was developed (see appendix). This analysis was developed according to the following

substeps:
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1. A baseline initial case “Run 1” was designed, the conditions used to set up this run
are shown in the first row of Table 3-4. There is an important effect of three variables
on the Murphree efficiency: resistance in the liquid phase, resistance in the vapor
phase, and thermodynamic model in the interfacial equilibrium ratio. Based on the
effects of these variables, four simulation configurations were formulated. This allows

to choose the best simulation configuration to represent the conditions of Run 1:

Simulation 1: Resistance in the liquid phase using Higbie model by UDF, constant

value for equilibrium ratio in the interface, and zero resistance in the vapor phase.

Simulation 2: Resistance in the liquid phase using the Higbie model by UDF,
equilibrium ratio in the interface adjusted using a UDF based on Wilson's activity
coefficient model (M. A. Guevara et al., 2018), which was the same used by Dribika

and Biddulph (1986), and zero resistance in the vapor phase.

Simulation 3: Resistance in the liquid phase, using the Higbie model by UDF,
resistance in the vapor phase using the Ranz-Marshall model and constant value for

equilibrium ratio in the interface.

Simulation 4: Resistance in the liquid phase, using the Higbie model by UDF,
resistance in the vapor phase using the Ranz-Marshall model and equilibrium ratio in
the interface adjusted using a UDF (see appendix) based on Wilson's thermodynamic

equilibrium model.

The objective of these four simulations was to reproduce the conditions of Run 1.
Obtained results for each simulation were compared with experimental data to select the
most accurate strategy to represent the system. After that, best strategy will be used for

the simulation of the other nine (9) runs.

2. The next nine runs were performed using the simulation configuration identified as
the best in substep 1 above, in each of the runs the corresponding conditions in Table

3-4 were used.
3.4.2.2. Determination of the clear liquid height

To determine the height of clear liquid, the modified approach to estimate the drag
coefficient was used, this drag correction factor was taken based on the formulation in
section 3.2.3. In this case, the ten runs were simulated according to the initial and
boundary conditions shown in Table 3-4; then, the results regarding the height of clear

liquid were compared with the experimental data.
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3.5 Results and discussion

3.5.1 Step 1 Thermodynamic Equilibrium model

Table 3-6 shows the CFD modeling results under equilibrium conditions according to
step 1 described in the methodology. The equilibrium fraction of methanol in the liquid
phase on the tray has a good agreement between the Aspen Plus and the CFD results;
similarly, equilibrium vapor composition achieves a good agreement between both
datasets (Aspen Plus and CFD).

Figure 3-3 shows the comparison for methanol fraction in the liquid phase: equilibrium
composition and inlet mean composition. Both series of data have a good
correspondence. The plotted curves show that the relationship is not linear between

these two variables.

According to the results of step 1, the CFD results are in agreement with the ones from
thermodynamic equilibrium process modeling obtained from Aspen plus®. CFD results
have the advantage that it takes into account the geometry of the plate in the
development of its transport equations unlike Aspen Plus®, which performs the
calculations only from the thermodynamic point of view and its hydrodynamic

calculations are carried out using empirical correlations.
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Table 3-6: CFD modeling results under thermodynamic equilibrium conditions (step 1)

Equilibrium methanol Equilibrium methanol
L fraction for liquid phase | fraction for vapor phase in
Inlet liquid :
Run . in the tray the tray
composition ASpen
Aspen Plus | CFD P CFD
plus
1 0.911 0.7665 0.7661 0.9254 0.9255
2 0.880 0.6811 0.6817 0.8887 0.8885
3 0.862 0.647 0.6483 0.8723 0.8724
4 0.794 0.5357 0.5411 0.8088 0.8089
5 0.759 0.4882 0.4912 0.7764 0.7766
6 0.714 0.4334 0.4401 0.7336 0.7340
7 0.622 0.342 0.3450 0.6459 0.6462
8 0.569 0.2959 0.2971 0.5968 0.5971
9 0.483 0.2328 0.2331 0.5130 0.5131
10 0.320 0.1381 0.1402 0.3523 0.3524
0,9
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Figure 3-3: Comparison of results for equilibrium simulations.

3.5.2 Step 2 non-equilibrium thermodynamics
3.5.2.1  Murphree tray efficiency

The Murphree tray efficiency for the vapor phase considers the comparison of a real tray

with an ideal one (Treybal, 1981). In this study, Murphree tray efficiency is calculated by:
Yn — Yn-1

" 31
Yn — Yn-1 B

Eyy =
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where: y,, is the actual vapor fraction in tray n, y,,_ is the actual vapor fraction in tray n-
1, y, is the vapor fraction under equilibrium conditions in the tray n, y, is determined by

Wilson’s thermodynamics equilibrium model.

Results for Run 1 of step 2 of the methodology proposed are shown in Table 3-7, this
table shows the Murphree efficiency calculated with four simulation configurations
evaluated with the base case conditions established as Run 1 (Table 3-4). Since the goal
of this step is to define the best configuration to be used for the analysis of the mass
transfer within the tray, the estimated Murphree efficiency of each simulation
configuration (i.e. Simulation 1, Simulation 2, Simulation 3, and Simulation 4) was
compared with the corresponding experimental efficiency value. Based on this
assessment, we found the simulation configuration that better represents the efficiency
is Simulation 4. This is explained by the consideration of the effect of resistance in the
vapor phase (i.e. Higbie model) coupled with the use of the equilibrium ratio in the
interface as a function of the phase concentration rather than constant. Therefore, the
remaining nine runs were performed using the configuration corresponding to Simulation
4.

Table 3-7: Murphree efficiency base on step 2, substep 1.

Experimenta Configuration Configuration Configuration Configuration

Dataset P | of Simulation of Simulation of Simulation of Simulation
1 2 3 4
Murphree 92.16 110.4 90.1 89.8 92.83
Efficiency
0,

. % of - 19.8% -2.2% -2.6% 0.7%
difference*

. . E —-E i
*0p of the difference is calculated as; —22—MV.Experimental

* 100, where s is the corresponding simulation.
EMV,Experimental

** underlined italic text corresponds to the lowest % of difference found.

Table 3-8 shows the results of step 2 substep 2, it includes the results for the ten
simulation conditions (boundaries) in Table 3-4, using the configuration of Simulation 4,

which was found to be the best in terms of Murphree efficiency (Table 3-7).

The showed experimental data corresponds to the Murphree efficiency estimated in the
literature, additionally, results found in a previous study with the same geometry and
conditions (R. Rahimi et al., 2012) are reported. These two datasets (experimental and
literature modeling results) were compared with the CFD results of this study. The

percentual deviation was used for a quantitative comparison between the datasets.

The Rahimi study only reports 5 configurations, which gave results well above the

experimental ones, with a mean deviation of 16.52% compared with 3.38% obtained in
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this work, what is a significant improvement. Large deviations of the results reported in
Rahimi study are explained by the use of the standard drag model (see section 3.2.3)
rather than the modification proposed in this study. Additionally, neglection of the effect
of the resistance in the gas phase and representation of the equilibrium conditions as a

constant equilibrium ratio in the interface may be linked to less accurate results.

Table 3-8: Murphree efficiency calculated base on step 2 of substep 2 for different
conditions of inlet liquid composition of methanol in a sieve tray.

. o deviation from
Conditions Murphree Efficiency )
experimental data**
Inlet liquid | Mean liquid CFD simulation CFD Simulation
Run methanol methanol Experimental | (Higbie . (Higbie o
- - Rahimi* Rahimi*
composition | composition theory) theory)
1 0.911 0.80176 92.16 92.83 - 0.73% -
2 0.880 0.77303 92.68 89.76 107.70 3.15% 16.21%
3 0.862 0.72167 92.31 90.05 - 2.45% -
4 0.794 0.63251 92.98 90.61 108.80 2.55% 17.01%
5 0.759 0.56148 93.12 89.28 110.70 4.12% 18.88%
6 0.714 0.51614 93.10 89.19 - 4.20% -
7 0.622 0.41038 98.21 97.09 113.50 1.15% 15.57%
8 0.569 0.281 109.1 97.81 125.40 10.35% 14.94%
9 0.483 0.26525 114.67 112.29 - 2.08% -
10 0.320 0.16094 134.88 139.03 - 3.08% -
Average 3.38% 16.52%

*Corresponds to literature reported data for previous simulations ((R. Rahimi et al., 2012)

[Emv.r ~Emv.pxperimentatl . 100 \vhere R defines the run conditions from Table 3-4.

** it is calculated as:

EMV,Experimental

3.5.2.2 Clear liquid height

Table 3-9 shows the CFD results and the experimental data regarding the clear liquid
heigh for the conditions established (Table 3-4). The average percentage of deviation is
1.56%, what is a relatively low value and several cases present zero deviation. This is

evidence of the good performance of the proposed CFD model.

Table 3-9: Clear liquid height estimated based on the results of stage 2.

o inlet liquid Mean liquid Clear liquid height d:;;;ztrli?r?e:?arr

methanol fraction fraction Experimental CFD data*
1 0.911 0.80176 27 28 3.70%
2 0.880 0.77303 27 27 0.00%
3 0.862 0.72167 26 26 0.00%
4 0.794 0.63251 26 26 0.00%
5 0.759 0.56148 25 25 0.00%
6 0.714 0.51614 26 24 7.69%
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o | metiquia | Mesnlauid | cleariquid height | (et oT
methanol fraction fraction Experimental CFD data*
0.622 0.41038 25 25 0.00%
0.569 0.281 25 25 0.00%
0.483 0.26525 24 25 4.17%
10 0.320 0.16094 23.5 23.5 0.00%
Average 1.56%

|EMV,R _EMV,Experimental |

* it is calculated as: * 100 where R defnes the run conditions from Table 4.

EMV,Experim ental

Figure 3-4 shows the clear liquid heigh variation as a function of the mean liquid
composition of methanol. Good agreement is evidenced and both curves have similar
trend. These simulation results are highly consistent since their comparison with
experimental data leads to low percentual deviation, nulls in most of the cases (Table 3-
9). This is evidence of the validity of the adjustment for the friction coefficient proposed

in this work.
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Figure 3-4: Clear liquid height for each of the ten boundary conditions studied.

3.5.3 Hydrodynamics analysis

Complementary to the mass transfer modeling described in the sections above, a
gualitative analysis of the hydrodynamic was performed. This analysis considers the
phases and velocity field within the modeled sieve tray. Figure 3-5 shows the time
evolution of the phases distributions through the vapor phase fraction (left), and the

velocity field of the vapor phase (right) in the tray along time. Based on these qualitative
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results, a coherent and clear prediction of the phase hydrodynamics is evidenced with

the proposed CFD model.

Color Vapor phase fraction Color Vectorial field of velocity for
scale scale the vapor phase
ffilmj(rjnug;gchom {air) Air Velocity A SR B
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Figure 3-5: Evolution of instant gas hold-up distribution and vector gas velocity for the
proposed CFD model.

Table 3-10 shows the comparison of the predicted weir height by the CFD model and
the experimental data (Krishna, Urseanu, et al., 1999; Krishna, Van Baten, et al., 1999),

this comparison allows to estimate an average difference of 3.1%, which is a satisfactory
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result for the prediction of the weir height as a benchmark for the hydrodynamics within

the tray.

Table 3-10: Hydrodynamic results of the proposed CFD model in terms of the weir height
of the sieve tray.

Experimental Weir CFD. weir .
height (m) Height |difference*
(m)

0.06 0.058 3.00%
0.08 0.078 2.50%
0.09 0.088 2.10%
0.1 0.095 4.90%

Average 3.10%

. weir —weir i
* it is calculated as: [eTeFDWel Experimentall , 4 o

WeirExperimental

3.6 Conclusions

A CFD model was developed for the representation and prediction of hydrodynamics
and mass transfer for methanol/propanol system on a sieve tray. The proposed model
was evaluated and validated with experimental data to demonstrate its capabilities. The
analyses were performed based on qualitative and quantitative results from the

developed CFD simulations.

Several possible setup options were evaluated aiming to consider mass transfer
properly, for this, the models: Higbie’s penetration theory and Ranz-Marshall model were

evaluated.

Results were validated by comparing the Murphree efficiency and the clear liquid height
against experimental data. The obtained results lead to propose a CFD model based on:
Higbie’s approach for the resistance in the liquid phase, the Ranz-Marshall model for the
resistance in the vapor phase, and Wilson's thermodynamic equilibrium model for the
equilibrium ratio in the interface rather than constant. Based on these results, This CFD
modeling strategy is proposed for the representation of hydrodynamics and mass
transfer in sieve tray simulations for distillation, and as a part of models for more compex
systems -i.e. columns for intensificated processes- which will be considered in a future

work.

The proposed model allows the representation of the system considered as a case study

with an average deviation of 3.38% and 1.56% in terms of the Murphree efficiency and
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the clear liquid height, respectively. A significant improvement in comparison to previous

studies based on classical approaches for the modeling of the same system.

An additional analysis of the proposed CFD model capability to reproduce the
hydrodynamics was performed showing that the model can represent accurately the
phase development in terms of the phase fraction and velocity fields. A quantitative
comparison between the weir height represented by the CFD model and the
experimental data reported in the literature shows that differences of less than 3.1% can

be expected.
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Notation

Yk

Interfacial area per unit volume, m™
Bubbling area, mz

Hole area on sieve tray, m2
drag coefficient

lift force coefficient

virtual mass force coefficient
diffusion coefficient, m?/s
diameter of the bubble, m

Hole diameter of a sieve tray, m
Murphree Efficiency, --

total interfacial force, N
Interfacial drag force, N

lift force, N

Virtual mass force, N

gravitational acceleration, m/s?

enthalpy, J/kg

Clear liquid height, mm

Hight downcomer, m

Length weir, m

kinetic energy turbulent, m?/s

Covariance of the velocities of liquid and gas
gas—liquid mass transfer coefficient, m/s

Number of holes in the sieve tray

Pressure, Pa

source terms describing the effects of the dispersed phase on the
continuous phase

temperature, K

Thermo-fluid time scale, s

exposure time in the penetration model, s

bubble slip velocity, m/s

bubble velocity, m/s

velocity, m/s

Superficial gas velocity, m/s

Mass fraction of the light component in liquid phase
Mass fraction of the light component in vapor phase
length of travel on a tray, m

Greek letters

a

e

p
U
U
o

Void fraction

Density, kg/m?

effective viscosity, kg/m s
Viscosity, kg/m s

Surface tension,N/m

Subscripts

G
L

GL

Vapour
Liquid
transfer of quantities from liquid phase to

vapor
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LG transfer of quantities from vapor phase to
LK liquid
Light component
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Appendix A. Employed User-Defined Functions

UDF of Higbie theory model

#include "udf.h"

#define SCT 0.7 /* turbulent Schmidt number */

#define DMP 1.46e-9 /* m2/s estimation of MetOH molecular diffusion coefficient at 20°C*/
#define pi 3.14159

#define PMM 32 /* molecular weight methanol */

#define PMP 60 /* molecular weight propanol */

DEFINE_MASS TRANSFER (Higbie, cell, thread, from_index, from_species_index, to_index,
to_species_index)

{
real kl, Sh, Sc, Re,diam;
real NV_VEC(V), vel,3;
Thread *gas, *lig;
lig = THREAD_SUB_THREAD(thread, from_index);
gas = THREAD_SUB_THREAD(thread, to_index);
diam=C_PHASE_DIAMETER(cell,gas);
[*Calculation of relative velocity for Reynolds number calculation*/
NV_DD(V,=,C_U(cell,gas),C_V(cell,gas),C_W(cell,gas),

-,C_U(cell,lig),C_V(cell,lig),C_W(cell,lig));

vel=NV_MAG(V);
Re=RE_NUMBER(C_R(cell,lig),vel,diam,C_MU_L(cell lig));
Sc= C_MU_L(cell,lig)/(C_R(cell,lig)*DMP);
Sh=1.13* pow(Re,0.5)*pow(Sc,0.5); /*Higbie correlation based on Sherwood number*/
kl=Sh*DMP/diam; /* Higbie correlation providing mass transfer coefficient*/
a=(6*C_VOF(cell,gas)*C_VOF(cell,lig)/diam); /* calculation of interfacial area */
return (kl*a);

}

DEFINE_MASS_TRANSFER (Higbie2, cell, thread, from_index, from_species_index, to_index,
to_species_index)
{

real kl, Sh, Sc, Re, diam;

real NV_VEC(V), vel, a;

Thread™* gas, * liq;

gas = THREAD_SUB_THREAD(thread, from_index);

lig = THREAD_SUB_THREAD(thread, to_index);

diam = C_PHASE_DIAMETER(cell, gas);

[*Calculation of relative velocity for Reynolds number calculation*/
NV_DD(V, =, C_U(cell, gas), C_V(cell, gas), C_W(cell, gas),
-, C_U(cell, lig), C_V/(cell, lig), C_W(cell, lig));
vel = NV_MAG(V);
Re = RE_NUMBER(C_R(cell, lig), vel, diam, C_MU_L(cell, liq));
Sc =C_MU_L(cell, lig) / (C_R(cell, lig) * DMP);
Sh = 1.13 * pow(Re, 0.5) * pow(Sc, 0.5); /*Higbie correlation based on Sherwood number*/

kl = Sh * DMP / diam; /* Higbie correlation providing mass transfer coefficient*/
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a= (6 * C_VOF(cell, gas) * C_VOF(cell, lig) / diam); /* calculation of interfacial area */

return (kI * a);

UDF of equilibrium ratio model

DEFINE_MASS TRANSFER (equi_ratiometoh, cell, thread, from_index, from_species_index, to_index,
to_species_index)
{

real keq, x_frac, y_frac;

Thread™ gas, * liq;

lig = THREAD_SUB_THREAD(thread, from_index);

gas = THREAD_SUB_THREAD(thread, to_index);

x_frac = (C_YI(cell, lig, 0) / PMM) / ((C_Y (cell, lig, 0) / PMM) + ((1-C_Y (cell, lig, 0))/PMP));
y_frac = (5.5528 * pow(x_frac, 3)) - (2.0615 * pow(x_frac, 4)) - (5.8529 * pow(x_frac, 2)) + (3.35
* x_frac) + 0.0053;

keq = x_frac/y_frac; /*fraccion de equilibrio metOH*/

return keq;

}

DEFINE_MASS_TRANSFER (equi_ratioproh, cell, thread, from_index, from_species_index, to_index,
to_species_index)
{

real keq, x_frac, y_frac, x_fracproh, y_fracproh;

Thread™ gas, * liq;

gas = THREAD_SUB_THREAD(thread, from_index);

lig = THREAD_SUB_THREAD(thread, to_index);

x_frac = (C_YI(cell, lig, 0) / PMM) / ((C_Y (cell, lig, 0) / PMM) + ((1-C_Y'(cell, lig, 0))/PMP));
y_frac = (5.5528 * pow(x_frac, 3)) - (2.0615 * pow(x_frac, 4)) - (5.8529 * pow(x_frac, 2)) + (3.35
* x_frac) + 0.0053;

x_fracproh =1 - x_frac;
y _fracproh=1-y frac;

keq =y_fracproh / x_fracproh;

return keq;
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Chapter 4

Heat and mass transfer study of the Top-
Heat-Integrated distillation column (T-HIDIC)
using CFD.

Highlights

Problem: There is no availability experimental data for the validation of the hydrodynamics,
heat and mass transfer of a sieve tray of a HIDIC Column in different operating and design
conditions.

Contribution: A CFD-based methodology to predict the hydrodynamic, heat and mass
transfer behavior in a sieve tray of a HIDIC column in different operating and design
conditions.

This study developed a CFD model to analyze momentum, heat, and mass transfer in the
separation of a propylene/propane system in a Top HIDIC.

The CFD model was based on data from Aspen plus process simulations and used Ranz-
Marshall approaches to represent heat transfer between phases and resistance in the gas
phase.

The model also employed Higbie's model to calculate the mass transfer coefficient and the
Peng-Robinson thermodynamic equilibrium model to estimate the equilibrium ratio at the
interface.

The developed CFD model was used to evaluate three pairs of rectification stage and
stripping stage, which are thermally integrated.

Results of the model included phases distribution, temperature, vapor phase Murphree
efficiency, concentration, and clear liquid height, demonstrating the potential of CFD models

to analyze new and structurally complex units.
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Abstract

Distillation is one of the most widely used separation techniques in chemical processes,
this type of separation accounts for a large share of energy consumption worldwide.
Process intensification strategies have led to alternative technologies such as Heat
Integrated Distillation Columns (HIDIC), these units can reduce energy consumption in
a significant fraction. The goal of this study is to develop a CFD model to analyze
momentum, heat and mass transfer in the separation of propylene/propane system in a
Top HIDIC. The initial and boundary conditions are based on data from Aspen plus
process simulations. Ranz-Marshall approaches are used for the representation of the
heat transfer between phases and resistance in the gas phase. The mass transfer
coefficient was calculated with Higbie’s model. The Peng-Robinson thermodynamic
equilibrium model was implemented to estimate equilibrium ratio at the interface. The
developed CFD model was used to evaluate three pairs of internal rectification stage
plus external stripping stage, that are thermally integrated. These stages were selected
as characteristic ones of the column. Phases distribution, temperature, vapor phase
Murphree efficiency, concentration, and clear liquid height were obtained as results,

showing the potentiality of CFD models to analyze new and structurally complex units.

Keywords: CFD; HIDIC; heat transfer modeling; mass transfer modeling; heat

Integration.

4.1. Introduction

Distillation is one of the most widely used separation techniques in the chemical industry.
Distillation units account for a large share of energy consumption worldwide; in that way,
reduction of energy consumption is an important aspect since it is related to operating
costs and carbon footprint of refined products. An alternative strategy to reduce energy
losses and costs of chemical processes is based on the concept of energy integration.
This approach, considered as a process intensification option for distillation units,
employs heat and mass integration to reduce the number of equipment, and utilities

associated with the operation (e.g. cooling or heating flow streams).

To improve thermodynamic efficiency, and based on the process intensification
principles, a new concept of column distillation, HIDIC (Heat-Integrated Distillation
Column) has been proposed (M. A. Gadalla, 2009; M. Nakaiwa et al., 2003). This column

has a configuration that allows taking advantage of process heat integration. A HIDIC
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achieves diabatic operation by recompressing vapor with a low compression ratio,
offering a high energy-saving potential. This configuration has become an attractive
alternative for the separation of close boiling point mixtures (Olujic et al., 2003), e.qg.,

propylene-propane system (Rijke et al., 2006).

In our previous work (Mancera et al., 2008), based on exergetic analysis, a Top HIDIC
(T-HIDIC) was selected as the better option for this system. This configuration considers
fewer stages in stripping section which are heat integrated, one by one, with the upper
stages of the rectification section, because of that there are some adiabatic stages at the
rectification. Other studies present an analysis and optimization parameters for an ideal
T-HIDIC column through comparative approaches with the conventional column scheme
aiming to explore the potential energy savings of T-HIDIC units (Masaru Nakaiwa et al.,
2001). In addition, studies developed at the University of Delft (Olujic et al., 2003)
showed a new concept for this setting, considering the internal heat integration as the
key to reduce energy consumption in distillation columns. Later, a study regarding the
reduction of CO, emissions and energy consumption by using columns with internal heat

integration was performed (Gadalla et al., 2006).

More recently, some works focused on design of HIDIC have been developed (Claumann
et al., 2015; Gadalla, 2009; Harvindran & Foo, 2021; Pulido, 2008; Shenvi et al., 2011;
Suphanit, 2010). These studies have been performed using traditional flow-sheet
simulators such as Aspen Plus® and Aspen Hysys® to predict the performance of these
columns, and they do not bring detailed information about the phenomena taking place
within the equipment, because of hydraulics, heat and mass transfer, and the related

effects of the geometry in the performance were not considered.

Computational fluid dynamic (CFD) approach has been implemented to research the
fluid dynamic behavior (Ashrafizadeh et al., 2013; Gesit et al., 2003; Krishna et al., 1999;
Lietal., 2014; Malvin et al., 2014; Van Baten & Krishna, 2000), as well as heat and mass
transfer in a detailed quantitative way (Abbasnia et al., 2019; Noriler et al., 2010; Rahimi
et al., 2006; Sadripour et al., 2012; Sun et al., 2007; Wang et al., 2004). However, only
basic HIDIC configuration has been studied using CFD, it considered heat transfer in the
solid structure of an only stage, leaving aside the interphase heat and mass transfer
(Pulido et al., 2010).

The present study aims to develop a CFD model for HIDIiC units and to use it for

analyzing the separation of propylene/propane. The specific column configuration is a
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Top HIDIC (T-HIDIC) as is suggested in a previous study (Mancera et al., 2018). Results
obtained with this model will lead to detailed information on the integrated column
operation. Initially, a conventional process simulation was performed, this allows to
obtain temperature and concentration profiles, and vapor and liquid flow to estimate
boundaries and initial conditions for the CFD analysis of the column. As final results,
phases distribution, temperatures, Murphree efficiency, concentrations and clear liquid

height were obtained for three characteristic stages of the column.

4.2. T-HIDIC columns

T-HIDIiC columns have the typical elements of a conventional distillation column:
rectification zone, stripping zone, condenser (C), and reboiler (R); The main difference
lies in its geometrical configuration and the use of a compressor (CP) and an expansion
valve (V) to achieve internal heat integration. The compressor and valve are used to
generate pressure and temperature gradients required for the operation. Figure 4-1

shows the process scheme of the T-HIDIC unit.

The equipment configuration is based on a two concentric columns arrangement, in
which the rectifying section is placed in the inner column, and the stripping one in the
outer space, this characteristic allows the reduction of heat load in reboiler and
condenser. The feed stream (F) enters the column through the top of the stripping zone.
The special operational characteristic of HIDIC is the stream leaving the stripping zone
(VD) is compressed to raise its temperature before entering the rectification section at
its bottom; while, the liquid exiting the bottom of the column (LR) expands before entering

the stripping zone.
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Figure 4-1: T-HIDIiC (Top-Heat-Integrated Distillation Column) scheme of process
operation.

4.3. CFD and mass transfer model

The approach of continuous liquid phase based on the small density and small spatial
scales of the dispersed gas was used for the multiphase behavior. The two-equation
turbulence RANS (Reynolds Averaged Navier Stokes) model for the liquid and vapor
phase was used (Morel, 1995; Kataoka & Serizawa, 1989; Versteeg & Malalasekera,

1995). The momentum exchange is modeled to consider drag, lift, and virtual mass.

4.3.1. Flow equations

The implemented two-fluid approach considers both, vapor and liquid phases as
continuous and their models are based on two sets of conservation equations which
estimate mass, momentum, and energy. These equations are written for each phase as
(Guevara, 2015; Heng & Tu, 2010; Versteeg & Malalasekera, 1995):

Continuity equation for liquid phase:

d(a.pL)

ar + V- (appuy) = Sig @)
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Continuity equation for vapor phase:
d(acpe)

at + V - (aGpGuG) = _SLG (2)

Volume conservation equation:

ag +a, =1 3)

Momentum equation for liquid phase:

d(aLpLur)

T + V- (appruu;)

4
= —a; VP + V- [ayuf (Vu, + (Vu) D]+ apprg + Fie )

+ (Speug — Sgruy)

Momentum equation for vapor phase:

d(agpcug)

ot + V- (agpsucug)

5
= —agVP + V- [agué(Vug + (Vug)ND] + agpeg + Fer ®)

+ (SgLuy, — Speue)

The two terms at the left-side of Eq. 4 and 5 correspond to the momentum accumulation
in the phase and the net momentum outlet from the phase. For the momentum exchange

at the liquid-vapor interface, F;;, drag, lift, and virtual mass are considered:

FLG:FZgag‘l’FlLigt"'FZIGw:—FGL (6)
where.
FlLigt = Cagp(ug —uy)(Vu,) (7
D
Fi{ = Cymagpy Dt (ug —uy) 8

Energy equation for liquid phase:

d(a;p;H
% + V- (appuHy) = =V-q— Qg — S,e(H, — Hg) 9)

Energy equation for vapor phase:
d(agpcHe)

Jt
The first and second term on the left-hand side of the Eq. 9 and 10 are accumulation and

+ V- (agpeucHg) = =V q+ Q6 + Sy (H, — Hg) (10)

convection energy respectively. The first term on the right-hand side is the conductive
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energy, the second is the rate of energy transfer between phases and the third is the

energy transfer associated with the mass transfer between phases.

4.3.2. Drag Model

To model multiphase flows within the T-HIDIiC unit, a set of correlations for interfacial
forces were implemented to represent the interaction between the phases (Ishii & Zuber,
1979; Schiller & Naumann, 1935). The drag force, which is included in the momentum
balances (Egs. 4 and 5) as a component of the momentum exchange could be calculated
using Eq. 11 (Krishna et al., 1999).

3Cp

chr;ag = E“G“'“G —uy|(ug —uy) (11)

where Cp, is the drag coefficient suggested by Grace and coworkers (1976). The Grace
model is well suited for gas-liquid flows in which the bubbles exhibit a range of shapes,
such as the sphere, ellipsoid, and spherical cap (Grace et al., 1976, 1978). The drag

coefficients for different shapes of bubbles are calculated as:

Cp = max (min (Coyy .. Coeap ) Coypere ) (12)
where
c 3 {24/Re Re < 0.01} (13)
Dsphere = 124(1 4 0.15Re®%%7) /Re Re = 0.01
8
CD,cap = § (14)

4gdy (p, — pg)

CD,ellipse = § Utz oL (15)
The Reynolds number for the bubbles, Re,,, and the U,, are:
_u;|d
Re, = prlug_u;ld, (16)
253
_ K —0.149
U, =——Mo (J — 0.857) (17)
prdp

where Mo is the Morton number and J is given by a piecewise function, defined by:

_ 1290 — po)

Mo 207 (18)
_(0.94Ha®7%7 2 < Ha < 59.3}
J _{ 3.42Ha’**! Ha >59.3 (19)

Ha is defined by:
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4 —-0.14

Ha = =EoMo~%1%° (£> (20)
3 Hrer

where p,..r = 0.0009 kg/(m.s) and Eo is the E6tvGs number, defined by:

_ 9o — pe)dj (21)
g

Eo

4.3.3. Customized drag model

As presented in Grace et al. (1976), the model for the drag coefficient considers an
uniqgue bubble into the liquid phase and do not considers the multi-bubble interaction
effect, because of that a correction of this coefficient must be included (this correction
was analyzed in chapter 2). The value of the correction factor was estimated using
experimental data of clear liquid height as function of the specific superficial gas velocity,

and generates a corrected drag coefficient that replaces the one of equation 11:

CD,corr = FeorrCp (22)

4.3.4. Heat exchange coefficient

The rate of energy transfer between phases, Q,;, is a function of the temperature

difference and the interfacial area, A4:

Q¢ = hA(T; — T,) (23)

where h, represent the heat transfer coefficient between phases and is determined by
Ranz-Marshall's correlation (Ranz, 1952; Ranz & Marshall, 1952), based on Nusselt

number, Nu:
hL
Nu = k—G =2+ 0.6Re/*Pr1/3 (24)
G
here k; is the thermal conductivity of the gas phase, L is a characteristic length (such
as the bubble diameter), Pr and Re; are the Prandtl number and Reynolds number of

the gas phase.

4.3.5. Species Mass Transfer

To model species mass transfer at the interphase, transport equations for each specie

at each phase must be solved along with the mass, momentum, and energy equations.
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The transport equations for the mass fraction for light component (LK), are (similar

equations are developed for the heavy component):

Vapor phase:

d(agpeYik)

ot + V- (agpucYix) = V- [aGpGDLK,GVYLK] — Sk (29)
Liquid phase:

d(aLpXik)

T + V- (apppu X)) = V- [aLpLDLK,LVXLK] + Si6Lk (26)

The interphase mass transfer term Sy 1 is the interphase mass transfer rate of the light

component per unit volume. It is given by:

SieLk = ki cA(Kpr™ — p&f) (27)
where
! = 1 + K (28)
ke ke ki

A is the interfacial area per unit volume, K is the mole fraction equilibrium ratio (y, =
K/x), p;¥ is the mass/volume concentration of the light component in the phase p (this
is the nomenclature used in Fluent, and p,%K = p. *X.k), kg and k; are the volumetric

individual film mass transfer coefficients of gas and liquid, respectively.

4.3.6. Mass Transfer model

Interphase species mass transfer is modeled using the two-resistance model from Ansys
Fluent®. There are many theories available in the literature for the calculation of the

mass transfer coefficient k; and k; (Lamont & Scott, 1970), however the most used are:

Penetration theory (Higbie, 1935):

_ 2 |Duik k _ 2 [Dguk
\/E te,L ¢ \/E te,G

ki, (29)

where t,; and ¢t ; are the exposure time in each phase, calculated as:
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dp dyp

te L — te G —
Uypise Uy

(30)

where dj is the bubble diameter, u,;. is the bubble slip velocity and uy is the vapor
velocity through the tray holes. Therefore, the expression for the local mass transfer

coefficient is:

(31)

where Y is a constant.
Ranz-Marshall Model (Ranz & Marshall, 1952):

The Ranz-Marshall model uses an analogous approach to that for the Ranz-Marshall
heat transfer coefficient model, and it is based on the Sherwood number:

KoL
Sh = ’;—G =2+ 0.6Re,/*Sc;? (32)
G

where k,, is the mass transfer coefficient in the gas phase, D is the diffusivity of the gas
phase, L. is a characteristic length (such as a bubble diameter), Sc; and Re; are the
Schmidt and Reynolds number of the gas phase.

4.4. Simulation details

Two types of simulation were performed in this study to quantitatively analyze the
operation of the T-HIDIC unit:

I.  Conventional or classic process simulation (Aspen Plus®)

II.  CFD Simulations (Ansys Fluent®)

4.4.1. Simulation in Aspen Plus

Conditions used for this setup of the process simulation are based on our previous work
(Mancera et al., 2018). The T-HIDIiC unit was simulated using Aspen Plus 8.1. The
Propylene-Propane system properties including vapor-liquid equilibrium data were
estimated with Peng-Robinson’s model. The simulations were performed in steady-state,
using isentropic efficiency in the compressor, and avoiding heat flow between system

and surroundings. To facilitate simulation in CFD, presented in the next section, a pilot
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plant scale column was considered (Mancera et al., 2018). Feed and product

characteristics, as well as the main parameter for the T-HIDIC are shown in Table 4-1.

Table 4-1: Set up parameters for the process simulation of the T-HIDiC unit in equilibrium
conditions.

Parameter Value
Rectification section Pressure (bar) 14.6
Stripping section pressure (bar) 11.2
Stages rectification section 170
Stages stripping section 61
Feeding stage 171
Trays in the Concentric Column 169
Trays in the Annular column 60
Feed flow (kg/h) 112
Feed fraction mol (propylene) 0.57
Thermal condition food (q) 0.37
Distillate fraction mol (propylene) 0.996
Bottom product fraction mol (propylene) 0.011
Isentropic efficiency 0.72

The scheme selected for the heat distribution between rectification section and stripping
section was the uniform heat transfer area using the procedure suggested by (Suphanit,
2010) which is summarized in Figure 4-2. Heat transfer was simulated through the
thermal interconnected streams, tray by tray. After specifying the components and
thermodynamic model, the column configuration was simulated as shown in Figure 4-3.
To properly represent the heat and mass flows, the simulation is performed using two
distillation columns, one for stripping column and another for rectifying column. However,
the mechanical details of tray internal configuration in the T-HIDIC column cannot be
properly specified, as a consequence, the that simulate the T-HIDIiC, can represent
different geometrical configurations, for instance: a concentric configuration with the
rectifying column placed inside the stripping shell or a system with adjacent-two columns
(Pulido et al., 2011). The concentric arrangement and tray internal configuration for the
analyzed T-HIDIC column are presented in the next section using CFD, which allows a

full description and assessment of the phenomena within the unit.
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Figure 4-2: Procedure for estimation of heat flow distribution between rectification and
stripping sections in the T-HIDIC.
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Figure 4-3: Simulation flowsheet for the T-HIDIC in Aspen Plus®

As mentioned above, the design of a T-HIDIC column is usually performed through
flowsheet simulators. In this work, this approach is used to calculate initial values for
vapor and liquid flows, temperature profiles, and the compressor, condenser, and
reboiler duties. Part of these results were used to set the CFD model to study the heat

and mass transfer in the concentric doble-tray of the T-HIDIC column.
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4.4.2. CFD Simulation

For the geometrical configuration of the tray, concepts of distillation column design and
data available in the literature for calculating the diameter of holes and landfills were
used (Bernal et al., 2011; Kister, 1992; Lockett, 1986; Winkle, 1967). The mains details

of the sieve tray used are reported in Table 4-2.

Table 4-2: Geometrical parameters of the T-HIDIiC simulated trays.

Geometry Stripping s-ection Rectifi.cation-section
Dimension Dimension

Outside tray diameter 0.32m 0.2m

Inside Diameter tray 0.22m --

Tray spacing 0.2m 0.2m

Hole diameter 0.005 m 0.005m

Weir height 10mm 10mm

% Bubbling area 82.46 % 82.46 %

% hole area 8.33% 8.48 %

Solid material Steel Steel

Heat transfer between sections is considered using the heat content in the rectifying
section to determine the heat transferred to the annular column that operates as a
stripping section. This study does not consider exchangers or panels that would increase
the heat transfer to the stripping section. The heat transfer at the tray body level is
calculated by solving the heat transfer equation in the solid domain and the momentum
equation in the fluid domain. The calculation of the heat transfer between phases was
developed taking into account the Ranz-Marshall model to determine the heat coefficient
(Ranz & Marshall, 1952).

Boundary conditions such as fluid flow rates, concentrations, pressure, and inlet
temperatures were obtained based on the column process simulation described in the
past section. The main advantage of using CFD simulation is the rigorous numerical
analysis, allowing a detailed evaluation of gas and liquid flow inside the column and the
mass transfer. An important challenge is the complexity of the internal configuration,
which requires a detailed geometry and mesh development able to reproduce accurately

the phenomena. These high mesh quality requirements increase computation effort.

The column section considered for the CFD simulation is shown in Figure 4-4. The

internal volume is the rectifying section and the external one is the stripping one. This
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work is simulated within the two-phase Eulerian framework, with a standard k-epsilon
model and three-dimensional transient (Khosravi Nikou & Ehsani, 2008; Riafio et al.,
2017; Versteeg & Malalasekera, 1995). The solution scheme for the pressure-velocity
coupling scheme used is the SIMPLE algorithm, and for spatial discretization and the
transient formulation, the first-order upwind approach was used (Khosravi Nikou &
Ehsani, 2008).

a) b)

Figure 4-4: Geometry of the tray used for the CDF simulation of the T-HIDIC: a) Isometric
view of the stage, b) Transversal section of the stage.

For the calculation of the temperature and concentration profiles of the liquid within the
simulation domain, 7 equidistant points were established along a central line in each
plate (annular and concentric) at a height of y = 4 mm (Figure 4-5), where the flow
direction is from 1 to 7.

Figure 4-5: Sampling points to determine temperature and concentration profiles of
liquid. Yellow points (rectification), red points (stripping).

Ansys Fluent 18.0® software was used for the CFD modeling, which allows three-

dimensional analysis by specifying the configuration design of plate and column size
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scale and performing the calculations using finite volumes (ANSYS, 2021; ANSYS
Release 19, 2018). This strategy provided comprehensive modeling to calculate velocity,

pressure field, concentration, and temperature profiles.

The transport equations for additional scalars are assumed to have the form of the
general scalar convective-diffusion equation. The absolute convergence criteria for the
simulations was 1x10 for most variables except for volume fraction and concentrations

which was 1x10.

For the time-dependent term, implicit first-order backward time differencing was used
with a fixed time step of 3x10*s. Simulations were run with an underrelaxation factor of
0.8. Values from these CFD simulations were obtained after averaging over a sufficiently
long-time interval once quasi-steady-state conditions were established. The time for
each simulation takes around 25 days, on a Dell Intel Xeon W3530 2.8GHz, being a

highly expensive simulation.

The mesh and sub mesh used for the CFD simulations is shown in Figure 4-6. The
number of cells and type of element are shown in Table 4-3 for the total mesh and the
sub meshes. For this case of study, the type of element used guarantees the maximum
mesh quality and minimizes the convergence errors due to mesh configuration. Detailed
boundary conditions location Figure 4-7, and the main characteristics of the boundaries

considered for the CFD model are shown in Figure 4-8.

Figure 4-6: Tetrahedral mesh developed for the CFD analysis of the T-HIDIC trays,
several meshes with contact faces were used: a) whole domain, b) solid and c) fluid.
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Table 4-3: Mesh and submesh characteristics.

Type of Number of
geometry Type of cell cells
3D Unstructured 570000
Solid submesh Tetralateral 120000
. Min (1x10*m) Max
Fluid Submesh (1x102m) 450000
Outlet vapor Inlet liquid

anular central

Inlet liquid

Qutlet vapor
anular

central

Inlet vapor

Inlet vapor central

anular

Outlet liquid

central Qutlet liquid

anular

Figure 4-7: Location of the boundaries of the HIDIC stage considered for the CFD
model in the system geometry.

Outlet vapor

o — Inlet liquid

Outlet vapor central

anular

Inlet liquid
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Internal
Wall

External

wall Inlet vapor

central

QOutlet liquid
anular

QOutlet liquid
central

Figure 4-8: Characteristics of the boundaries for the HIDIC stage used at CFD model.
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4.5. Methodology

In this research, for CFD simulations a two steps methodology was established:

1. Classical process simulation of the T-HIDIC unit under thermodynamic
equilibrium conditions. The objective of this stage is to obtain the macroscopic
conditions for each tray (flows, temperature, concentrations, equilibrium ratio),
these will be used to set up the boundary and initial conditions in CFD

simulations.

2. CFD simulation of the T-HIDIiC unit under non-equilibrium conditions. The
objective of this second step is to obtain the conditions for three characteristic
trays of the HIDIC column considering non-equilibrium conditions, these results
are used to estimate two types of data: thermodynamic results (concentration
profile, temperature profile, and Murphree Efficiency), and hydrodynamical

results (height of clear liquid).

45.1. Process simulation of the T-HIDIC wunit wunder

thermodynamic equilibrium conditions

The T-HIDIC is initially simulated using the equilibrium conditions with the classical
process simulation approach on Aspen Plus®. This process simulation was implemented
aiming to get the input values for the CFD model (Table 4-1). The results of this stage
were also used for the estimation of the heat transfer rate from the rectification zone to
the stripping zone (Figure 4-3). The results at stages 2, 30, and 59 in the stripping section
and their respective rectifying stages (stages 3, 31, and 60) are used for the setting up
of the boundary and initial conditions of the CFD simulations described in the following
section (Table 4-4).

4.5.2. Evaluation under non-equilibrium conditions: CFD
modeling

From Aspen Plus simulation, liquid and vapor inlet conditions corresponding to velocities,

concentrations, and temperatures were taken at the above mentioned trays (2, 30, and

59 for stripping section and 3, 31, and 60 for rectification section), as well as the

equilibrium ratio, and used as initial and boundary conditions for the simulation in CFD.
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Using the results, the liquid and vapor inlet operation parameters required for the set-up

of the CFD model were established.

These trays were selected for the CFD modeling since they represent the operation of
the upper, middle, and bottom region of the stripping column (the shortest section)
leading to a general overview of the whole column. Table 4-4 describes the general
characteristics of the boundary conditions, and Table 4-6 summarizes the setup used for
the CFD simulations of the HIDIC, for the general analysis of this unit under non-
equilibrium conditions. With CFD results, Murphree efficiency and height of the clear
liquid were determined. Additionally, the results regarding concentration, temperature,
and velocity profiles were compared with those obtained from the classic process

simulation.

Table 4-4: Boundary conditions used for the CFD simulation.

Boundary Property Gas-phase volume
Conditions fraction
Liquid inlet Uniform profile
QL 0
U, . = ——
Lin hDCLw
Gas inlet Voo VsAp
hole — NHAhole 1
Liquid outlet Pressure outlet 1
Gas outlet Pressure outlet 1
Wall No-slip wall Grad=0

Table 4-5: Set up for the CFD simulations of the HIDIC stages.

Characteristic Set up
System Propylene-Propane
Geometry 3D
Multiphase Eulerian two phases
Models
Phase Virtual Mass
interactions Modified Drag (grace model)

Mass: two mass transfer mechanisms 2>
model options: equilibrium ratio

Liquid Mass transfer coefficient model:
Higbie (UDF)

Gas Mass transfer coefficient model:
Ranz-Marshall

Surface Tension Constant: 0.007 N/m

Viscous Model Standard k-epsilon
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4.6. Results and discussion

4.6.1. Classic process simulation

From the first approach under equilibrium conditions, the results obtained regarding
temperature and concentration profiles, vapor and liquid flow, and the compressor,
condenser, and reboiler duties were obtained. The predicted temperature and
concentration profiles for the T-HIDIC unit under equilibrium conditions are presented in
figures 4-9 and 4-10. Similarly, the estimated vapor and liquid flows are plotted in Figure
4-11.
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Figure 4-9: Temperature profiles of thermally coupled sections of T-HIDiC obtained from
process simulation under equilibrium conditions for the two main sections of the unit:
stripping and rectification.

Temperature difference between the rectifying and stripping sections represents the
driving force for heat exchange. From these profiles, we observe that the potential of
heat transfer between the two sections is greater at the top of the column. This
temperature difference is mainly generated by the pressure difference between the two
sections. The T-HIDIC column contains 61 stages for stripping section and 160 stages
for rectification one; this configuration allows to obtain the purities for propylene and
propane, 99.63% and 98.9% in molar base, respectively (Table 4-7).

The target molar fraction for the products (distillate and bottoms) were reached (Figure
4-10 and Table 4-7), however, an asymptotic behavior is observed in the upper 40 stages
of the rectification column, this is because to reach the desired distillate composition,

(Xpropytene = 0.996), in a system with very low relative volatility, as our case study, a
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column with a very high stage number is necessary and the composition change from a

stage to the next one must be very small, specially at the column ends

0,9
0,8
0,7
0,6
0,5
0,4 —
0.3 — Stripping
0,2 Rectification
0,1

molar fraction vapor propylene

0 20 40 60 80 100 120 140 160
Stage

Figure 4-10: Concentration profiles for stripping and rectification sections of T-HIDIC
obtained from process simulation under equilibrium conditions.

As an effect of the heat transfer from rectification trays to stripping ones, it can be seen
in figure 4-11a that vapor flow decreases as it goes up in the rectification section; in the
other way, in the stripping section vapor increases as it goes up. From stage 61 to 170,
in the rectification section, the flow remains almost constant since in this portion heat
exchange is not considered. Regarding the liquid flow, figure 4-11b shows a behavior
similar to that of the vapor flow with an almost constant flow from stage 61 to 170 in the

rectification zone. This behavior is consistent with the effect of the internal heat transfer.

99



Vapor flow (kg/hr)

b)

Liquid flow (kg/hr)

1000

800

600

N
o
o

N
o
o

o

1000

800

600

400

i —— Stripping

- Rectification

0 20 40 60 80 100 120 140 160
Stage

I —— Stripping

L Rectification

0 20 40 60 80 100 120 140 160
Stage

Figure 4-11: Flows estimated with the process simulation for the T-HIDIC under
equilibrium conditions: a) Liquid flow profile, b) Vapor flow profile.

The desired distillate and bottom compositions were obtained with the energy

requirements supplied in the compressor and reboiler and the energy withdrawal of the

condenser (Table 4-6), it is noteworthy that the amount of energy supplied in the reboiler

is about 8.2kW lower than that withdrawn in the condenser due to the effect of energy

interaction on the entire stripping column and the first 60 trays of the rectification column.

Table 4-6: Condenser and reboiler duties, and product composition obtained from
process simulation under equilibrium conditions

Operation condition Value
Reboiler duty (kW) 18.8085
Condenser duty (kW) 26.9966
Compressor power (kW) 4.8756
Compressor efficiency 0.72
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Operation condition Value
Boilup ratio 3.82
Reflux ratio 4.31
Heat transfer (kW) Rectif. >

. 63.29
Stripp.
Composition distillate (propylene) 0.996
Composition bottom (propane) 0.989

Results obtained from Aspen plus to be used in the CFD simulation are shown in Table
4-7 for trays 3, 31, 60 of the rectification column and trays 2, 30, and 59 of the stripping
column. Equilibrium ratios are close to unity, resulting in very low relative volatility (o=

[1.1 - 1.2]), which is a sign of the difficulty in separating this system.

Table 4-7: Values of boundary conditions for CFD simulation at selected HIDIC stages.

Inlet liquid Inlet vapor Inlet Inlet - Molar equilibrium ratio
. composition | composition | velocity | velocity Inlet liquid Inlet vapor Vapor/Liquid
Area Section Stage i z S temperature temperature
(C3* molar (C3* molar liquid vapor () ) Propylene Propane
fraction) fraction) (m/s) (m/s) (C3=) (C3)

upper Rectification 0.9956 0.9954 0.4781 1.3961 307.8913 307.8944 1.0003 0.9168
Stripping 0.4406 0.4544 0.4602 3.6125 300.4481 300.6408 1.0887 0.9335

middle Rectification 31 0.9878 0.9881 1.2071 3.0453 307.9298 307.9338 1.0011 0.9166
Stripping 30 01118 0.1156 0.2716 1.960 303.4091 303.5473 1.1734 0.9796

bottom Rectification 60 0.9666 0.9671 1.7241 4.1949 308.0373 308.0499 1.0030 0.9164
Stripping 59 00161 0.0154 0.1403 0.8896 304.4227 304.4599 1.2022 0.9970

4.6.2. CFD simulation

The formulated CFD model for the simulations under non-equilibrium conditions of the
HIDIC unit was used for a detailed analysis of the heat integration in near-real conditions
of three representative trays of the column.

4.6.2.1. Phase volume Fraction

Vapor phase volume fraction is shown in Figure 4-12, it can be seen that the larger

volume inside the trays is take up by the vapor phase.

At the top of the tray, the liquid volume fraction is close to zero and increases going
down, this operation pattern is observed for all three simulated stages. Comparing the
behavior of the tree trays it can be seen a higher phases differentiation and less
turbulence as the vapor flow decreases (from bottom to upper). This observation must

be related with a higher drag tendency (more liquid in the space over the wire) in the
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bottom of the rectification, which supports the importance of CFD analysis for design of

non-conventional columns.
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Figure 4-12: Phase volume fraction obtained from the CFD simulations at the three
sections of HIDIC: a) upper section, b) middle section and c¢) bottom section
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4.6.2.2. Temperature

Using the CFD results, temperature contours for solid structure and liquid phase in the

three simulated trays under non-equilibrium conditions could be analyzed.
Temperature of the tray’s structure

The temperature contours of the tray surface are shown in figures 4-13, 4-14, and 4-15.
Figure 4-13 shows the temperature contours for the tray at the upper section, including
both rectification and stripping sides of the unit respectively. The temperature distribution
in the rectification section decreases from 307.89 K at the gas inlet to 306 K at the gas
outlet. In the case of the stripping section, where the heat is obtained from the
rectification section, it can be seen an increase of the temperature from 300 K in the
liquid inlet to 304 K at the internal wall without direct contact with liquid.

?B”:u{’vzf“wfﬂmla
309402 b A A0ieiae
308402
307e+02
306402
3050402
3046402
3026402
3010402
300202
299e+02
(k]
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2.98e+02 298e+02

Figure 4-13: Temperature contours for the tray at the upper section, including both
rectification and stripping sides of the HIDIC

Figure 4-14 shows temperature contours for the tray at the middle section, and Figure 4-
15 for the bottom section. The rectifying section transfers heat to the stripping section,
this exchange of heat is main driven by convection heat transfer of the fluid phases
flowing. In Figure 4-14 the temperature in the rectification section decreases from 307.93
K at the gas inlet to 305 K at the outlet gas. In the case of the stripping section, the
behavior described in the plate above (upper zone), is also observed, where the

temperature increases from 303 K in the liquid inlet to 306 K at the internal wall.
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Figure 4-14: Temperature contours for the tray of the middle section, including both
rectification and stripping sides of the HIDIC.

In Figure 4-15 the temperature distribution in the rectification section decreases from
308.04 K at the gas inlet to 306 K at the outlet gas. In the case of the stripping section,
the temperature increases from 304 K at the liquid inlet to around 305 K at the internal

wall.
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Figure 4-15: Temperature contours for the tray at the bottom section, including both
rectification and stripping sides of the HIDIC

A low-temperature difference between rectifying and stripping section was observed, it
is found in T-HIDIiC column according to the literature (Sun et al., 2003). This leads to a
large heat transfer area requirement for the stage, and the T-HIDiIC design should allow
for large heat transfer area inside the column. Therefore, future studies must be focused
on the development of internals panels in the stripping section that allow a more efficient

heat distribution inside of the concentric column configuration.

Temperature of the liquid on the plate

According to the sampling points defined in the methodology (Figure 4-5), the

temperature profile for liquid at a height of 4mm (y = 4mm) is presented in Figure 4-16.
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Figure 4-16: Temperature profiles of the liquid at 4mm on the trays (y=4mm). a)
rectification trays, b) stripping trays

In Figure 4-16, for both zones (rectification and stripping), there is no a steep slope along
with each plate, mainly because the difference between the inlet temperatures of the
liquid and vapor are almost negligible (see Table 4-5) and therefore the outlet
temperature obtained is between these values, the change becoming almost
imperceptible, for example, for the tray in the middle zone of the rectification column, the
inlet liquid and vapor temperatures are 307.9298 and 307.9338 K respectively, and their
outlet temperature is 307.93 K. Additionally, it can be seen that the temperature
difference among points of the same tray (slope of each profile) and the difference
among the trays (separation of the profiles) becomes smaller from top to bottom in the
stripping zone and from bottom to top in the rectification one, which is consistent with the
profiles in Figure 4-9.
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4.6.2.3. Murphree tray efficiency

The Murphree tray efficiency is defined by comparing a real tray with an ideal tray, this
is the most used definition for tray efficiency. In this work Murphree tray efficiency is

calculated by the following equation (Treybal, 1981):

zyn_yn—l
yr*{_yn—l

where y, is the equilibrium vapor concentration, estimated by Peng-Robinson’s

(33)

EMV

thermodynamics equilibrium model, and y,, is the real vapor concentration in stage n
and y,,_4 is the concentration of vapor feeding the tray. To compare the efficiency results
given by the CFD model, a simulation of the T-HIDIC in non-equilibrium was also carried
out in Aspen Plus® using the Rate-Based module with the conditions defined in Table 4-
1. Results of this simulation and its comparison with CFD results are shown in Table 4-
8 and Figure 4-17.

Table 4-8: Murphree efficiency results, comparison between CFD results and Rate-
based model with process simulation

. Murphree efficiency Murphree efficiency
Section Stage CFD model (%) Rate-Based model (%)
Ubber Rectification 3 41.76 82.45
PP Stripping 2 42.66 72.80
middle Rectification 31 57.65 78.23
Stripping 30 55.27 72.23
bottom Rectification 60 37.48 76.51
Stripping 59 40.77 69.31
90,0 r
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70,0
;\3 60,0 °
> L
= 50,0 ® Rectification CFD
w 40,0 ® Rectification Aspen Rate-Based >
Stripping CFD
30,0 r Stripping Aspen Rate-Based
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Figure 4-17: Murphree efficiency at analyzed trays for the upper, middle and bottom
points obtained from CFD and base-rate model.

The average efficiency per stage using CFD is around 46% compared to 75% for the

average value obtained from Rate-Base model (Figure 4-17). This difference is due to
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different factors: 1) Aspen plus uses different correlations on which the Rate-Base model
is based for estimating efficiency, that makes the obtained results approximate what the
real values would be, unlike of the CFD, which takes into account the transport
phenomena making use of the generalized equations in addition to including the effect
of the geometry of the plate; and 2) As mentioned above, due to the fact that
thermodynamic equilibrium ratios are close to the unit, which causes small changes in
output concentrations comparing with input ones, because of that, values change only in
the third and fourth decimal places of the molar fractions. This generates issues in the
calculation of the efficiency due to the orders of magnitude handled, for example, in the
bottom rectification tray (Tray 60), the mole fraction in the inlet gas is 0.9671 (Table 4-
7), and the calculated value with Fluent for the outlet vapor is 0.9677, verifying the
existence of effective mass transfer. However, the difference is observed only in the
fourth decimal leading to an important percentual difference but in practical terms these
differences will be almost imperceptible. According to the above, it is proposed for future
studies to verify the results experimentally and to validate the methodology for calculating
the efficiency carried out in CFD with a system that has a high thermodynamic equilibrium

ratio in order to avoid problems in the orders of magnitude.

4.6.2.4. Concentration of liquid phase

Figure 4-18 shows liquid concentration profiles along the points established previously
in Figure 4-5. An important change in the concentration is not visually appreciated across
the tray, mainly due to the small changes that were obtained in concentration from a tray

to ne next one.
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Figure 4-18: Composition profiles of liquid on the trays. a) rectification trays, b) stripping
trays

4.6.2.5. Clear liquid height

In Figure 4-19, CFD prediction of clear liquid height is presented and compared against
the Bennet correlation prediction for the fluid system in the selected trays (upper, middle,

bottom). The Bennett correlation used is (Bennett et al., 1983):

qL 2/3

where h,, is the weir height, g, is volumetric flow per length of weir, and

(34)
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091
¢ = exp —12.55<VS pr—GpG> (35)

Cs = 0.0327 + 0.0286exp(—137.7h,,) (36)
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Figure 4-19: Clear liquid height calculated based on the results of the CFD model.

In Figure 4-19 it can be seen that for both models, clear liquid height increases with the
vapor inlet velocity (1.396, 3.045 and 4.195 m/s for the rectification trays and 3.613,
1.960 and 0.890 m/s for the stripping ones, see Table 4-7) but CFD give more drastic
changes (steeper slopes) than the Bennet correlation. An important observation is that
for trays with inlet vapor flow no higher than 3.6 m/s the difference in the predictions from
both models is moderate but for the 60" tray in rectification (with velocity of 4.195 m/s)
CFD predicts a very higher clear liquid height, this is consistent with the behavior of the
phase volume fraction shown in Figure 4-12. These results suggest that with a vapor

inlet flow greater than 3.6 m/s the system is dangerously close to the drag condition.

4.7. Conclusions

The search for reduction on energy consumption generates the necessity of develop and
implement non classical separation processes, and as a consequence the necessity of
suitable modeling approach, which must be capable of giving accurate information about
the new processes. Additionally, the growing computational capacity and its availability
had increased the importance of simulation, specifically for design purposes. In this way,
CFD analysis of HIDIC became an interesting strategy to assess this distillation

configuration.
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In this work, we propose a modeling approach to study a T-HIDIC unit. This modeling
approach considers two main steps: process simulation under equilibrium conditions,
and CFD and rate base model under non-equilibrium conditions. To analyze the involved

approaches, the separation of the system propylene/propane was used as case study.

Process simulation under equilibrium conditions led to results regarding the vapor and
liquid flow, temperature profiles, and the compressor, condenser, and reboiler duties in
both distillation sections. These results were used to set up the boundary and initial
conditions for the designed CFD model. The proposed CFD model was used for the
analysis of three trays in the main sections of the T-HIDIiC unit (upper, middle, and
bottom).

Results of this first process simulation, under equilibrium conditions, shown that the
necessary driving force for internal heat integration (heat transfer from rectification trays
to stripping ones) is achieved with the proposed pressures. Due to the thermodynamical
behavior of the system, the temperature difference is bigger at the bottom of the column.
This could allow to identify stages with minimum temperature differences, which become

limiting stages for heat integration and may define a key bottleneck for the configuration.

The compressor power requirement, reboiler, and condenser duties are 4.87, 18.81, and
26.99 kW, respectively, for a total energy requirement of 50.67, which is an important
energy saving compared to the conventional column that requires 4,35 times more

energy..

Important differences were obtained between both simulation approaches under non-
equilibrium conditions (CFD and rate-based). The Murphree efficiencies predicted by the
CFD model (between 38 and 58%) are lower than the predicted by a conventional
process simulator (between 69 and 83%). i.e. the efficiencies predicted by CFD were,
approximately, the half of the efficiencies obtained with the Rate based model from
Aspen Plus®.

Based on the performed simulations, the most suitable approach to analyze energy
integration in distillation columns, such as T-HIDIC units, is CFD. In this study, the
developed CFD model allowed to predict temperatures, phase distribution,
concentrations, and pressure and velocity fields coherently with the characteristics of the
propylene/propane system, since this separation operation is especially difficult due to

its low average relative volatility.
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According to the results, the T-HIDIC achieves the proposed separation for Propylene
and Propane with molar purities of 99.6% and 98.9%, respectively. The vapor flow
presents a high increasing from the top to the bottom of the rectifying section and from
the bottom to the top of the stripping one, which must to be considered to avoid hydraulic

problems.

The results indicated that CFD is a tool capable of predicting reliably effects of column
internals geometry on the multiphase flow field and can be considered as a useful aid for
the design and evaluation of the performance of the T-HIDIC column with or without

internals.

A significant improvement in the capacity of heat transfer could be achieved by the
implementation of internals in the concentric configuration to obtain a sufficiently large
surface area for heat transfer. Certainly, further heat transfer improvements are possible
and could optimize the plate column design for better contact between the rectifying and

stripping sections that will decrease energy consumption.
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Nomenclature

A Interfacial area per unit volume, Greek
m-1 Symbols
Ap Bubbling area, m2 a Void fraction
Apoe Hole area on sieve tray, m2 p Density, kg/m3
Cp drag coefficient ué effective viscosity, kg/m s
C; lift force coefficient u Viscosity, kg/m s
Cyy Virtual mass force coefficient o Surface tension,N/m
D diffusion coefficient, m2 s—1 ¢ Average liquid holdup
fraction in froth
d, diameter of the bubble, m
d, Hole diameter of a sieve tray, m Subscrips
Eo  EOGtvOs number b bubble
F total interfacial force, N cap Spherical-cap shape
bubbles
Fdrag  drag force, N ellipse Ellipsoid shape bubbles
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Flift
FVM

FCOTT

~ N

o~
[y

Upise

lift force, N
Virtual mass force, N
Correction factor of Cp

gravitational acceleration, m/s2

enthalpy, J/kg

Heat transfer coefficient

between phases, W/m?K

Hight downcomer, m

Clear liquid height, m

Hight weir, m

kinetic energy turbulent, m2/s

2

mole fraction equilibrium ratio

gas-liquid mass transfer

coefficient, m/s

Gas phase mass transfer
coefficient, m/s

Liquid phase mass transfer
coefficient, m/s

thermal conductivity, W/mK

Length weir, m

Morton Number

Number of holes in the sieve

tray

Nusselt number

Pressure, Pa

Prandtl number

Diffusion heat flux, J/m?s

Energy transfer between

phases, W/m?3

Heat required in the stripping

section, W

Heat rejected from rectifying

section, W

Reynold number

Rate of interphase mass

transfer, kg/m3s

temperature, K

Thermo-fluid time scale, s
exposure time in the penetration
model, s

bubble slip velocity, m/s

bubble velocity, m/s

Vapor velocity through the tray
holes, m/s

velocity, m/s

Superficial gas velocity, m/s
Mole fraction of light component
in the liquid phase on tray n
Mass fraction of the light
component in liquid phase

D

GL
LG

LK
sphere

Superscripts
e
T

Vapour

Liquid

transfer of quantities from
liquid phase to vapour
transfer of quantities from
vapour phase to liquid
Light component

Sphere shape bubbles

Effective property
Transpose of vector



Y.k Mass fraction of the light
component in vapor phase

¥y»  Mole fraction of light component
in the vapor phase on tray n

¥y, Mole fractionof light component
in the vapor phase in
equilibrium with the liquid phase
in tray n

Z length of travel on a tray, m
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Chapter 5

Exergy analysis of a Top Heat-Integrated
Distillation Columns (T-HIDIC) for Propylene-
Propane system

Highlights

Problem: Lack of knowledge of the contribution to exergetic losses of the different
components of a HIDIC column.

Contribution: Detailed identification and quantification of exergetic fluxes in T-
HIDIC columns (Grassmann diagram).

The purpose of the chapter was to compare the exergy losses of three types of
distillation columns: top heat-integrated distillation columns (T-HIDiC), vapor
recompression columns (VRC), and conventional columns (CC).

Mathematical simulations were carried out for each system and results were
plotted in Grassmann diagrams.

Three hypothetical operational conditions of T-HIDICs were compared: T-HIDIC
with equilibrium stage, T-HIDIC integrating tray efficiency, and T-HIDIC without
integrating heat transmission.

Analysis showed that T-HIDICs have high potential for reducing exergy losses
compared to conventional columns and VRC in equilibrium conditions (reduction
in exergy losses were 61.2% and 14.5%, respectively).

Integrating tray efficiency and heat transmission in T-HIDiCs had a significant
effect on exergy losses, with the former increasing them almost sixfold and the
latter reducing them by around 3.5 times (when compared to T-HIDiC simulations

in equilibrium).
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Abstract

The purpose of this paper is to compare the exergy losses of three different types of
distillation columns in a propylene-propane system: 1) top heat-integrated distillation
columns (T-HIDIC), 2) vapor recompression columns (VRC), and 3) conventional
columns. In order to do this, we carried out mathematical simulations of each system
and plotted the results in Grassmann diagrams. Additionally, for the particular case of T-
HIDICs, three different hypothetical operational conditions are compared, namely: 1) T-
HIDIC with equilibrium stage, 2) T-HIDIiC integrating tray efficiency, and 3) T-HIDIC
without integrating heat transmission. The analysis showed that T-HIDiCs have a high
potential for reducing exergy loss when compared with conventional columns and VRC
in equilibrium conditions (reduction in exergy losses were 61.2% and 14.5%,
respectively). We could also establish the enormous effect of integrating tray efficiency
and heat transmission in the model, since, on the one hand, the former increases exergy
losses almost sixfold, while the latter makes them around 3.5 times lower (when

compared to the T-HIDIC simulations in equilibrium)

Keywords: T-HIDIiC; Exergy analysis; Grassmann Diagram; Heat integration;

Propylene, Propane.

5.1. Introduction

Distillation columns are major energy consumers in chemical and petrochemical
industries (Gorak & Sorensen, 2014). Indeed, due to the way heat load is distributed in
conventional distillation columns, their second-law efficiency is very low. The heat input
and output of this type of columns are located at their hottest (reboiler) and coldest
(condenser) points, which demands the use of an input of higher exergetic quality in the
reboiler and results in an output of lower exergetic quality from the condenser. Thus, in
order to reduce energy consumption and exergetic inefficiency, several studies have
been carried out and many alternatives to conventional distillation columns have been

proposed.

For instance, Mendoza & Riascos (2011) proposed reducing exergetic inefficiency with
diabatic columns that allow heat distribution in the internal stages of the column. Hence,
it was confirmed that columns with sequential heat exchanger (SHE) reduced exergetic
loss, even if they do not have an important impact in total energy loads. Vapor-
recompression columns (VRC) offer another interesting alternative. Indeed, they take

advantage of the vapor produced at the top of the column to provide energy for the
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vaporization of the bottom stream. Moreover, VRC is appropriate for close-boiling
separations, because of the small compressor duty that it needs to allow energy recycle

through the combined reboiler-condenser (Jogwar and Daoutidis, 2009).

Heat-Integrated Distillation Columns (HIDiC) are non-conventional distillation columns
developed based on the diabatic distillation concept (Nakaiwa et al., 2003; Nakaiwa et
al., 1997). A HIDIiC (Figure 5-1) is constructed in such a way that its rectifying and
stripping sections are separated from each other. However, they are part of a single
system in which fluids can flow from one section to the other by passing through a
compressor and a throttling valve. Additionally, in order to promote heat transfer from the
rectifying section to the stripping section, the former must be operated at a higher
pressure than the latter. This internal heat transfer reduces the overall heat demand in
the condenser and the reboiler. The energy savings of HIDICs, compared to conventional
columns, are estimated to be between 52 and 90% in systems with relative volatilities
between 1.15 (propylene-propane) to 2.40 (benzene-toluene) (Liu & Qian, 2000;
Matsuda et al., 2010; Nakaiwa et al., 1997; Nakaiwa et al., 2001).

In an ideal HIDIC (i-HIDIC), external heat transfer is not necessary. However, in a partial
HIDIC (p-HIDIC) only a part of the required heat is transferred internally, which makes
external reboilers and condensers a necessity for its operation. Kiss & Oluji¢ (2014) offer

more detailed descriptions of HIDIC technologies and their implementations.

There are several possible HIDIC configurations, see Fig. 5-2; however, the one that
presented the best results for the Propylene-propane system,, based in loss exergy, is
the Top-HIDIC (T-HIDIC) (Mancera et al., 2018). For this reason, we carried out an
exergy analysis through a Grassmann diagram of precisely this HIDiC configuration. This
was then used to compare it with conventional distillation columns and VRCs. In order
to increase the amount of detail of the T-HIDIiC simulation, we included plate efficiency
in the model, as well as ideal stages working at equilibrium conditions and without heat

integration.
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5.2. Exergy

Exergy can be defined as the useful potential work of a system and it is measured by
comparing the state being evaluated to the state of its environment (Boles & Cengel,
2014; Kotas, 1995). The exergy of a stream can generally be divided into two parts:
thermo-mechanical exergy and chemical exergy (See Table 5-1). The former, also
known as the physical part of exergy, is comprised of a multitude of classifications
including temperature, pressure, kinetic, and potential exergies. The latter may be

divided in mixing and separation exergies.
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Table 5-1: Types of exergies

Exergy
Thermo-Mechanical Chemical
General Physical | Heat Work and Electricity | Mixing / Separation | Reaction

Source: (Delmar, 2019)

The present work is limited to the study to thermo-mechanical exergy, particularly to the
exergy transfer by mass, heat, and work. Thus, it disregards any chemical exergy that

may be present in the system.

5.2.1. Physical exergy (exergy transfer by mass)

Physical exergy is a function of the enthalpy and entropy differences measured between
an initial and a final state (Delmar, 2019):

Ex =H(T,P) — H()(TO' Po) - TO[S(T; P) — So(To’Po)] (1)
where Ex is the exergy flow, H,S,P,T are enthalpy, entropy, pressure and temperature
for the considered state, while Hy, Sy, Py, T, are the same variables at the environmental

or reference state.

5.2.2. Exergy transfer by heat

Heat is a form of disorganized energy, which entails that only a portion of it can be
converted to work, which is a form of organized energy. We can only produce work from
heat when the latter is at a temperature above ambient temperature by transferring it to
a heat engine that returns waste heat to the environment and takes advantage of useful
heat. Therefore, heat transfer (Q) in a system at thermodynamic temperature (T) is

always accompanied by an exergy transfer (Boles & Cengel, 2014):

Expenr = 0 (1-7°) @

5.2.3. Exergy transfer by work

Since exergy is defined as the maximum potential work of a system, the exergy in a
process is the same as the available work from that process:
E.Xwork =W (3)
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5.2.4. Exergy loss

Irreversible processes such as friction, mixing, turbulence, pressure drop, chemical
reactions, heat and mass transfer, unrestrained expansion, non-quasiequilibrium
compression or expansion always generate entropy, and anything that generates
entropy destroys exergy. The exergy destroyed is proportional to the entropy generated
and they are related to each other by the Gouy-Stodola theorem (de Koeijer & Rivero,
2003):

dsirT

aT

By dividing the exergy loss by the reference temperature (T, = 298,15 K), the

Ex'oss =T, 4)

corresponding entropy production rate of the exergy benchmark is obtained. A more
general calculation of the exergy loss, in a steady-state system, can be carried out by
using the exergy balance thus:

Ex'SS = Ex;, — Exoye (5)
where Ex;, and Ex,,; are the entering and leaving total rates of exergy respectively,

transferred by heat, work, and mass.

5.2.5. Grassmann diagram

This type of diagram is a graphical representation, similar to the well-known Sankey
diagram employed in the energy analysis of processes, where the width of the depicted
bands is associated to the exergy rate or exergy flow rate (Grassmann, 1959; Oliveira,
2013). The advantage Grassman diagrams lies in their simple display of the energy
inflows and outflows, in addition to including the exergy losses that take place in each
piece equipment of the studied process. Indeed, this visual display facilitates
understanding and interpretation, which makes it very useful for analyzing systems (de
Koeijer & Rivero, 2003).

5.3. Methodology

To perform the exergy analysis, two types of simulations were carried out:

1) Simulations that consider column configuration. This type of analysis allowed us
to estimate advantages of T-HIDIiC against other configurations. Three different
simulations of different types of distillation columns were carried out for this
purpose:

e Conventional Column.
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e Vapor Recompression Column (VRC).

e Top Heat-Integrated Distillation Column (T-HIDIC).

2) Simulations of T-HIDIC in different thermodynamic conditions. The purpose of

this type of analysis is to quantify the effect of plate efficiency and heat

integration on exergy loss. Thus, the following simulations were carried out:

e T-HIDIC in equilibrium.

e T-HIDIC with plate efficiency.

e T-HIDIC without heat integration in equilibrium.

The initial conditions used for the simulations were taken from a previous study (Mancera

et al., 2018). Moreover, the distillation columns were simulated in Aspen Plus 8.1 using

the Peng-Robinson model to calculate thermodynamic properties and the vapor-liquid

equilibrium. Additionally, the simulations were carried out in steady state using isentropic

efficiency in the compressor (for VRC and T-HIDIC) and considering that heat flow does

not occur between the system and its surroundings. The initial conditions for the

simulations are shown in Table 5-2.

Table 5-2: Specifications for Aspen plus simulation

Characteristic Conventional VRC T'H.ID.'C T'.H.ID'C T'HlD.'C without
equilibrium | efficiency | heat integrated

Rectification section 11,2 11,2 14,6 14,6 14,6
Pressure(bar)
Stripping section pressure 11,2 11,2 11,2 11,2 11,2
(bar)
Stages rectification section 164 164 170 170 170
Stages stripping section 66 66 61 61 61
Feeding stage 165 165 171 171 171
Trays in the Concentric B 169 169 169
Column
Trays in the Annular column -- 60 60 60
Feed flow (kg/h) 112000 112000 112000 112000 112000
Feed fraction mol (propylene) 0,57 0,57 0,57 0,57 0,57
Feed thermal condition (q) 0,37 0,37 0,37 0,37 0,37
Murphree efficiency stripping 47,02% *
Mur_p_hreg efficiency 49.5% *
rectification
Fraction mol distillate 0,996 0,996 0,996 0,996 0,996
(propylene)
Fraction mol funds 0,011 0,011 0,011 0,011 0,011
(propylene)
Compressor (isentropic) 072 0,72 0,72 0,72

efficiency

124




* Taken from chapter 4 results by CFD simulation.

For the T-HIDIC simulations, we adapted the procedure suggested by Suphanit (2010)

for modeling heat distribution between the rectification section and the stripping section

(Fig. 5-3). In summary, this proposal requires:

e To calculate the energy demands in the condenser and reboiler, without energy
integration.

e To choose the lower energy demand and calculate the flow of energy per tray.

¢ Toinclude the heat flow of each tray and then re-calculate the resulting column.

The heat transfer of the system was modelled through thermal interconnected streams,

tray by tray. After specifying the components and thermodynamic model, the column

configuration was simulated as shown in Fig. 5-4.

Input in the simulation: Caleulate O,

¢ (Conditions of the food Obtain Qg, Qc and AT, =

# Pressure in each section without energetic integration 0

e #stages in each section £l> o IfQp> Qg set Qr=0Qs £‘> Q; = AT, “—TAT|
e Specifications of o IFQp<Qs setQr=0Qg =120

distillate and bottoms

&

Perform the energetic integration:
Obtain new Qg, Qc v AT; Q: Input the values of each Qi on the respective

stage within each HIDiC

Figure 5-3: Procedure for estimation of heat distribution in HIDIC.

5 COMPRES
DESTIL =
DUT-COMP
BOT-OUT

Figure 5-4: Schematic of HIDIiC column simulation in ASPEN PLUS.
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The exergy calculation was performed for each stream in the distillation process through
Egs. 1, 2 and 3. The reference conditions or dead state were 298,15K and 1 atm. For
the calculations of the exergy loss in each equipment, we used version of Eq. 5 adapted

to the type of column being modelled.

5.3.1. Exergy loss in conventional columns

The equations used to calculate the exergy losses in each equipment of the conventional

distillation systems (reboiler, column, condenser) are described below (see Fig. 5-5):

Ex;oesbs‘m Agtleam(Exsteam in = EX&eam out) + L5i0Ex{ 310 — Vat1EXi311 — B Exg (6)
Ex(l:(z;szs = FeedExfeed + RClExReflux + VleExV211 V2C1Ex5% - Lg}oExlem (7)
Exé?;ffdm - Aa/atercool(Exwatercool in Ex\leatercool,out) + V261Ex1(/:% - LglExfll (8)

where,
L5 = R* + Dist‘? 9)

The superscript €1 in Egs. 6 — 9 stands for “conventional column”.

5.3.2. Exergy loss in vapor recompression columns

Equations used to calculate the exergy losses in each equipment of the vapor-
recompression distillation systems (reboiler, column, compressor, valve, condenser) are

described below (see Fig. 5-6):

Eleeoesbs'cz ch%anchomp L210ExL210 V211Exv211 Lval mEvaal in BCZEng (10)

Exé‘:fzs 2 = FFeedEx}gezed + RCZExReflux + VzclzlExvzn VzczEx% LglOExLZIO (11)

Exé%iflgz = VzczExvz + Vch%np chganxVComp 12)

E Il/'lzzslf;cz Lval mEvaal m Lgal outEvaal out (13)

Exé?)izsélcz Afvatercool(Exwatercool in Exwate‘rcoolout) + Lval outExl(fl?al,out - ngExLl (14)
where

L5% = R“? + Dist‘? (15)

5.3.3. Exergy loss calculations for T-HIDIC

Equations used to calculate the exergy losses in each equipment (reboiler, stripping
column, compressor, rectification column, valve) of the T-HIDIC distillation system are
described below (see Fig. 5-7):

loss,C3 _ 4¢3 C3 C3
Expep ~ = Asteam (Exsteam in — Ex$ham out) + L60 SExL6OS V61 SExV61 s —B*Exg (16)

126



loss,C3 _ pC3 C3 C3 C3 C3 c3 C31..C3
Exsrin”~ = FreeaEXfoea T Lvatout EXoaout + EXqstrip + VersEXvers — VisExyis

17
- Lg%,sExLCgo,s
Exé‘ffnsf = Vngxlgis + VVc%?np - V1C736,REx1§§70,R (18)
Ex:el:zscstm = RCSEnggflux + V1%%,R5x5%7o,R — Exgrect — VZC:,%Ex{;"%R - Lg?zl,inExl(,:gal,in (19)
Exll/l::lfz'a = Li?z’zl,inExESal,in + Lg?zl,outExfsal,out (20)
Exi?)izs&m = A€v3atercool(Ex\fvséltercool,in - Exvcvst'ztercool,out) + VZC,}%EXIS%R - Lgi?Exff,R (21)

where Exgsrip IS the exergy due to the energy integration effect produced by heat
transfer from the rectification column to the stripping column, and Exgg..: is the exergy
due to the energy integration effect produced by heat transfer from the rectification

column to the stripping column.
60

T,
Exostrip = Z Qn <1 - T_§> (22)

n=1
61

Exgrece = Y On (1 ;_;5) (23

n=2
where
L$% = R® + Dist®? (24)

For the case of T-HIDIC without heat integration, Eqgs. 22 and 23 are equal to zero.

W comp=>Work compressor

COMPRESSOR

DistH->

@ CONDENSER

REBOILER

Figure 5-5: Flow diagram of conventional column Figure 5-6: Flow diagram of VCR
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CONDENSER

COMPRESSOR - W eomp=>Work compressor|

STRIPPING Q

RECTIFICATION

REBOILER

VALVE
Figure 5-7: Flow diagram of T-HIDIiC

Once the exergy values were obtained, the Sankey flow-show

(www.sankeyflowshow.com) software was used to make Grassmann diagrams.

5.4 Results and discussion

Retaking what was raised as the objective of this chapter and the cases that were

studied; then, the results obtained in the development of the work are presented.

5.4.1 Effects of column type on exergy loss

Fig. 5-8 (a,b and c), presents the exergy flows of each of the column types evaluated in
this study. The blue blocks of the diagram represent the different processing equipment
of the system, while the green arrows represent the input, output and exergy losses that
take place at each point of the process. Each arrow shows the amount, in GJ/hr; of its

respective exergy flow.
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Figure 5-8a: Grassmann Diagram of Conventional column.
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Figure 5-8b: Grassmann Diagram of VRC.
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Figure 5-8c: Grassmann Diagram of T-HIDIC
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Table 5-3 shows the exergy loss in the different types of distillation columns, these results
show that, in general, exergy loss is significatively reduced when conventional columns
are compared to VRCs and even further reduced when compared to HIDIiCs, which

confirms that the latter is the most efficient configuration from the point of view of the

second thermodynamic law.

Table 5-3: Comparison of exergy loss in different types of distillation columns

Conventional column VRC T-HIDiC equil.
Total exergy loss (GJ/h) 68,27 30,96 26,47
Exergy loss by equipment (%)
Reboiler 91,8 42,2 36,2
Condenser 4,2 25 16,0
Column 4,0 22,3
Compressor 24,6 18,1
Valve 8,4 4,6
Rectification column - 14,8
Stripping column --- 10,3
Reduction in exergy loss (%)
vs Conventional column - 54,65 61,22
vs VRC -- -- 14,49

When the role of each equipment in exergy loss is evaluated, it is clear that the reboiler
is the main cause of exergy loss, regardless of the type of column being used. However,
its contribution towards exergy losses decreases from 91,8% to 42,2% and 36,2% as
more efficient columns are used. This shows the positive impact of implementing heat-
recycling technologies in distillation columns. However, the increase in efficiency brought
about by heat recycling does not depend exclusively on the quality of the reboiler.
Indeed, the compressor plays a key role in this process, become of high importance in
energy consumption and its efficiency, what place the operational conditions of this

equipment as key variables in heat integrated distillation systems.

It is worth noting that, in general terms, for the three column configurations, the internal
exergy flows within the system are much greater than the input and output exergy flows,
regardless of the type of column being used. For instance, in the conventional column
evaluated in this study, reflux exergy is 104,78 GJ/h, while the input exergy flow at the
feed stream is 14,28 GJ/h and the output exergy flow of the distillate is of 7,71 GJ/h. This
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is due to the low relative volatility of propylene-propane mixtures, which cannot be

separated unless the distillation system has a high reflux ratio.

From a visual analysis on the diagrams, it is observed that with the VRC the main
improving in energy usage is due to replacing of steam inlet by energy from the
condenser, what reduces exergy loss from 62.69 to 13.07 GJ/h, but including the

compressor with and exergy loss of 7.61 GJ/h.

In the other way, analyzing VRC vs HIDIC, it could be observed that the exergy fluxes
that are not related with mass fluxes have great magnitude reduction for the HIDIC,
another exergy flux with an important reduction is the one associated with the mas flow
that return form the condenser to the column, which is a consequence of internal heat
integration. The advantage in internal integration is evinced in the small exergy loss
generated as consequence of the internal heat transfer: 8,41 GJ/h of exergy go out from
the rectifying section, associated with the QRect, and 4,28 GJ/h of exergy enters to the
stripping one, associated with the QStrip, the difference is a loss of exergy in this

integration.

5.4.2 Effect of thermodynamic condition on T-HIDiC exergy loss.

The results of simulating systems with tray efficiency and heat transfer, on the one hand,
and without tray efficiency and heat transfer, on the other hand are presented in Figures
5-9a and 5-9b. When compared to the T-HIDIC in equilibrium (Figure 5-8c), i.e., a system
that considers heat transfer but does not consider tray efficiency. These results show
clearly that the consideration of tray efficiency is a key factor for a consistent analysis in
distillation systems, because of total exergy losses increase from 26,47 to 157,77 GJ/h
(+496%) when efficiency was included. For this reason, tray performance ought to be

studied further in order to improve its efficiency.

Moreover, since the overall performance of real distillation columns always depends on
tray efficiency, as opposed to theoretical ones, this parameter should be crucial for
column design. In this analysis, simulation-based, in order to guarantee that the system
reaches the separation task the reflux rate was increased from 2.83 to 24.64, which
drastically increased internal fluxes and the exergy associated to them (see Figures 5.8c
and 5.9). Itis important to expose that for a real implementation, the reflux rate increasing
will be partially reduced with a increasing in the number of stages in both section which

requires additional analysis, out of the scope of the present work.
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On the other hand, comparing the T-HIDIC in equilibrium with the simulation that did not
integrate heat transmission allowed us to analyze the effects of internal thermal
interactions between rectification and stripping trays on energetic efficiency. Thus, we
were able to determine that including heat transfer in the model reduces the overall heat
load and the exergy destruction that takes place in the reboiler and the condenser. An
interesting result is that the exergy loss in the T-HIDIC model without heat integration
(93,4 GJ/h) minus the exergy loss in its compressor and valve (4,2 and 1,07 GJ/h) is
significatively higher than the exergy loss in the conventional column, what is due to
higher exergy losses generated in the condenser (17.67 GJ/h) compared with the
condenser of the conventional column (2.84 GJ/h), while reboilers’ exergy losses are
similar (63.6 vs 62.7 GJ/h), this is a consequence of higher pressure and temperature

operation in condenser for the HIDIC.
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Figure 5-9a: Grassmann Diagram of a T-HIDIC modelled with tray efficiency and heat
transfer.
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Figure 5-9b: Grassmann Diagram of a T-HIDIC modelled without tray efficiency and

heat transfer.
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Table 5-4 presents the contribution to exergy loss of each equipment type for the different
T-HIDIC configurations evaluated in this study. Thus, the reboiler was the equipment with

the largest contribution to exergy loss in all analysis.

Table 5-4: Comparison of exergy losses in T-HIDIiC at different thermodynamic

conditions.
T-HIDIC equil. T-HIDIC with effic. | T-HIDIC equil.
without HI

Total exergy loss (GJ/h) 26,47 157,77 93,4
Exergy loss by equipment (%)
Reboiler 36,2 63,6 68,1
Condenser 16,0 17,9 18,9
Compressor 18,1 6,7 4.5
Valve 4,6 1,8 1,2
Rectification column 14,8 54 2,8
Stripping column 10,3 4,6 4,5
Increasing in exergy loss vs T-HIDiC with HI and equilibrium trays (%)

-- + 496 + 253

In Table 5-5, the total exergy losses of each of the three evaluated T-HIDIC
configurations are compared. As previously stated, the inclusion of tray efficiency in the
model increases exergy losses. However, this value is almost 6 times greater than that
of the T-HIDIC in equilibrium, which shows that the effect of tray efficiency on the exergy

losses is not linear but an exponential behavior.

Table 5-5: Exergy loss and percentage of exergy reduction per column for the T-HIDIC
at different thermodynamical conditions.

Lo % reduction in exergy
Exergy loss % reduction in exergy loss compared to T-
Column loss compared to T- mpa
(GJ/hr) . . Iy HIDiC without
HIDiC with efficiency integration
T-HIDiC
o 157,77
efficiency
T-HIDIC without
) ) 93,4 40,79
integration
T-HIDIC equil. 26,47 83,22 71,66

On the other hand, when the T-HIDIC is modelled without integrating heat transfer, its
exergy losses become around 3,5 times higher than the HIDIC in equilibrium, which

shows, once again, the importance of including this variable in the simulations.
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It worth noting that, in a strict sense, only the T-HIDIC modelled in equilibrium can be
compared with the conventional-column and VRC simulations previously presented. In
order to measure the results for HIDIC with the different thermodynamical considerations
against conventional columns and VRCs, further simulations that integrated tray

efficiency and heat transfer would have to be carried out.

5.5 Conclusions

The exergy losses for three configuration of distillation column were analyzed. The
analysis —based on simulation of the systems for a fixed separation task, very close
design parameters and ideal performance in the trays— showed reductions in exergy
losses for the T-HIDIC when compared with a conventional column and a VRC, 54,65%
and 14,49% respectively. For VRC, the improving in thermodynamical efficiency, against
the conventional column, is generated, mainly, by the reduction of the high exergy heat
flux entering to the system and allocated to the reboiler. In the other way, for the HIDIC
the additional increase in thermodynamical efficiency is due to the distribution of the heat
transfer: in VRC, as well as in CC, the energy for the stripping section enters totally in

the reboiler, instead of the distribution that is achieved in all this section for the HIDIC.

Effect of tray efficiency was also analyzed, this consideration in the T-HIDIiC simulations
(47% for the rectification section and 49% for the stripping section) increases exergy
losses sixfold, which technically makes it less effective than conventional columns and
VRCs with equilibrium consideration. However, it is necessary to include efficiency in
VRC and CC simulations for the final analysis of the three types of distillation columns.
These results confirm that efficiency analysis is key for column design, especially in non-

conventional systems which hydraulic performance is a challenging issue.

Analysis of a HIDIiC without internal heat transfer shows that this interaction between
both column section is the key for its higher thermodynamic efficiency; additionally, it
was confirmed that near-environment condenser temperature —what is a design
recommendation for conventional columns— is so advisable for efficient energy use in

conventional columns, the most employed configuration.
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Notation

A Water flow (kg/hr) Subscripts
B Bottom flow (kg/hr) 0 Reference conditions
Dist  Distillation flow (kg/hr) 1,2,60,61,170,210,211. Stage 1, 2, 60, 61, 170,
210, 211.
Ex  Exergy (GJ/kg) Col Column
F Feed flow (kg/hr) Comp Compressor
H Enthalpy (GJ/kg) Cond Condenser
L Liquid flow (kg/hr) in In
P Pression (Pa) n Tray or plate Number
Q Heat (GJ/hr) out Out
R Reflux (kg/hr) Qstrip Heat input to stripping
column
S Entropy (GJ/K-kg Qrect Heat input to rectification
column
Temperature (K) R Rectification
%4 Vapor flow (kg/hr) Reb Reboiler
Work (GJ/hr) Rect Rectification column
S Stripping
Superscripts steam Heating steam
C1  Conventional Column Strip Stripping column
C2 VRC Val Valve
C3 T-HIDIiC watercool Cooling Water

irr lIrreversible
loss Exergy loss
R Rectification section

S Stripping section
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Chapter 6

Preliminary conceptual design of a
distillation column with energy
Integration (HIDIC)

Highlights

Problem: There is no methodology available for the selection of the type of HIDIC
configuration for the separation of a particular mixture.

Contribution: A methodology for the preliminary conceptual design of HIDIC
columns based on exergetic criteria was established.

The methodology involves five global steps: simulation in a conventional
distillation column, HIDIiC simulation for top or base configuration based on
estimated number of stages, definition of pressures with a minimum temperature
difference criterion, performing exergetic balance, and comparing results for
configuration selection.

The design procedure and simulations were applied to a propylene-propane
binary mixture separation.

Results of the preliminary conceptual design showed the reduction in exergy

losses for the selected HIDIC compared to a conventional distillation column.

Abstract

Several procedures have been defined for the success in the design of conventional

distillation columns. Into these procedures, definition of operation pressure, reflux ratio,

minimum number of stages, feed stage are key steps. For non-conventional columns,

such as Heat Integrated Distillation Columns (HIDIC), the complexity of the system adds

difficulties to the definition of starting values for design and operational variables. The

objective of this study is to propose a methodology for the preliminary conceptual design
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of a Heat Integrated Distillation Columns considering exergetic efficiency. The
methodology considers five global steps to achieve a rational design for a concentric
HIDIC. It starts with the simulation of the separation in a conventional distillation column;
then, with the obtained results, the HIDIC simulation is carried out, either for top or base
configuration which depends on the estimation of the number of stages for each section.
Into the HIDIC simulation, pressures definition must consider a minimum temperature
difference criterion; Once achieved, the respective HIDIC configurations are simulated
and the exergetic balance is performed, the results are compared for the selection of the
configuration. The design procedure and simulations are applied for the separation of a
propylene-propane binary mixture. The results of the preliminary conceptual design are
presented and the reduction in exergy lost for the selected HIDIiC is verified in

comparison against a conventional distillation column.

Keywords: Conceptual design, heat integrated distillation column, HIDIC, exergy

analysis.

6.1. Introduction

Distillation is one of the most energy-intensive processes in the chemical industries
(Gorak & Sorensen, 2014). The low thermodynamic efficiency of distillation operations
can be explained by the high energy loads demanded by condensers and reboilers, as
well as by the temperature differences between them. Many distillation configurations
have been proposed to increase thermodynamic efficiency, such as dividing wall column
(DWC), vapor recompression column (VRC), diabatic distillation, and internally heat
integrated distillation column (HIDIC). All these configurations have been analyzed by
Kiss et al. (2012) and, as a result, applicability ranges for each distillation technology

were proposed.

The first steps towards the latter technology were made by Mah et al. (1977) researching
new ways of improving the energy efficiency of distillation methods. Nowadays, HIDiCs
are especially suitable for the distillation of mixtures whose components have boiling
points that are very close to each other(Kiss & Oluji¢, 2014; Marin et al., 2018; Nakaiwa
etal., 2003; Olujic et al., 2003; Sun et al., 2003). Despite both types of distillation columns
having some common elements, HIDICs differ from conventional columns by virtue of its
geometric configuration and its use of a compressor (CP) and an expansion valve (V),
see Fig. 6-1. Moreover, whereas the distillation sections of conventional columns are

located one above the other, the rectification section is located inside the stripping one
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in a HIDIiC. Hence, a heat integration between both sections may be achieved: the
compressor-valve system allows the pressure and temperature of the column to be

adjusted, which, in turn, contributes to the system’s arriving at a vapor-liquid equilibrium.

f
) 2
(= =
a 3
= =
— -
& 3

o

Figure 6-1: General representation of a HIDIiC column

Concentric HIDICs can be classified into basic and asymmetric HIDICs. In basic HIDICs,
the rectification and stripping zones have an equal number of stages, while in asymmetric
configurations the number of stages differs between sections. Basic HIDiCs can be
subdivided into optimal feed columns and total HIDiCs. Asymmetric columns can be

classified as top HIDICs and bottom HIDICs (Fig. 6-2).

Stripping

HIDIC All

— [><]
HIDIiC Top HIDiC Bottom

Figure 6-2: Configuration options for concentric HIDIC (Pulido, 2008)
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Theoretical studies based on simulations and pilot-plant scale experiments (Naito et al.,
2000) show substantial energy savings (about 50%) when comparing HIDICs against
conventional columns in the separation of close boiling-point mixtures (Horiuchi et al.,
2008; Matsuda et al., 2010). Furthermore, economic and controllability studies show the
viability of implementing the HIDIC technology at an industrial scale (de Rijke, 2007;
Harvindran & Foo, 2021; Oluji¢ et al.,, 2006; Ponce et al., 2015). However, this
implementation would also have significant issues, some of which were discussed in the
previous chapters of this work and in other studies. For instance, the hydraulic behavior
of HIDICs (Chapter 2; Gadalla et al., 2007), the heat and mass transfer phenomena
associated with the internal heat integration and geometry of these type of columns
(Chapter 4; de Rijke, 2007; Taylor & Krishna, 1993), and the need to find the most
suitable HIDIC according to the characteristics of the system where it will be used
(Chapter 1; Mancera et al., 2018).

The first design stage is the conceptual design which focuses on the required main
system characteristics according to the desired specification and application. In the case
of conventional distillation columns, definition of operation pressure, reflux ratio,
minimum number of stages, and feed stage are key factors to take into account in their
conceptual design. In the case of non-conventional columns, such as HIDICs, the
system’s special characteristics make it difficult to determine the starting values for the

design and the operational variables.

Nowadays, methodologies for conceptual design of HIDICs are based on pinch and
hydraulic analysis (Gadalla et al., 2005, 2007; Gadalla, 2009), economic criteria to find
the optimal HIDIC configuration (Oluji¢ et al., 2006; Suphanit, 2010), and heat integration
maximization (Marin et al., 2018). The objective of this chapter is to propose a
methodology for preliminary conceptual design of heat integrated distillation columns

taking exergetic efficiency into account.

6.2. Methodology

In this section, a methodology for basic HIDIC design is presented. This methodology
(see Figure 6-3) comprises five steps to ensure an optimal exergy-based design for
HIDIC.

Step 1. System characterization and the separation task: In this step, the binary system
to purify must be chosen, and the feed conditions (q, temperature, flow, composition,

and pressure), and composition of the distillate and bottom products (Xp, Xg) must be
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determined. If the mixture has an azeotropic point, or if the normal boiling point difference
(ATy) is greater than 10°C, it is suggested to follow the procedure recommended by Kiss
et al. (2012) instead of using HIDIC technology. However, if that is not the case, the
procedure continues with a shortcut method (Fenske-Underwood-Gilliland-Kirkbride,
FUGK) to estimate the number of theoretical stages, the flow ratio, the feeding stage,
and the energy consumption in the condenser and reboiler. Then, a rigorous method
(MESH: mass-equilibrium-sum of fractions-enthalpy balance equations) follows without
taking into account pressure drop at stages and fixing the pressure to reduce
condensation costs. This method is used to obtain the initial values for HIDIC design.

Step 2. Definition of HIDIC type and compression ratio: In this step, based on the results
obtained from step 1, the first HIDIC analysis is developed. If the number of stages in the
rectification section is 1.25 times greater than the number of stages in the stripping
section (or vice versa), a top HIDIC is analyzed, otherwise, a basic HIDIC is preferred. If
a basic HIDIC system is chosen, stages must be added to the smaller section in order to

equalize the number of stages in both sections (Nr = Ns).

To define the compression ratio between the column sections, the point with the greatest
temperature difference is identified while both sections operate adiabatically at the same
pressure (Figure 6-4a), with the liquid compositions at the identified point. Then, the
pressure in the rectification zone is increased by starting from a suggested delta P. This
parameter can come from the literature for a similar system or for the same system but
in similar columns that are not HIDIC and that work with a pressure difference between
the sections; for example, the VRC. In case of not having some basic information, we
start with an increase of 10%. A temperature vs. stage plot is then made to identify the
minimum temperature difference (ATmin) between the columns, as shown in Figure 6-4b.
The recommended minimum temperature difference is 3°C (Gadalla et al., 2007;
Gadalla, 2009; Marin et al., 2018; Suphanit, 2010). If ATminis less than 3°C, the pressure
difference between columns is increased by a further 10% in the rectification column.

This step is repeated until ATmin is greater or equal to 3°C.
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Figure 6-3: HIDIC Preliminary Design Procedure Flow Chart

Step 3. Definition of heat distribution: This step depends on the type of HIDIiC simulated
in the previous step. In the case of top HIDIC, three configurations (total, optimal feed,
and bottom) are evaluated using the pressure difference obtained in step 2 and
proceeding to find the heat distribution for each configuration according to Figure 6-5. If
the selected HIDIC type is the basic HIDIC, the heat integration is obtained using the

pressure difference found in step 2 (Figure 6-5).

148



Step 4. Determination of exergy loss: In this step, an exergy analysis of the selected

configuration is performed. In the case of simulating different configurations, the selected

column will be the one with the lowest exergy loss.

Step 5. Analysis of results: Finally, in this step, the exergy losses of the selected HIDIC

are compared with those of the conventional column. The one with the lowest exergy

losses is selected.

a)

Stripping

Temperature (°C)

Rectification

»
»

Stage number

b)

Temperature (°C)

Rectification

_\“’ Stripping

v

Stage number

Figure 6-4: Temperature profile per stage before (a) and after (b) pressure setting
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(—
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Figure 6-5: Estimation procedure of the heat flow distribution between the rectification

section and the stripping section

6.3. Results and discussion

The results are presented by means of a case study. In this case, the separation of a

propane-propylene mixture.

Step 1
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The Peng-Robinson equation of state is used to describe the phase equilibrium. The
feed composition is 50% (mol) of each component and a mass flow of 112000 kg/h. A
summary of the specifications is shown in Table 6-1.

Table 6-1: Feed Flow Specifications and Separation Conditions

Features Values
Feed flow (kg/h) 112000
Fraction mol feed (propylene) 0.57
Thermal condition feed (q) 0.37
Fraction mol distillate (propylene) 0.996
Fraction mol bottoms (propylene) 0.011
Operation pressure (bar) 11.2

The calculation of ATb for the system is 7.7 °C and the simulation is performed using the

FUGK shortcut method. The results are shown in Table 6-2.

Table 6-2: Results of the short method for the case study

Features Value
Reflux ratio 13.83
Stages rectification section 98
Stages stripping section 54
Feeding stage 99
Duty boiler (GJ/h) 299.96
Duty condenser (GJ/h) 313.69
Pressure (bar) 11.2

The parameters for the conventional simulation of the column using the rigorous method
(MESH) are based on the results obtained using the shortcut results (Table 6-2). The
rigorous simulation results, Table 6-3, are used as starting values to initialize the HIDIC
simulation. The separation specifications are the propylene composition in the distillate
and bottom streams. The design variables are the distillate flow and reflux ratio.

Table 6-3: Results of the rigorous method for the case study

Features Value
Reflux ratio 17.15
Stages rectification section 98
Stages stripping section 54
Feeding stage 99
Duty boiler (GJ/h) 341.78
Duty condenser (GJ/h) 355.48
Pressure (bar) 11.2
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Step 2.
According to the results obtained in Step 1, the number of stages of the rectification zone
is greater than 1.25 times the number of stages of the stripping zone (98 > 1.25 x 54).
Therefore, the Top HIDIC is the best choice to be simulated. The initialization parameters
for the Top HIDIC are summarized in Table 6-4.

Table 6-4: HIDIC simulation initialization conditions

Features Value
Reflux ratio 17.15
Stages rectification section 98
Stages stripping section 54
Feeding stage 99
Pressure (bar) 11.2

The objective of this step is to determine the pressure difference between the columns
making sure that there is a minimum temperature difference of 3 °C to ensure proper
column operation. The simulation is run using different pressures in the compressor
according to the stablished methodology, and then the temperature difference in both
sections is calculated. Table 6-5 shows the pressures evaluated together with the
maximum, minimum and average temperature differences. The selected pressure
difference is 3.4 bar, which yields a temperature difference of 3.76 °C, meeting the
requirement. This pressure difference is selected since its cost is lower than that of a
4.48 bar column. The calculated reflux ratio for the chosen column is 20.48 to meet the
separation specifications.

Table 6-5: Evolution of the temperature difference between the internal and external
column according to the pressure difference

Stripping Rectification Pressure ATae
column column pressure difference ATmin (°C) | ATmax (°C) ©C)
pressure (bar) (bar) (bar)
11.2 11.2 0 -7.13 -2.35 -4.69
11.2 12.32 1.11 -3.30 1.51 -0.84
11.2 13.44 2.24 0.28 5.13 2.77
11.2 14.6 34 3.76 8.66 6.28
11.2 15.68 4.48 6.82 11.76 9.37
Step 3:

Simulation of different HIDIC configurations (total, optimal feed, top, and bottom), using
the pressure difference found in Step 2, is performed to find proper heat integration, as

shown in Figure 5. A summary of the results is presented in Table 6-6.
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Table 6-6: Operational conditions of the different HIDIiC configurations

Features Top- Bottom- | Feed opt.- All-
HIDiC HIDiC HIDiC HIDiC
Rectification section Pressure (bar) 14.6 14.6 146 -11.2 14.6
Stripping section pressure (bar) 11.2 11.2 11.2 11.2
Stages rectification section 98 98 98 98
Stages stripping section 54 54 54 54
Feeding stage 99 99 99 99
Trays in the Concentric Column 97 97 75 97
Trays in the Annular column 53 53 75 53
Feed flow (kg / h) 112000 | 112000 112000 112000
Fraction mol feed (propylene) 0.57 0.57 0.57 0.57
Thermal condition feed (q) 0.37 0.37 0.37 0.37
Fraction mol distillate (propylene) 0.996 0.996 0.996 0.996
Fraction mol bottoms (propylene) 0.011 0.011 0.011 0.011

Step 4:

The overall exergy loss of each configuration is calculated using Equation 1.

Ex'ss = § (Exsteam,in - Exsteam,out) + A(Exwatercool,in - Exwatercool,out) + Wcompressor
+ FExp — DExp — BExg (eq.1)
The results regarding exergy loss in the top, bottom, total, and optimal feed are shown
in Table 6-7. It can be seen that the HIDIC with the lowest exergy loss is the top HIDIC,
so this is the HIDIC of choice.

Table 6-7: Exergy losses of the different HIDIC configurations

) Loss exergy
Type of HIDIiC
(GJ/h)
Top 49.58
All 49.77
Optimum Feed 68.69
Bottom 95.64

Step 5:
The exergy loss of the conventional column is obtained using Equation 2. This value is

compared with the one obtained with the HIDIC selected in Step 4

loss —
Ex - S(Exsteam,in - Exsteam,out) + A(Exwatercool,in - Exwatercool,out) + FExF

— DExp — BExg (eq.2)
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A comparison of exergy loss between the Top HIDIC and the conventional columns,
Table 6-8, shows that the Top HIDIC is more efficient than the conventional column
(about 50% lower exergy loss).

Table 6-8: Loss exergy from the Top-HIDIC and the conventional column

Exergy loss
Type of column
(GJ/h)
Top-HIDIC 49.58
Conventional 99.32

6.4. Conclusions and recommendations

Exergy is a good benchmark to evaluate the suitability of using a HIDIC for a separation
task, as it ensures energy efficient designs. The proposed methodology aims to
contribute to the development of a conceptual design methodology for
thermodynamically efficient columns.

It is recommended to develop design methodologies that combine thermodynamic and
economic assessment of different types of HIDIC columns. In this particular case study,
an economic analysis is recommended since the exergy losses in Top and Total HIDICs

are similar.

Nomenclature

Water flow (kg/h) F Feed stream
Bottom flow (kg/h) in Inlet
D Distillation flow (kg/h) loss Exergy loss
Ex Exergy (GJ/kg) max Maxime
F Feed flow (kg/h) min Minimum
N Stages n Integrated tray pair
Q Heat flow (GJ/h) out Outlet
S Vapor flow (kg/h) prom Average
T Temperature (°C) R Reboiler
w Work (GJ/h) Re Rectification column
S Stripping column
Subscripts steam Steam
B Bottom stream T Total
B Boiling point watercool  Cool water
c Condenser
Compressor  Compressor Greek Symbols
D Distillation stream A Difference
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Future works

As the field of Computational Fluid Dynamics (CFD) continues to advance, its potential

for revolutionizing the analysis of distillation columns becomes increasingly evident.

Some of the future works that could be carried out at a general level are:

1.

Multi-Scale Modeling for Enhanced Accuracy: Future research could delve into
multi-scale modeling, combining macroscopic CFD simulations with microscopic
molecular simulations. This fusion could offer a more comprehensive
understanding of phenomena occurring at different length scales within the
column, leading to more accurate predictions.

Integration of Reaction Kinetics: Incorporating reaction kinetics into CFD models
opens up possibilities for studying reactive distillation columns. Investigating
chemical reactions, coupled with fluid dynamics and heat transfer, could lead to
innovations in optimizing both separation efficiency and reaction yields.
Multi-Objective Optimization: Exploring multi-objective optimization techniques
within the CFD framework offers the potential to simultaneously optimize
conflicting objectives, such as separation efficiency and energy consumption.
This could lead to Pareto-optimal solutions that strike a balance between
competing goals.

Advanced Visualization for Insights: Incorporating advanced visualization
techniques, such as virtual reality or augmented reality, could transform the way
we interpret CFD results. Researchers could interact with simulations in real-time,
facilitating deeper insights into fluid behavior and column dynamics.

Machine Learning Integration: The integration of machine learning algorithms
with CFD simulations holds promise for accelerating convergence, automating
parameter tuning, and enhancing predictive capabilities. This synergy could lead

to faster and more efficient column analysis.

More specifically, based on this thesis, some of the works that could be continued would

be the following: T-HIDIC Column Design Optimization, simulation by CFD with other

types of plates (bubble caps, valves) and other types of material in the structure of the

plate, implementation of different types of descent channels and of different types of

weirs, integration with other separation technologies such as extractive distillation,

integration of Artificial Intelligent-Aspen-Ansys Fluent, include in the exergetic analysis

the chemical exergy, study of new systems like air distillation (HIDiC applications), and

to include structural analysis of the HIDIC column along with fluid dynamics and exergy.
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