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DISCLAIMER

This document has been produced without formal United Nations editing. The designations
employed and the presentation of the material in this document do not imply the expression of any
opinion whatsoever on the part of the Secretariat of the United Nations Industrial Development
Organization (UNIDO) concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries, or its economic system or
degree of development. Designations such as “developed”, “industrialized” and “developing” are
intended for statistical convenience and do not necessarily express a judgment about the stage
reached by a particular country or area in the development process. Mention of firm names or
commercial products does not constitute an endorsement by UNIDO.
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BACKGROUND VLA M T

One of the premier goals of Subprogramme 2.1 of ICS-UNIDO, which specifically
deals with decision support systems issues, is the transfer of knowledge on decision support
systems towards developing countries. In this area the Subprogramme acts as a “knowledge
collection centre” to gain expertise on general issues typical of the area such as process
simulation, decision support systems and geographical information systems and to acquire
skills in using the relevant informatics tools which implement the general ideas. The
Subprogramme promotes the development of participatory initiatives in the field of
monitoring systems, risk analysis and assessment, and the effective transfer of technology
in response to environmental problems caused by industrial activities.

In the specific area of Process Simulation and Optimization Techniques, the topic
een presented and illustrated by specialists in a series of meetings and specialised
workshops in 1998 and 1999. These included: an Expert Group Meeting on Modelling in
Chemistry and Chemical Industry held in Trieste, Italy from 14-16 October 1998, a
Workshop on Industry and Environmental Management held in Hanoi, Vietnam from 19-24
October 1998, a Workshop on Industrial Pollution Assessment and Prevention in
Mediterranean Coastal Areas held in Izmir, Turkey from 18-20 November 1998, and a
Consultation Workshop on the Preparation of Didactic Material for Integrated Coastal Area
Management held in Trieste, Italy from 10-12 March 1999. On top of these activities, two
specific Training Courses on Process Simulation and Optimization Techniques have been
carried out in Trieste, Italy, focusing on Sustainable Industrial Development (21-23 July
1999) and on Essential Oil Extraction (12-19 October 1999). Both Training Courses
presented the state of the art in process simulation and optimization techniques, as well as
in control system, dynamic simulation and included case studies, exercises and hands-on
sessions. In March 2000 ICS organized the first training course on process simulation
directly in one of the developing country. The training course organized in Montevideo
followed the same structure of lectures and exercises and hands on computers hardware and
software: the training course organized abroad is particularly important for the mission of
ICS-UNIDO on one side, but it is very difficult to organize because of the necessity of
setting up the necessary environment far from the Trieste laboratories.

During this “evangelisation” activity, an issue which was highlighted as a major
problem in this area was the lack of adequately trained personnel in the technical
communities and a lack of knowledge of the possibilities of process simulation and
optimisation techniques in the decision making environments. In recognizing the urgent
need for developing human resource capabilities, ICS-UNIDO is giving much importance
to the training-of-trainers in the field of process simulation and optimisation techniques,
with particular attention to the role of such topics within the framework of sustainable
industrial development.

Well-trained personnel would be an invaluable asset to environmental and planning
agencies, which deal with complex environmental issues and problems, as well as the
protection and conservation of the environment on a daily basis. Such interdisciplinary
knowledge would also bring a better appreciation and understanding of the magnitude of
the potential risks involved.



JUSTIFICATION

In the Third Millennium, "sustainability” is increasingly becoming a key social,
political, scientific and engineering issue. Indeed, there are increasing signs that
sustainability will become a major rnew paradigm influencing the society of tomorrow and
the engineering it requires. With their knowledge of chemistry and physics, mass and
energy flows, and process technology, chemical engineers are in a pre-eminent position to
play a major role in implementing sustainable development. This role is wide.
Traditionally, it concerns the design and operation of chemical process plants. Nowadays, it
also concerns ethical and rational public policy involving science and technology.

The sustainable development can very simply be defined as a process in which one
tries not to take more from nature than nature can replenish. It can be obtained without
sacrificing the numerous benefits that modern technology has brought, provided that
technology respects the imposed constraints. Engineers are asked to do this by designing
new processes and/or by modifying existing processes aiming at using renewable resources
and producing by products that can be returned to the earth.

Decision support systems are a set of decision-making tools that are designed to
help decision-makers to take appropriate steps in the development of new ideas and new
concepts. A complete decision support system is made up by different components, the
most important being the experience and the knowledge. Informatic tools, such as
Geographical Information Systems, modelling tools and optimization techniques are of
great help in the process of establishing a knowledge base for the decision makers.

Process Simulation can play a dramatically important role in the decision support
system in the framework of sustainable development by allowing engineers to perform
process screening and a priori analysis on the feasibility of a given industrial plan as well as
performing simulation of performances of waste water treatment and air pollution control.
Integration of three fundamenta’ topics: (i) steady state process simulation, (i)
environmental simulation, and (iii) process control can give, within the framework of the
sustainable development theory, a solution for a decision-making system in developed and
developing countries.

For these reasons, there exists the urgent need to transfer consciousness and
familiarity with informatic tools and techniques implementing the three general topics
mentioned above. In this respect, ICS-UNIDO organized a Training Course, covering
various aspects of process simulation and optimization techniques following the same
structure of the Training Course of Montevideo (March 2000) and adjusting some topics
and case studies to the specific geographical area of interest.

OBJECTIVES

¢ To set-up a training course considering process simulation within the framework of
sustainable industrial development, to be used during the present course, and to be
considered for the development of training courses to be made available to
developing countries;



To present the necessary background and basic principles necessary to understand
and use the informatic tools implementing process simulations, process control and
optimisation techniques;

To describe and teach “how to use” specific programs by means of demo and hands-
on sessions;

To explain how to tackle a simulation problem by showing the sequential steps to
be considered in the development of a simulation and optimization strategy;
Participants will gain perspective and insight into the potential applications of
simulation and optimization techniques, as well as experience in the use of specific
computer tools that are currently available.

OUTPUTS

Training material in the form of Power Point slides to be used as rough material for
training modules and to be distributed “as is” to the participants;

A training course structure on Process simulation and optimization techniques;

A set of examples of application of the topic discussed in the course to be
distributed to the participants.

STRUCTURE OF THE COURSE

The Training Course was held at the Laboratoire d’Analise et de Synthése des
Procedés Industriels (LASPI), Ecole Mohammadia d’Ingénieurs, Université
Mohammed V, Rabat, Morocco.

The Training Course was organized in morning sessions in which theoretical and
basic subjects were presented in form of formal lectures. Each afternoon (excluded
the first day of the course) an electronic workshop session was held in which
participants practiced on fundamental techniques for solving on-the-job problems.
Some of the afternoon session were devoted to working in small groups on the
solution of case study problems using the computing facilities. LASPI provided a
suitable room, as well as 12 networked personal computers, printer, projector and
other equipment for the practical part of the Training Course.

All the activities were organized under the responsibility of the Programme Officer
of the Area of Earth, Environmental and Marine Sciences and Technologies, Mr. G.
Longo and the TC was carried out according to the attached programme.

CONCLUSIONS AND RECOMMENDATIONS

The training course was directed to technologists, planners and decision-makers

working in close contact with industry, particularly engineers, scientists and managers
interested in the state-of-the-art applications of computer-based techniques for modelling
chemical process. The pre-requisites included a working knowledge of chemical
engineering and/or experience in the process industry and a familiarity with the use of
computers to solve engineering problems.



The final selection was made under the responsibility of ICS Programme Officer
and LASPI representative, and in accordance with the objectives of the training course and
the profile of the candidates. Twenty participants from: Algeria, Cameroon, Egypt,
Ethiopia, Kuwait, Nigeria, Sudan, Tunisia and Morocco attended the training course.

At the end of the training course, the most important messages to the participants to
carry home were the following:

e Informatic tools may be useful in the chemical process simulation environment;

o Sustainable industrial development can be obtained by combining Process
simulation, Environmental simulation and Process control;

e Process simulation is a simple tool to be used by trained people with
engineering knowledge;

e Process simulation is a tool that does not interpret results: the presence of a
trained engineer is essential;

e Itis possible and desirable to apply process simulation in the entire life cycle of
the plant.

In order to have an opinion on the training course by the participants, an evaluation
questionnaire was distributed. Some of the comments are reported here below and in
addition some statistics were prepared and attached to this report. As a general
consideration, the hands-on part was found by all of them the most useful.

IMMEDIATE FOLLOW-UP
e Setting up of a Web site containing all the training course material.
e Setting up of a mailing list of the participants of the training course to facilitate
contacts among them.

LIST OF ANNEXES
e Aide-Mémoire
e List of participants
e Statistics
e Presentation by lecturers
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Financial statement

The budget of the training course is based on the participation of 20 foreign candidates, of
which 6 from Morocco, and of 2 European lecturers.

The summary is as follows:

Amount in US$
1. Air tickets 11,797
Foreign participants from: Algeria, Cameroon, Egypt,
Ethiopia, Kuwait, Nigeria, Sudan, Tunisia
2 European lecturers
2. DSA
16 participants x 7 nights 13,511
2 international lecturers x 7 nights 2,000
Subtotal 15,511
3. Fees for 2 international lecturers 2,000
4. Rent of 1 LCD projector
7 days x 200 US$ 1,400
7. Rent of 3 PC machines and 10 SDRAM 64 MO 1,200
8. Stationery
25 folders, 25 badges, 25 pens and 25 notebooks 327
Photocopies of Training Course documentation 322
9. Local transportation
5 days x 100 US$ 568
11. Communication facilities (mail, fax and phone) 475
Total 33,604
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BACKGROUND

- One of the premier goals of Subprogramme 2.1 of ICS-UNIDO, which
specifically deals with decision support systems issues, is the distribution of knowledge
on decision support systems towards developing countries. In this area, the
Subprogramme acts as a “knowledge collection centre” to gain expertise on general
issues typical of the area such as process simulators, decision support systems and
geographical information systems, and to acquire skills in using the relevant informatics
tools which implement the general ideas. The Subprogramme also acts as a prime
mover to facilitate the development of participatory initiatives, as well as direct action
in the field of monitoring systems, risk analysis and assessment, and the effective
transfer of technology in response to environmental problems caused by industrial
activities.

In the specific area of Process Simulation and Optimization Techniques, the
topic has been presented and illustrated by specialists in a series of meetings and
specialized workshops in 1998 and 1999. On top of these activities, two specific
training courses on process simulation and optimization techniques have been given in
Trieste focusing on Sustainable industrial development (21-23 July, 1999), and on
Essential oils extraction (12-19 October, 1999). Both training courses presented the
state of the art in process simulation and optimization techniques, as well as in control
systems, dynamic simulation, and included case studies, exercises and hands-on
sessions. The experience gained during this activity together with the suggestions
received from the participants advised us to organize locally the training courses
providing lectures and process simulation laboratory directly in the hosting country. The
first experiment has been done in South America (Montevideo, Uruguay) in March
2000 and 1t has been very successful. The present activity continues on this line and
brings the course on “process simulation and sustainable development” to Morocco.

During this “evangelization” activity, an issue which was highlighted as a major
problem in this area is the lack of adequately trained personnel in the technical
communities and a lack of knowledge of the possibilities of process simulation and
optimization techniques in the decision-making environments. In developing countries,
it is often the case that professional personnel, notwithstanding they are already thinly
spread, are occasionally expected to perform functions beyond their technical remit. In
recognizing the urgent need for developing human resource capabilities, ICS-UNIDO is
attaching much importance to the training-of-trainers in the field of process simulation
and optimization techniques, with particular attention to the role of such topics within
the framework of sustainable industrial development.

Well-trained personnel would be an invaluable asset to environmental and
planning agencies, which deal with complex environmental issues and problems, as well
as the protection and conservation of the environment on a daily basis. Such
interdisciplinary knowledge would also bring about a better appreciation and
understanding of the magnitude of the potential risks involved.

JUSTIFICATION

In the Third Millennium "sustainability” is increasingly becoming a key social,
political, scientific and engineering issue. Indeed, there are increasing signs that
sustainability will become a major new paradigm influencing the society of tomorrow
and the engineering it requires. With their knowledge of chemistry and physics, mass



and energy flows, and process technology, chemical engineers are in a pre-eminent
position to play a major role in implementing sustainable development. This role is
wide. Traditionally, it concerns the design and operation of chemical process plants.
Nowadays, it also concerns ethical and rational public policy involving science and

technology.

The sustainable development, which can very simply be defined as a process in
which one tries not to take more from nature than nature can replenish, can be obtained
without sacrificing the many benzfits that modern technology has brought. The only
problem is that technology respects the imposed constraints. Engineers are asked to do
this by designing new processes and/or by modifying existing processes aiming at using
renewable resources and producing by products that can be returned to the earth.

Decision support system is a set of decision-making tools that are designed to
help decision-makers to take appropriate steps in the development of new ideas and new
concepts. A complete decision support system is made up by different components, the
most important being the experience and the knowledge. Informatics tools, such as
geographical information systems, optimization techniques and modeling tools are of
great help in the process of establishing a knowledge base for the decision-makers.

Process simulation and Optimization Techniques can play a dramatically
important role in the decision support system in the framework of sustainable
development by allowing engineers to perform process screening and a priori analysis
on the feasibility of a given industrial plant, as well as performing simulation of
performances of waste water treatment and air pollution -control. Integration of three
fundamental topics (i) steady state process simulation, (it) environmental simulation and
(111) process control can give, in the framework of the sustainable development theory, a
solution for a decision making system in developed and developing countries.

For these reasons, there exists the urgent need to transfer consciousness and
familiarity with informatics tools and techniques implementing the three general topics
mentioned above. In this respect. ICS-UNIDO shall be organizing a Training Course,
covering various aspects of process simulation and optimization techniques.

OBJECTIVES

* To set-up a training course considering process simulation within the framework of
sustainable industrial development, to be used during the present course, and to be
considered for the development of training courses to be made available to
developing countries;

* To present the necessary background and basic principles necessary to understand
and use the informatics tools implementing process simulations, process control and
optimization techniques;

* To describe and teach “how to use” specific programs by means of demo and
“hands-on” sessions;

* To explain how to tackle a sirnulation problem by showing the sequential steps to be
considered in the developmert of a simulation and optimization strategy;

* Participants will gain perspective and insight into the potential applications of
simulation and optimization techniques, as well as experience in the use of specific
computer tools that are currently available.



OUTPUTS

* Training material in the form of Power Point slides to be used as rough material for
training modules and to be distributed “as is” to the participants. !

* A set of examples of application of the topics discussed in the course to be
distributed to the participants.

STRUCTURE OF THE COURSE

The Training Course is organized in morning sessions in which theoretical and
basic subjects will be presented in form of formal lectures. Each afternoon (excluded
the first day of the course) an electronic workshop session will be held in which
participants will practice on fundamental techniques for solving on-the-job problems.
Some of the afternoon sessions will be devoted to working in small groups on the
solution of case study problems using the computing facilities.

PARTICIPATION

The Training Course is directed to technologists, planners and decision-makers
who are working in close contact with industry, particularly engineers, scientists and
managers interested in state-of-the-art applications of computer-based techniques for
modeling chemical process.

The prerequisites include a working knowledge of chemical engineering and/or
experience in the process industry and a familiarity with the use of the computer to
solve engineering problems.

TENTATIVE PROGRAMME

During the course the following topics will be covered:

a Sustainable industrial development and industrial ecology

0 Process simulation fundamentals and techniques

g Environmental applications of process simulation

0 Thermodynamic modeling: data banks, physical property determination, phase
equilibria models

o Steady state process simulation: user environment

0 Single stage unit operations

a Steady state process simulation: process with reaction

o Steady state process simulation: complex unit operations: distillation,
crystallization, reaction

0 Steady state process simulation: application to simple processes

g Optimization techniques

a Fundamental of Process Dynamics and Control

a Case studies

DOCUMENTATION

The documents available for the course shall be:

a Aide-Mémoire

Programme and list of participants

Power Point slides (hardcopy) of all lectures and examples
Any other relevant documentation

0goa



LANGUAGE

The Training Course will be conducted in English; no translation facilities will be
available. "

TIME AND VENUE

The Training Course will be held at the Laboratoire d’ Analyse et de Synthése
des Procédés Industriels (LASPI) from 18 to 22 September 2000.

FINANCIAL ARRANGEMENTS FOR ICS-UNIDO FUNDED PARTICIPANTS:

The Course is financially supported by ICS-UNIDO. Round-trip economy air-
transportation from the airport of departure will be arranged for participants invited by
ICS-UNIDO; prepaid tickets or otherwise will be issued as necessary. Daily subsistence
allowance (DSA) to cover board and lodging will also be provided upon arrival to
Rabat. Hotel reservation will be made for all participants upon request.

The participants will be required to bear the following costs: all expenses in their
home country incidental to trave! abroad, including expenses relating to passport, visa,
and any other miscellaneous items.

ICS-UNIDO will not assume responsibility for any of the following costs, which
may be incurred by the participart while attending the Training Course:

compensation for salary or related allowances during the period of the meeting;
any costs incurred with respect to insurance, medical bills and hospitalisation fees;
compensation in the event of death, disability or illness;

loss or damage to personal property of participants while attending the Course.

0000

VISA ARRANGEMENTS

Participants are requested to arrange for their visa, if one is necessary, as early
as possible in the Moroccan Embassy in their home country. In case of difficulties,
please advise the contact persons (details below).

CONTACT PERSONS
In Trieste, Italy
For technical aspects of the TC:

Eng. Gennaro Longo, Programme Officer, Earth, Environmental and Marine Sciences
and Technologies, ICS-UNIDO, Area Science Park, Padriciano 99, 34012 Trieste, Italy,
Tel.: +39-040-9228104, Fax: +39-040-9228136, E-mail: gennaro.longo@ics.trieste.it.

For organizational aspects:

Ms. Elisa S. de Roa, Earth, Environmental and Marine Sciences and Technologies, ICS-
UNIDO, Area Science Park, Padriciano 99, 34012 Trieste, Italy, Tel.: +39-040-
9228108, Fax: +39-040-9228136, E-mail: elisa.roa@ics.trieste.it.



In Rabat, Morocco
For technical aspects:

Prof Tijani Bounahmidi, Laboratoire d’ Analyse et de Synthése des Procedés Industriels
(LASPI), Ecole Mohammadia d’Ingeniéurs, Université¢ Mohammed V, Avenue Ibn Sina
765, Rabat, Agdal, Morocco, Tel.: +212-7-771905/06, Fax: +212-7-778853, E-mail:
tijani@emi.ac.ma. '

Further details about the Training Course and travel instructions will be provided upon
request.
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Gennaro Longo

Programme Officer

Earth, Environmental and Marine Sciences Area
ICS-UNIDO
Area Science Park, Padricians 99, Building (.2, 34012 Trieste, it
Tel: +39-040-9228104, Fux: +39-040-92281 38,
E-mail; gennare.longe @ics.irieste.it
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ICS

Autonomous Institution operating
within UNIDO legal framework

53 (3 'ntezaal el S e S gy

Funded by Nobel prize-winner Prof. Abdus Salam
in 1988

Supported by Italian Government

Headquarters: Trieste, aly
(within the Area Science Park)
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Institutional Structure

IS
International
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and High
Technology

——Project formulation

—— Information systems

i - T 1
Pure and Apptlied Earth, Environmental High Technology and
Chamistry and Marine Sciences and New Materials

Technologies
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Steering Committee

% HRalian Government representatives
% Representative of Developing Countries

% UNIDO representative

653 108 Rl Rt OB S R Surogy

Objectives of ICS

% to foster and facilitate the transfer of technology
in specific high-tech areas to developing
countries

% to provide high-tech SMEs in developing and
transition-economy countries with advanced
tools and services for the enhancement of their
sustainability and competitiveness
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Project proposals

% traditional training activities at ICS support the
fdentification and formulation of projects, which
are submitted to donors for funding

% project proposals are identified and impleme:nted
with the support of experts and fellows from
industries or institutions

'533 ?55&2‘ %ﬁ”«é&?&w

General Framework

% training courses

% scientific workshops
% high-level seminars
% fellowships

% publications and training packages

15 'mternational SHNLS incy

Networking

Identification in various regions of the worid,
selection and evaluation of partner institutions
willing to offer

co-operation and support
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Cooperation with ditferent International and
high-level Organizations:

= UNIDO (united Nations Industrial

Development Organization)

- UNEP/MAP (Mediterranean Action
Plan)

- MCSD (Mediterranean Commission
for Sustainable Development)

-> CEI (central European Initiative)

{23 T3 1R el 203 S e ftogy

Training Activities
1988-1999

qfhops
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DL Training for
’ Developing Countries
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Fields of Activity

Pure and Applied Chemistry

Earth, Environmental and Marine
Sciences and Technologies

High Technology and New Materials

163 ‘Rt onA S Y2 S gy

Pure and Applied Chemistry

Catalysis and sustainable chemistry

Biodegradable plastics A/ N

Remediation

s & & &

Combinatorial Chemistry and Technologies

o) [ 'R enatientb o VN ey
High technology and New Malerials

% high technology
laser applioations and optical technologies for industry and medicine

Y new materials
for low-oost g

% photovoitaic solar energy
diftusion of pv systems and spplications

% telecommunication technologies

radio communications, fixed, mobile, sateliite
and rural networks
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Earth, Environmental and Marine
Sciences and Technologies

% impact analysis of industrial
development

% sustainable industrial
exploitation of natural
resources

% forecasting and monitoring

% process simulation

£70) £2 . a
5455 (B3 1RIRERRY S Fell ony

Environment subprogrammes

% Technologies for sustainable industrial
development

% Coastal Zone Management

% Industrial Utilization of Medicinal and Aromatic
Plants

w3 {1 ‘mtermationalSenie

Technologies for sustainable
industrial development

% Reinforce decision-making process for
sustainable industrial development

% Exploit modern technical tools:
- Process simulation '
- Remote sensing
-GIS
- Image processing
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Coastal Zone Management

% Sustainable development of coastal economics

% Integration of scientific, economic, legislative
aspects

% Application of decision support systems for:

- industrial siting

- resource management and control
- control and monitoring of pollution
- marine navigation control

D nternation?l SR s iory

Industrial Utilization of Medicinal
and Aromatic Plants

% Consolidation of existing
technology for developing
countries

% Technical assistance in
product R&D

% Raising government
awareness
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Training Course on

Sustainable Industrial Developmeant:
Process Simulation and Optimization
Techniques
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Training Courseon

Decision Support Systems:
Process Simulation and Optimization Techniques

Maurizio Fermeglia

DICAMP - CASUAB - Unvversky of Trests
105 UNIDO Ares Science Park Tneste

MaF@DICAMP UNTV. Tnesta.IT
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_The motivation
+ Sustainability and Chemica! Engineering
»  Knowledge on chemistry, physis, mass and energy Aows, process techr ology,
compaster scance
s Traditionai Role: design and operation of chemical process
» New Roles: ethical and rational public policy invalvieg science and techr ology
@ The sustainable development is a process in which one
tries not to take more from nature than nature can

» Engineers are asked to design new andfor g existing
aming at

o Producing by preducts that can by reirned to the serth

4 Focus on Process Simulation and Optimization techniques
»  Lack of adequately trainad personned in the ares
o lack of knowiedge on the possibiiibes in the decision making environments
o Process simulation as a Decision Support System for describing and for sptimizing the

process
= Training people and g Process 4 n oping Count ies.

T Kaby, :7 Septemoe 2000 - yoe 2
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The objectives of the course

¢ To set-up a training course structure considering process
simulation within the framework of sustainable industrial
development, to be used during the present course, and to be
considered for the development of a training package to be
made available to developing countries;

+ To present the necessary background and basic principles
necessary to understand and use the informatic tools
implementing process simulations, process control and
optimisation techniques;

+ To describe and teach 'how to use' specific programs by means
of demo and ‘hands on’ sessions;

+ To explain how to tackle a simulation problem by showing the
sequential steps to be considered in the development of a
simulation and optimisation strategy;

fomadbe [ Rabwr 1 Secromoe 200C . wete §
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_Benefits for the Participants

¢ Participants will learn the basic principles of the
sustainable chemical technology

¢ Participants will gain perspective and insight into the
potential applications of simulation and optimisation
techniques

¢ Participants will gain experience in the use of specific
computer tools that are currently available.

< Participants will gain experience by the presentation of
case studies of interest.

!

Jenepey Astwr, 17 Srmwrer 2007 gte ¢
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Jf'pe structure of the course |

 Traditional sessions in the morning
« Bask principles and fundamentais
« Sustainable incstrial development
» Process Simulation
* Matyhematical modefling
+ Dynamic simulation and control
» Inside ...
. modeling and data banks
» User interface
» Complex unit cperations
o Case shuhes
s Specific topics
+ Batch distiliation
Ervironmental apphcations

4 Hands on sessions in the aftemoon

Dynamic simulation
[ p—
Tockasver Lw_:: Secternbe: 2000 - sioe T
5 I RIS RN SR gy
Agenda...
4 Sustainable industrial development
» Sustainability: why? what? how?
» Scenarios and goals
= Master equations, indicators and tools
» Impiications for education
s Sustainable chemical technologies
« The role of chemical engineers
= The role of chemical engineering education
» Afew examples
« Conclusions
[~
Tochaaves :2.1—32 Sectembe: 2000 - goe 8
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4 Process simulation fundamentals
; s Process simulation goals and definkions
Benefits and of process
Numerical strategies
Process simulation: the procedure
The resuts obtainable with process simulation
Dynamic simulation
Process simuiation as a decision support System

4 User interface
s User iption and general
o Advanced operability
o Engineering workflow integration
= Hardware and operating system
» A survey of the existing software

Jemges Raber I Secarmve 2000 - wge 9

s e el




2F B IRV TR S Vil ,

... Agenda ....

% Data banks, physical properties and phase
equilibrium

User environment and data banks (demo)

Physical Properties and Phase Equilibria

Fugacity end Fugacity coefficients
Equations of state by i jon and
Activity coefficent models

Henry’s law approach

Comparison between two approaches

Classification of the most common GE modets and EOS
Mode! selection criteria

Conciusions

¥ Single stage flash and environmental applications
Flash

General statements and strategy

Main features of an environmenta! polcy

Poliution prevention techniques and Process simuiation
[ Appiications and exampies

ey T - Faowr 12 Seotmrpe 70C - sicw 1
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...Agenda...

# Industrial applications

» Capacity and selectivity
Stage processes
Continuous contact processes
Dristiliation columns
AbsOrpuon and stripping columns
Degrees-of-freedom analysis

4 of tray i columns

Simple example with a Process Simulator

4 Complex Separation units

Temary Liquid-Liquit Equitibrium (LLE) diagrams

Single- and muft-stage extraction devices

Fluids at supercritical conditions

Extraction with supercritical fluids

Potentiats of dense gases i the chemical and process industry
Precipitation & crystalfisation with dense gases as antisotvents

fradeyotd [y O — Bader i Semempe 20X g 1!
T o AR R i

... Agenda ....

4 Industrial case studies
s Production of Propytene Oxide in a Reactive distillation column
» Soivent Extraction of e-Caprolactam
» Off-gas Packed Column Reactive Absorber
» Feed Change Analysis in a Oil Refinery Plant
s LPG plant
4 Batch distillation
« Batch processes & batch distliation
» Differentia! ("simpie”) distillation
= Modeling of batch rectifiers
» Operation of batch rectifiers
« Slop cut handling
« Alternative configurations

Trmemg G 22
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@ Process Dynamics and Control
« Objectives and jargon of process control
= Process modeling
» Dynamics of linear systems
« Conventiona! feedback control
» Improved control schemes (cascade and feedforward)
« Multivariable systems
+ Examples and case studies
» Recovery of cycichexane from a hydrogenation reactor
» Distitiation of methyicyciohexane with phenol
» Phosphoric acid production

Ty Course o=
oo/ Tomagrar Asbe 12§ 2000 wee 1
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The Program
4 Monday, 18 September 2000 - Morning Session

08.30-09.00 Registraton
09.00 - 09.20 Operung, welcome address, Mr. R Long, LATU

09.20 - 09.45  Weicome address, presentaton of JCS, Mr. G. Longo, ICS-UN: DO

09.45 - 10.15  Presentation and scope of the Trarming course, Mr. M. Fermegka, ICS-UNIDO
10.15-10.30  Short presentation of the partopants

10.30~ 10.35  Informatian on jocal aTangements

10.35-31.00 Coffee break

11.00 - 12.30  Sustanabie industnal development, Mr, A. Bertucto, Unsversity of Padus, Italy
1230 -14,30  Lunch break

4 Monday, 18 September 2000 - Afternoon Session
1430 -~ 16.00 Process f and Mr. M. eph
16.00 - 16.30 Coffee break
16.30 ~ 18.00 Steady State Process Simulation: user interface and phitosoptty, Mr. M,

Fermegiia

T O O S M Veiaey

4 Tuesday, 19 September 2000 - Moming Session
09.00-10.30  Data bans, physical property calculation, thenmadynamic 1nd phase
equilibria models, Mr. M. Fermegiia
10.0-11.00  Coffee bresk
11.00-12.30  Single stage and Mr M. Fermegia
12.30-14.30  Lunch bresk

4 Tuesday, 19 September 2000 - Afternoon Sassion
14.30 - 16.00  Hands-on: Thermodynamics and single Stage Uit operations, Mr. M.

Barolo, University of Pacua, Italy, Mr. A Bernuxco, Mr, M. Fermegha

16.00 - 16.15  Coffee break

36.15-17.30  Hands-on (continuation)

fanpe Racer 7 Septemoe 2000 - wee 1%
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__The program

4 Wednesday, 20 September 2000 - Momning Session

09.00 - 10.30 Industrial apphications of process simulation: counter-current
jon units (distifiat ' ipping), Mr. A

Bertucco

10.30 - 11.00 Coffee break

11.00 - 12.30 Complex separation units: conventional and supercritical fluid
extraction, Mr. A. Bertucco

12.30 - 14.30 Lunch break

+ Wednesday, 20 September 2000 - Aftemoon Session
14.30 -16.00 Hands-on: industrial applications, Mr, M. Barolo, Mr. A
Bertucco, Mr. M. Fermeghia
16.00 - 16.15 Coffee break
16.15 ~ 17.30 Hands-on (continuation)

S | Pabe 13 Sestember, JOOC - woe 1
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The Program

& Thursday, 21 September 2000 - Morning Session
09.00 - 10.30 Industnal case studwes, Mr. A, Bertucco
10.30 - 11.00 Coffee break
11.00 - 12.30 Modetling, and of plants, Mr.
T. Bounahmdi
12.30- 14.30 Lunch break

« Thursday, 21 September 2000 - Afternoon Session
14.30 - 16.00 Batch dstillabon, Mr. M. Baroio
16.00 - 16.15 Coffee break
16.15 - 17.45 Hands-on: batch distifiation, Mr. M. Barolo, Mr. A. Bertucco, Mr.
M. Fermeglia

|

T O i s Ve
._The Program
4 Friday, 22 September 2000 - Morning Session

09.00 ~ 10.30 Fundamentals of Process Dynamics and Control: Part 1, Me. M,
Barolo

10.30 -~ 11.00 Coffee break
11.00 ~ 12.30 Fundamentals of Process Dynamics and Control: Part I Mr. M.

12.30 - 14.30 Lunch break

4% Friday, 22 September 2000 - Afternoon Session
14.30 ~ 16.00 Hands-on: of process dy ics and control, Mr.
M. Baroko, Mr. A. Bertucco, Mr. M. Fermeglia
16.00 - 16.15 Coffee break
16.15 ~ 17.30 Hands-on (continuation)
17.30 - 18.00 Cosure, Mr. G. Longo




Logistic

o Soruirbos sod Dozt et




. Process Simulation Fundamentals and
* Techniques

Maurizio Fermeglia

DICAMP - CASLAS - University of Trieste
ICS UNIDO Area Science Park Treste

MauFQOICAMP.UNIV. Trieste. T

T R i,

The Global vision

Process simulation

Development

Process Control

G ) WURh 2 Mk
_IDICAMP - CASLAB

# Department of Chemical, Environmental and Raw Material
Engineering - University of Trieste
s Fundamaental studies on Transport Phenomena (Diffusion, Rhiology,..),
Phase Equilibria (VLE, LLE, GLE) and kinetics
» Applied studies on separation processes, waste treatments, supercritical
fluid extraction, technologies for food production, new materials,...
4 Computer Aided Systems Laboratory
s Process synthesis design and modeling
» Prediction of thermo physical properties
» Computational chemistry and physics
» Data Base development and Web distribution techniques

Rabe 11 Secremve 2000 . gute
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Training Course on

Sustainable Industrial Development Process Simulation and Optimisation

Techniques
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, Agenda

& Process simulation goals and definitions

@ Benefits and applications of process simulation
< Numerical strategies

¢ Process simulation: the procedure

¢ The results obtainable with process simulation
& Dynamic simulation

@ Process simulation as a decision support System

Py e s
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Solving Material and Energy Balances using
Flowsheeting Codes

Flowsheeting. steady state process material and
energy balances

Flowsheeting Package or Cooe. the computer code for
sotving the material and energy balance

Equations in time domain or in space domain

T B s ey

Process Simulation

+ Process: a group of operations that transform input streams into
product streams by means of chemical-physical transformations

% Simulation: the mathematica! representation of the reality by
using a computer

+ Dynamic process: a process which is studied in the time domain
rather than in steady state

+ Thermophysical properties: the crucial point

+ Data Banks: the basic value

<+ Unit operations: mathematical modelling

+ Other modules such as optimization, numerical procedures,...
& Cost estimation methods

ey Aot 12 Seviamte 7000 - e £
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Training Course on

Sustainable Industrial Develop 1 Process Simulation and Optimisation

Technigues

Ny
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ﬁ_tyglql flow-sheeting code: steady state

Energy and Material
Balances

Numerical
Subroutines

System [ Editor

Manager [anhiu
Utilities

Equipment sizing

Data Base
(physicil

properties,
costs, et}

Kaber 17 sepramoe 1000 - e 7
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Mathematically speaking

+ n non finear material balances equations
& 1 energy balance non linear equation
+ set of differential - algebraic equations (dynamic simt lators)
& In presence of:
= Very many components;
Complex thermo-physical models for phase equilibrium calcutations

.
= A high number of subsystems (equipment)
» Rather complex equipment (distillation column,...)
s Recycle streams
» Control loops
ovwe iy Opmaraten Tochmaves Raba' ::Muml

T 0 DR g eRhny
_The fundamentals

« Different possibilities for process simulation
s Steady state simuiation
» Dynamic simulation
» Integrated steady state - dynamic simulation

. & Different philosophy

= Process analysis
s Process synthesis

& Process simulation impact on industry
» The way engineering knowledge is used in processes
s The design procedure of the process (plant)

et Ratet |: Sembe 2000 . e 9
s

Training Course on

Sustainable Industrial Development Process Simulation and Optimisation

Techniques
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From a traditional way of using process |
simulation ...

Flow sheet design
. Critical ftion (such as distillat
column stages, column diameter, ...}

... to the comprehensive use of Process simulation in
the entire ‘life’ of the plant

Control strategies design
Process parameters optimization { --> “better’ processes)
Tame evolution of the process (start up and shut down) ( --> nsk analysis)
Operator training
Definition of procedure to reduce the unsteady state operations
Process synthesis and design
Data Acquisition and Interface to ERP systems

T O W Wiy

_Benefits of process simulation

<« Partial or total replacement of Pilot Plant operations
» Reduction of the number of runs
s Runs planning
¢ Reduction of Time to market for the development of new
processes
» New processes
s Modification of existing processes (different solvert,...)
» Produdtion of new materiats
@ Fast screening of process alternatives to select the best
solution
s economic aspects
» environmenta! aspects
= energy consumpbion aspects
« fiexbility of the proposed process

Ty Comtn a0
Ormeaer O et Radwr 17 St 000 - mow 12
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Training Course on

Sustainable Industrial Development Process Simulation and Optimisation
Technigues
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Industrial Processes are complex

To get those benefits one must
CRITICALLY SIMPLIFY THE PROCESS

=> The need of engineering knowledge
and experience

. . T O R e
Process simulation ’

and the Engineerin% Work Process
Process R&D

[Process simulation

Y \

Process
Equipment Design improvements

X

I

Framemy Covre o
P2 Babat 17 bef tembe 200 - e 4
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T 5 R U R e
~ The 'life cycle’ of a process ol
ystem
| Disign
Process Optimizat
Control systemand |
: Process integration
Process
; Definition
Economic evaluation Dymamic simulation
| Design estimmtion for training
Pmeess.
Symbesis Daa mm:hnon and S up ]—
| Pyt o S0b, 12 s sumber 2000 - e 1Y

Training Course on

Sustainable Industrial Development Process Simulation and Optimisaiion

Techniques
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_Numerical strategies |

4 Equation oriented strategy - simuitaneous solution

= Write down the entire set of equation

« Identify the constraints

= Solve the non liner system
4 Sequential Modular approach

« Each subsystem is solved independently, starting from the first one

s Output streams for the sotved subsystems are input streams for the next

subsystem

« Problems for the recycle streams (of material, energy and information)
4 Combination of the two extreme approach

= Equation can be lumped into modules

» Modules can be represented by polynomials that fit input-output
information

Suree et Raber 17 Secrember 0 - wor i€
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Equation oriented flow-sheeting ...

+ Solution of a set of non liner equations with constraints
+ Definition of the matrix of the stream connection (process
matrix)
¢ Definition of the inequality constraints
» Linearizabon of non-linear equations
» Process limits for Temperature, Pressure, concentration
» Requirements that variable be in a certain order
» Requirements that vanables be positive or integer
¢ Define the procedure for determining the order in solving
the equations

+ The treatment of feedback (recycles)

sy Cae 00
P T - Booa: 7 Secvempe 200 . woe "
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Equation oriented flow-sheeting

* Method of solution
= Newton Raphson
« Secant
+ Tearing = selecting certain output variables from a set of
equations as known values so that the remaining variables
can be solved by serial substitution
<+ Partitioning = partition of equations into blocks containing
common variables
& Definition of initial guess
& Scaling the variables (the same order of magnitude)
# Scaling the equations (the same deviation from zero)

Training Course on

Sustainable Industrial Development Process Simulation and Optimisation

Technigues
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& Most common approach
# Each unit operation is described by a subroutine (or DLL)
& The output of 2 module is the input of the next module
& Other subroutines take care of

» equipment sizing and cost estimation

« numerical calculations

» handie recycle caiculations

= optimize and serve as controliers for the whole set of modules
@ Tearing is the process of solving the recycles by deciding

which stream should be interrupted and guessed
# Partitioning
# Fortran or C++ codes

Pracss S ston g Ohrmpemor Tocamenew Mabe 1 Sepr g, 2000 - ghoe 19
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Advantages and disadvantages

# Advantages of sequantial modular approach

s The flow-sheet architecture is easily understood because it closely

follow the process

= Individual modules can easily be added and removed

s Modules of different levels of accuracy can be substituted
& Drawbacks of sequantial modular approach
The input of 2 module is the output of a module: you cannot
arbitrarily introduce an output or input
The modules need extra time to generate derivatives (perturbation
of the input)
s The modules may require a fixed procedure for the order of
solution: siow convergence
Parameter specification is done with control loops: possibility of
introducing nested ioops
Phase equilibrium instability during the convergence of the process

[
Plorandrinied gt dome R Ratat 12 S¢ Awmbe 2000 - pade 26
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Steady state simulators:
. the core product

# Steady-state simulator are directly used in
= process design
» evaluating process changes
« analyzing what-if scenarios
¢ And is the basis for:
« dynamic simulation
» process synthesis with Pinch technology
« detziled equipment design
« offine and on-line equation-based optimization
» application technoiogies for vertical markets, e.g. polymers

Pty o .
Jastranes Radet 12 ¢ acvembe 2000 - shae 31

Training Course on

Sustainable
Technigues

Industrial Development Process Simulation and Optimisation
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_Process simulation: the procedure

& Identify the problem
% Obtain all the relevant information
= Get process data: flow rates, operative conditions, concentrations
s Get thermodynamic data:
s In house daa
« Data Banks {Dechema, ...) or literature
+ Through test run on kboratory / pilot plant
* Via estimation methods (be suspicious
» Get kinetic data
« Directly from pilot plant
* from excess Gibbs energy cakulations (if possible)
« directly from plant data
« TIP: avoid a rigorous definition of kinetic mode! and use concept of
yield and conversion wherever possible and reasonable, at jeast in
the firsst stage of the development

oy s 20 . -
St St e Popcart St o ot Tachem Rapwr 7 Sectambe 7000 . pde 57
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... Process simulation: the procedure ...
% Select the software

s Steady state simulation
* AspenPus
+ ChemCac I
* Design 2000
+ Hysm
. Poll
» Dynamic smulation:
* Speedup - Aspen custom model
* hyss
* Protss
« QPROM and ABACUSS
» Integrated solution
+ Aspen Dynam, Hyss, Pro1l, ...

4 Select the Hardware

P S o e Bace 7 tacemne 2307 g 17

... Process simulation: the procedure
4 Training

Economic factors, cost analysis and energy consumption
Environmental Impact

Batch process modelkng

Control system

Dvm Smetras gt P ur

Training Course on

Sustainable Industrial Development Process Simulation and Optimisation

Techniques
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Process simulation: the logic procedure
& Components definition
# Physical - Chemical properties definition
- & Flow sheet connectivity
# Feed conditions definition
& Unit operation internal definitions
@ Process specification definition
- & Control parameters
& Equipment Hold up definition
4
o P abet, 12 § wtember. 2000 - shoe 25
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- Resuilts obtainable
# Validation of phase equilibria models for the real system
to be used in similar conditions
4+ Verification of the process operating conditions
+ Information on intermediate streams (not measured)
- ¢ Enthalpy balances information
» Verification of the plant specifications
+ Influence of the operative parameters on the process
specifications
- * Process De-bottieneking for each individual section
+ A priori Identification of process control strategies and
tuning of instrumentation
& Possibility to verify security systems behavior for variation
of process condition
-
koanigrinied ot Cptrmptme Fochempua Rabet, IIMZM—MzG
E
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Problems involved :
- # Availability of all the required thermodynamic proerties of
the pure components involved
& Definition of an accurate thermodynamic model
(Equations of state or Excess Gibbs energy model)
& Availability of all the necessary unit operations madules
- & Necessity of defining dummy operations, non alwiys easy
to identify
4% Tear streams identification to achieve rapid convergence if
in presence of recycles
- & Necessity of defining user models and user thermo (In
C++ ar FTN)
- it PSS et 2 S 200 4 |
-»
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& D o,
. Dynamic Simulation

& What is dynamic?
= dynamic simulation accounts for process transients, from an initial
state to 3 final (steady) state
& Why dynamic simulation?
» predicted transient behavior of processes under different conditions
s can be used for
* process design and development
* advanced conorol
« training plant personne!
* optimizing plant operations
« process relabifity / availabiity studies

Jomnmanr Ratw, 17 Septereber 2000 b 20
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Dynamic simulation; = & PeReet

process design and development

+ Gives the design engineers 2 tool to conceptualize and
verify process design by simulating
= different design altemnatives
a operative conditions
« safer process design can be accomplished quicker arkt more cost-
effectively
» odeveioping and testing aftenative control schemes used to modei a
chemica! process in basic regulatory control schemes as
* Intemnal Mode! Control (IMC)
« Mode! Predictive Control (MPC)

oL ARl e

T B L e e

‘Dynamic simulation: advanced control

+# Advanced control of processes includes
s Regulatory mode: responsibie for
« bringing the process set pont
« Transition mode: responsible for manipulating setpoints for

controliers
o statt up
* shut down
[——
Ot Fauttmma Aavet 1) Seotember 200 - side X
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Dynamic simulation: ;
- ]
_training plant personnel
: & Disturbances can be modeled and operator response can
be monitored in an easy, cost effective way
- ; » DCS systems - control panel simulated by an external dynamic
: simulator
s networked workstation - central server provides access to problem
dat2 base
» standalone PC (see above)
-
L]
E_J
-
.. . T (D 1O i B e Ve oy
Dynamic simulation: ~ ©
- ~optimizing plant operations
4 By using an appropriate objective function (product:
quality) dynamic simulation can optimize (off-line or rea!
time):
= operating efficency
- = profit or cost
= environmental impact
L J
-
-»
- . . O 15 R S Vi
Dynamic simulation:
process reliability / availability studies
- : % Determining
» failure propagation speed
« equipment reliability
=« equipment availability
-
il
E ] vyl Fonsm Toweps Rebet 17 Se Awmiver 7000 - shoe 33
-
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. Characteristics of a dynamic simulator

& Components
= Thermodynamic / Physical properties
« Unit operation models
» Numerical sotvers
+ Mathematically
= Consist of large systems of ordinary differential and algebraic
equations
# Computationally intensive
a Solver issues: speed - robustness
s Mathematical probiems: non-inear - sparse - stiff
% Approaches
» Equation based approach
« Sequential modular approach

Smtenan i Do Cocamgnr Sadet 12 Sepwrmer TOOC - moe 3
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Applications of Dynamic Simulation

Continuous Processes

Concurrent process and control design
Evaluation of alternative control strategies
Troubleshooting process operability
Verification of process safety

teee

*

Batch Processes
Design of batch and semi-continuous processes

+

Online Applications

Caiculation of inferential measurements
Identification for model-based control
Decision support

L3R 2K 2K

Asow 17 Semrwmoe J00C - sor 3¢

© Dumneaiak,
Benefits of Dynamics Modeling

» Capital avoidance and lower operating costs through
better engineering decisions

& Throughput, product quality, safety and environmental
improvements through improved process understanding

# Increased productivity through enhanced integration of
engineering work processes

Py Ioagew At 17 Sevrwmbe 200C - awie 3
e e et e
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Integration of & O

P[g;§§§ Synthesis & Process Simulation

Quantiy “real” impact

Process Simulation
¢ Evaluate ideas
Aspen Plus,
Aspen Dynamics

Operating Plant
* Existing Perfornence

Does It work? How far from the “best”?]

Process Synthesis

Propose process + Generate kieas Set
configuration Aspen Pinch objective
& design Aspen Split targets
How do I change my system?
e e Aot 535 et 0 e |

. . i L DAL S o SR
What Process Simulation ca? 0..and "
cannot

4 Basic 1: apply the degree-of-freedom analysis

4 Basic 2: write & solve material+energy balances
4 Special: sensitivity analysis and optimisation

HOWEVER

4 no equipment design nor momentum balances
4 models of some important units missing

4 convergence not sufficient for meaningful results
4+ a PSis a tool: it cannot interpret results

Ty Coms 20
fom—— Do tacwaeer Bavw: 17 Serembe 2000 - woe 3
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,_/Potentials of the PS in the process industry

# Basic 1: representing plant operating conditions
# Basic 2: process development and revamping

@ Advanced: on-line process operation and contro!
@ Advanced: operator training (regular and safety)

TIPS FOR A SUCCESSFUL SIMULATION:
+ verify thermodynamic and kinetic data reliability

% select suitable property models and parameters
4 calibrate simulation results on pilot plant runs

g Aabet_ 12 Sepumber J000 - wete 3¢
Asver 11 Sepambe 2000 s ® )
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Cautions in using a proceg gmuié?ﬁr’ﬁt‘

is honsense ... 1

& to run a PS without an accurate selection of the property
models

* to select a good property mode! without knowing the
value of its parameters

% to use predictive models anyway; one good experimental
property datum is always better

... and note that

® Avoid the GIGO (garbage in gospe! out) approach
® The best available mode! might not be the best choice

Sumran o Pt Taepae Aave 13 2000 - siute &

Ty o e
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Process Simulation and

Decision Support Systems

+ Three layers of activities in the smart manufacturing
system
s« Management control
» Process simuiation
* Off-line
« On-line
s Contol system
+ Information distribution is made through interoperability
of the software

4 In Process simulation crucial point is optimization
» Use Active x objects to export optimum solutions to other software

e Kabe: 13 Sextemne JC - e 4!

The birth of the Smart Maridtactaring. —

S R

Finance, Prod Mgm. Costl  DRIVERS Enterprise Mgt (ERP)
Material Mgm, Quality,

*Competitive Pressure

in process industries
*Microsoft unified
.. Smarnt Manufacturing
desk-top vision
*Windows 95/NT, OLE

Management
Internet, Intranet \_—/

P';C"‘S“_’:&’“ sLow cost desktop
& server HW St Ficld
man Fiel
*Low cost PI..C based Management
Field Mgr loop & logic control \__/
mrdageien Pracns Senvtvins s Cpeamivs Tasamves =um 200C - tiede 47
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o Enterprise System }

: + Rocipe Ovtine : Wu-“ . w

H » Bath

i I Summary

. ioﬁn.
Simiatfon A 1 —
+ Soseol
- 3
o« Event Pecording
Control System : M.MY!':':
* Historical Archive
Actusl ve. Design
-
e e [ Revm i3 Sepeemow. 7000 shee 03]
-
-
T O RIS e
, General Batch Process
- .

; > Bulk > NextPocess
m;l.mt:rlal ™ ] intermediate :hpa'
previous intermediate)) or Final Prod  Formu ation
Other Rew Materials— o Vapor  _y control Device(s)

or A ph
E
Solid Landfi't
Host Streame ] = Wastes lncln.l:"uon
New Sotvents b LiQUid ————3m. WWTP or
Wast, Incinerstion
E ] Recovered Soivents L5 Used
Solvents Solvent
Recipe Based Fiscovery
Process [
-
bmon gt [ — Sabe, 12 Sopre ber J00C ;oo &4
-
“ T O VR o Ay
_Enterprise wide solutions
- @ Smart manufacturing system
» Operates at the plant leve
+ Enterprise optimization
s Optimize consumtions and flow of materials at the enterprise: level
# Syupply chain
- » Extend across the supply chain management
-
- .:"‘:"—' Domemr sesssoer Jocreens Aavw 17 Sevre ober 2000 gt 95
-
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In Summary we went thrc%a'r s ‘m'ﬂ

& Process simulation goals and definitions

& Benefits and applications of process simulation
4 Numerical strategies

& Process simulation: the procedure

& The results obtainable with process simulation
# Dynamic simulation

@ Process simulation as a decision support system

= @ W S Re T,
Conclusions

<4 Process simulation is 2 powerful methodology for
« Material and energy balances in steady state condtions
» Material and energy balances in dynamic condition
= lnvestigation of process dynamics and batch process
« Implementation of 2 control strategy

# Process simulation is appiicable in different field of the

process engineering
= Analysis of existing processes (optimization, deblottienecking,...)
s Synthesis of new processes (sotvent selection, environmental impadt,...)
s Operator training, process dynamics start up and shut down ...

# Process simulation is applicable in the framework of
environmental impact study and sustainable
development

s What ff analyss
a Safety analysis
s New and deaner processes investigation

Pamag Coneew 00
Drmrme Somesi o porzase tocnges Sanar 12 Servmrmoe 190 - guie &

{3 'ntenationA Sante gy

Process simulation is a simple and
helpful tool...

... to be used by chemical engineers
that fully understand the process

... Never let a kid play with a kalasnikof....
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Sustainable Industrial Development

Alberto Bertucco

Tstituto ¢ Impianti Chimici - University of Padova - Italy
ICS UNIDO Aree Soence Park Tnests

et poloch.cheg.unkpd.TT
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Agenda

¢ Sustainability: why? what? how?

4 Scenarios and goals

< Master equations, indicators and tools

<+ Implications for education

4 Sustainable chemical technologies

4 The role of chemical engineers

+ The role of chemical engineering education
4 A few exampies

4 Conclusions

ey Caven o
ot 1709 Dorsornt
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The Global vision

e 61;;" PR ARES)

\

Sustainable

Process Control

Cultural System

Emaronme:
Development [Smmiation
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Why: human fertility

Country Childrenperi Country Children per
women women
haly 1.24 Canada 1.74
_Span 127 England 1.78
Germany 1.30 China 192
Holiand 1.59 Swecen 201
France 1.70 USA. 205

& Total world population expected to be around 10 billion by year 2050
& The larger growth expected in the less developed countries

A carw e
Zaby, B soperen X wi < |
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Why: rich & poor ===

& Widening gap between
peopies since the earty -
19th century . k

e S0 Lampree o 1 Waanen Dl U 199

e Comroar
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Why: some fundamental points

All peogle warntt to share prosperity

Alf people have the right to do it

The ‘developed’ countries are @ minority, but give & major
contribution to the degietion of natural resources

World population is growing, average lifetime is increasing

Training Course on

Sustainable Industrial Development Process Simulation and Optimisation
Techniques
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Why: some fundamental points

Pollution has becormne a daily issue also for human health (nov
only for the emvironment) in many parts of the workd
Energy and materials are being consumed at 8 rate which cokd
not be applicable to the tolal world population
We will come to fight about the same (limitedf) resources
This sttuation cannot last any longer:
it is not sustainable

e

(R e S Yo

What: some definitions

& “Humanity has the abllity to make development sustainable, to
ensure that it meets the needs of the present without
compromising the ability of future generations to meet their own
needs” (The Bruntiand Report, 1987)

& “Sustainable development is the means of improving the quakty of
human life while living with the carrying capacity of the suptorting
ecosystems” (UNEP)"

& What about sustainability of industrial (chemical) productions?
"Sustainability in Chemical Engineering means a continuous efort
to protect and improve ecosystems, social balance and economic
prosperity by a systemabtic and integral improvement of
environmental protection, raw material exploitation, energy
efficiency, safely, and health protection in all kinds of mateial
conversion processes and material production ™ (EFCE defimton)

NOTE: a necessary yet not sufficient condition:
A sustainable industrial process must be safe ar yway

Py Convie n
e ed Rahet, T S et 2000 - wher ¥

How: some fundamental points

4 achieving safely in production activities

& enswring human heaith

& protecting the emvironment

& running the workd ecosystem in steady-state conditions

this is the goal of sustainabiiity

Training Course on
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Inter-relation with time scale
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Scales of (Un)sustainability

Whom/what Is sustainability concemed with?
+ Time scale: generabions (centuries)

<+ Spatal scake: planet earth

* Bidlogical scale: all bfe forms (eco-systems)

& 'Social scale’ :
+ Al societes
&€ £qinty
* Quality of life
[
St Lot 48 s Radet Dm 2000 - v 10
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A sketch for sustainability: which goals

[Environmental goats:

sHuman health protection

«Consenvation of nan-renewable resources
eMaximum energy and matena! efficiency

from S Ly a1, Sumtmn. Do (o (999

«Inkegrity of ecosystems
«Biodiversity, i.e. tatal protection of
aﬂ species (?7)
Sodal goaIS'
‘Sustamabmty‘
-Socal moo-hty (‘>) .
Economic goals |
: -Pampmon of women (?) i | sEfficiency
-lcmuax nde,m [©) 1 ,-Gowth (&) i
»] UK H ! 1
1':-;‘-::‘..-— o JOB0 - whiv 12
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Master Equation 1
Unsustainability Impact =
(Population)
{GDP per popula:on)

x
(Unsustainabiiity impact per GDI?)

Note: Fnvironmental Impact” and
‘Unsustainability Impact’ are inter-changable

Master Equation 2
Environmental Jmpact =
{Number of people)
(Production per person)
(Consumption and polluﬁo: per untt of productior)

X

' : ’%’ ‘
‘im.ﬁd @!F*gr’:ats q.err"re ;

Master Equation 3 (engineers)

Annual Impact on the Environment =
(Environmental impact per Unit of Resource
{Resource Use per Unl: of Product)
(Product Demand per ;erson per Year)

x

(Number of People)

Training Course on i
P
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Indicators of (Un)sustainability

& popdation growth
& food production
& energy: resources, reserves
¢ climate patterns
+ emissions/concentrations (CO, CH, N0, S0, CF(S)
& deforestation
& loss of habitat
¢ loss of biodiversity
* social indicators:
& income equity: (inter)national

& crime, suicide
& mass emigrabon

Dy Cotg o
P et Sabe D Sopmeg Joon-gev j¢ |
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Tools for Achieving Sustainability

& from short term to long term perspective
& the big picture’: systems approach
* economics (intemalizing ‘external costs?)
& laws (wastes’ or ‘residuals’)
& education (modifying norms/values)
& stabilizing population
+ promoting equily
& demalerializing economic deveiopment

Ty o o
e Loor. T Saptmriser 20O - b 17
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Components and contributions to reach sustainability

roen S04 stttz om0 W Pemman Cal Ume_ S99

4
! . ! | i
Natural [ | Technological «—s; Cultural - ¢
I Systems | Systems | I Systems
L ‘ !
. Enginccn'ng‘r Law 1
Biology w
Ecology Material Sciences Economics
Physics Business Social Sciences
b A
Chemistry
Sustainability
Fecdback Systems | . { Feedback Systems
—— B Policy ham
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The *Disciplinary”’ Divide

ram S0 Lamirwiz st K1 Passven, Dullt Uniw, 1999

Human Systems Natural Systems
Economics
{Geo)Politics
Technology
Culure

‘ Systems \ A
| studied by |

Economists
Political scientists
Historians
Anthropologists
Sociologists

Philosphers

5 Ve
= \AL Engineers g Sabet D oyt Xoo - ghew Jo_§

’Biok?gists i
Physicists
Chemists
COMMUNICATION || gooo
(even antagonism) —

Sumtmmtts Dnbvapts Oovatpracet
e
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A Fundamental Question for Education

& Is good education ‘subversive?
& University ‘education’ versus ‘training’
& Education stmulates questioning of basic tenets, such as
functioning of modern capitalism. That is, it stimulates ideas.
<+ Difference between:
o 'What is true”
« ‘What is good”
o (Facts’ versus Values?)
& Value guestions: stress ‘balance’ rather than ‘obyectivity’
« Importance of didlog!

Good education stresses “criical ref ection’

oy Cams 00
Sl Lot Dottt Rabot 1 Soper ey 00 - ohce 20
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Sustainable Chemical Technology

oo 5.1 ez nd $5 Semmoe, Ot Lvwr . 999

ol

Wastes to
environment

mro<omx

Decommissioning
Factory

Residuals EME
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Sustainable Chemical Technologies should enable
environmentally sound processes and products

with Jess amount of resiciues (in air, water and soils)
with higher selectivity and yields (less by-products)
with less resource consumption (dematerialization)
under safer condrtions {no risks nor toxic compounds)
more based on renewable raw materials (biomass)
more economical

ter e
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Chemical Engineering and
Sustainability

For any product, throughout its life cyde, it must be ensured.
<+ Minimum resource and energy use
<+ Minimum emissions
In additior. useabie residuats (recycled) instead of wastes
This is called 'Industrial Ecology”

- B A
g for Science and High Technology

The (huge) role of Chemical Engineers:
Reducing unsustainability/GDP

zero’ is the goal (no pollution no waste)
renewable resources

Life Cycle Analysis (LCA) aporoach
sustainability design tols

industrial ecofogy”

democratization technology

s200000
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Chemical Engineers for Sustainable Chemical
Technologies: we know what and how to do
& We have the basic knowiedge about concepts that
can be easily extended to sustainatiity (SHE knowledge ):
» mass and energy balances
« interactions between chemicals and the environment
« safely (safe design and loss prevention)
s effects on health
& We have the tools to make calculations and predictions.!
they are calted Process Simulators and Environmental
Simulators
& BUT we must be aware that we cannot solve the probler.
alone (by ourselives): we need interactions with other
disciplines on an equal basis leve!

Wamag Cavren 0w "
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The importance of Education in
Chemical Engineering

& (hemical Engmeering (s an essential tool’ for sustainability!
& Sustainabilily’ can be easily intearated into Chemical Engineering
& [t /s important to present broad, integrated systems-based approach
(avoid ‘reductionism’!)
& Introduce ‘sustainability’ via core courses. Deepen via electiv: courses
& Use project-based educalion, stress:
. Broad, systems-based analysis
» Solution through gesign and simulation (consider entire life cyde)
« Publicaton and dissemination of results
& Encourage partidpation of 'stakeholders’ (industry, government, NGOs)
in the educational process

Tranae Cavpe
e e Aottt ottt Sabet, D Se momber 2000 - i X

P G0 e Skios ol W Sl

Directions summary

& First, avoid wastes

& Second, reduce them in guantlty, Iif it camnot be avoided

& Third, recycle, if it cannot be firther reduced

& Fourth, comain, If it cannot be recyded

& Fifth and final, treat it if no other possibility is open

& for zero waste’ first of all a chemistry effort is needed
So called green chemistry aims at developing reactions to inake
products without producing wastes

pa—
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An example: the Kyoto Protocol to the
UN Convention on Climate Change (CO,)

& Has aim of “the stabilisation of greenhouse gases at a level that will
prevent dangerous anthropogenic interference with the dimate
system”

* Contains legally binding committments to limit or redixce greenhouse
gas emissi

& Industrialised countries must reduce enyssions within the period 2008-
2012 by at least 5% below 1990 levels

& Allows inclusion of biological sources and sinks as well as fossil fuel
emissions

Tnaay Lamem
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An example: the phase out of thtortsz
fluoro-carbon (CFC) compounds

& The gapietion of the atmospheric czone Byer was a very oy 1522 that lead
to the Morerea! Pratocol in 1987

& the use of CFCs for any application was banned by the year 1996

& A huge workd market in current formidable expansion (refroeratxon,
condioning,...) was foreed to fook for mare sustainable aftematives in 2 very’
short me

& New compaunas (HFCs, HC) arnd mixtures were found ol soon to substitute
CFCs in the transition penad

& Researth was stmuaated abar natwal’ (environmenialy Dengn) refgerants

& the comminent 1S 10 repiace completely 3l azone-harmifui compounas by
2036

Pnay e o
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An Example: Hierarchical approach to
safety and environmental risk reduction

om § M ety et L3 Pasms Dol . 1999

Hazards and risks  Minimize
PREVENT ——"> - Chemistry —=> inherent
- Engineering hazards

PROTECT

Minimize
- Layers of protectior :‘______>
t4 g Process

- Active protection
Pass:ve protection risks

ﬂ Minimize

MITIGATE z::r\v Product and
- Ruisks to Workers

h Process risks
- Ruisks to Pubic

- Environmantai Risks fo receptors

RanoyCovmen
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An Example: the Automotive System

trow 5.0 bambaaz oo H1 Pusman. ol vy, B
Social structure kevek

Dispersod commmas ves snd
usiness. malls

Infrastructure levek: 1
- Built infrestuctore (e.g ligimays)
- Spply infrasoucture (e.g, oil indistryy )

Automobile system level: h
Manufactire. usc, recycle

Automobik sub- |
system level: |
ep engine !

"
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An Example: Solvent substitution in the
chemical and process industry

& In the production of fine chemicals generates consdierable waste volumes
(roughly 15 kg per kg of proaduct)

& It is essentidl to reduce this amount by using differert (1.e. more sustainabie)
saleents

& Dense gases can lower the energy consumption and enable much case”
recovery of proclucts

& It is proposed to Study extensively the use of compressad gases as atenate
solvents and antisolvents in the chemical and prooess rdustry

& Water and carbon dicade ave the most promising ones, and are natura’
& The technical feasibility of this change can be profaty achieved by process
smuigtion

p—
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Summary of Directions for Sustainability

& Substtution of fossil fuels

& zero emissions

& low energy processes

4 jow impact products (recyclabie)

& focus on basic needs

& Instruments of ciange: legisiation, taxation, “responsitie care”

& Tools for change: life-cyxke analysis, environmental impact analysis,
working with natural systerms

o e eeed
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A Challenge for Chemical Engineers

470 bring the SHE issues at the design stage
¢ To make some steps forward.:
a from safe processes
« to safe prodixts
o t0 sustainabie processes and products
& Always remember that chemical engineering is
necessary but not sufficient

LR % % Y B T
Preliminary conclusions: present situation

& Present world unsustainable
& Increasing polarization:
« 3geing minorily rich
« youthful majority poor
s ravd growth poor
& Pollution on workd scale: possibie cimate change
& Loss of bio-diversily

Ty S
S sty ot Sabs: D Semerbe 2000 - shar 32
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Preliminary conclusions: development

4 Steady state: ability of future generations to meet
needs s not hamed

& Socig-economic equity for present anc future

4 Limits to population, consumption, waste (social,
technolagical, environmental constraints)

& Protection of Nature for its own sake (intrinsic
valve’}

All of these are crucial achieverments
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Conclusions

& Awareness of the huge problem in front of us {aulture)

4 Dissemination of knowledge about sustainable technologies
(ideas, projects)

4 Formulation of short- and medium- time range projects

# High and constant pressure on politicians and decision makers

& Application of technical tools (Process simulators) for the
assessment of sustainability in chemical productions

Essential role of and challenge: for
chemical enginzers

Rnaung G @8
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A tip from last century greatest scient'st

"It is not enough that your science should add to the sum of
human knowledge: concern for man himself must aiways be
your goal, concem for the great unsolved probiems of the
distribution of goods and the division of labour, that the cnaation
of your mind may be a blessing, and not a curse, to mankind.
Never forget this among your diagrams and equations”

Albert Enstein
However, never forget:
"Antea edere, deinde philosophare”
Some Latin writer, 2030 yecrs 390
‘n:v‘.:-.::'m Roher Du' 2000 . sdr W
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~Agenda

4 User interface description and general concepts
4+ Advanced operability

+ Engineering workflow integration

4 Hardware and operating system

+ A survey of the existing software
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DEMO Time

Introduction to process simulation
Flowsheet definition

Component selection

Property selection

Run base case

S O R R Ry
_Cyclohexane recovery study

Goal 1: to obtain a cyclohexane recovery of 99.95%
Goal 2: to maintain a fiow rate in S1 of 30 Ibmole/hr

‘—@—<>

T= 120 F
= .| P= 21 atm

T=400 F

P= 21 atm

N2 = 15.0
O = 430
CYCE = 1442
Bz=02

H2 = 30.0 bmol/h = CyCh recovery= 99.99% in bottoms
Q)
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|
* From Base Case t0 ...

Design Specifications inside blocks
Design specifications outside blocks
Sensitivity analysis

Case studies

Optimization

T O R i
Engineering Workflow Integration

- Engineering
[Process Simulator l“—"——’ Applications

h

—*[Repons and Drawings]‘—‘

——»{ Engineering Database J<—-—

o « e
s $on. Ostacetr Tammay sbe 12 <ecrempe 200 - wort ]
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. Windows Interoperability

# Two-way data transfer between the software and other
Windows applications via copy, paste, paste link
& Access to all inputs & results
¥ Access to plots and flow sheet graphics
¢ Copy date tables and spreadsheets into the simulator for
DRS, Data-Fit, etc
& Windows Interoperability - Benefits
» Quick and error-free ad-hoc transfer of the simulator results to
other Windows applications
« Easier preparation of reports and results
» Multitier applications
4 OLE Automation and DCOM — COM+ technology

Training Course on

Sustainable Industrial Development Process Simulation and Optimisation

Technigques
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) iA_PE-OPEN Standard ; -

4 The objective of the Global CAPE-OPEN (GCO) project is to
deliver the power of component software and open
standard interfaces in computer-aided process
engineering ——

s Develop additional open standard interfaces for CAPE components

» Adapt existing nofhtm 20 that it complies with the CO standard

» Develop methods, training and support tools for helping users to take
advantage of the avuhbxhry of CO-compliant components

4 Results of CAPE-OPEN

» global asa dard for ication by imulats —
ft in process 3 ing
. ilability of soft offered by leading vendors, research
insti and ialized liers which will enable the process
industries
» open new markets for Jiers of CAPE
» major breakthrough as compared to the current state-of-the-art, which
iz that of nc integration at all. -
Pioen Agnded e — Mopw: 17 Sepwmde 300C . wde 1C
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Example - Column Advisor
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Custom User Interface
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Engineering Workflow
s Integration

e

; Engineering
I Procejs simuiator |(—-——-> Applications
5 A

——>[ Reports and Drawings]‘-'—

A
Y

—>r Engineering Database ](-—

s e — Sabet 13 Sevtmber 7000 hge 13
T 00 BB Vel

_Workflow Integration

& Supported interfaces to specific 3rd-party engineering
applications
= equipment design (B-JAC, HTRI, MTFS)
= engineering databases (Aspen 2yqad, PASCE)
= costing packages (ICARUS)
» in-house technologies
& Workflow Integration - Benefits
= Support for engineering infrastructures that integrate engineering
work processes

« Error-free data transfer into 3rd party Windows engineering
programs

= Quick and consistent use of simulation results throughout “he
engineering lifecyde

» Improved engineering quality

Ty G oo
Iy, Mot 13 S pamew 3000 wor 1}
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_The Hardware and Operating systems

& Qperating Systems
s Cliert - server solutions
s Chent is Windows NT 4.0 and WIN2K
» Server s Windows NT or UNIX
» Office enviconment

+ Hardware
« Ghent: PC Intel Pentium I1 400Mhz - 32-64 MB RAM - SCS] Disks 8 GB -
High quakty monitor and video board (reasonable requirements)
« Server: Intel or RISC based systems - 512 MB RAM - SCSI RAID Disks, BU
untt, ... (05 NT or UNIX Sun SGT)}
4 Networking scheme and architecture
s License server service
« Instaliation point and file server
» Computational server

. R T
The virtual lab — C.A.-S. Lab
HW and SW structure

\ == =
\4 =,
o [ DR Sy

A survey of process simulation software

+ Stady state simulators

= Aspen Plus (Aspentach)

» PROII (Sm Sd)

o Hysys.Process (Hyprotec ~ AEA Technology)
e Chem CAD

& Dynamic simulators
= Speedup - Aspen Dynamics (Aspentech)
» Batch model and DynSim (Sim Sci)
s Hysys.Plant (Hyprotec ~ AEA Technology)
9PROMS (PSE)

Sostmguns Astec 12 Sectember 200C . ghde 18
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Thermodynamic and phase equlibria
modelling

Maurizio Fermeglhia

DICAMP - CASLAB - University of Trieste
1CS UNTDO Area Saience Park Trieste

MaF@DICAMP. UNIV. Trieste IT
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Agenda

4+ User environment and data banks (demo)

+ Physical Properties and Phase Equilibria

+ Fugacity end Fugacity coefficients

4+ Equations of state by integration and derivation
+ Activity coefficient models

4 Henry’s law approach

4 Comparison between two approaches

4 (Classification of the most common GE models
+ (Classification of the most common EQS

4+ Mode! selection criteria

¢ Conclusions

e g

Somzster Tamons Raver 2 Sevvernbe, 2000 shoe 7

_Data Banks in Aspen +

@ AQUEOUS databank
« Contains parameters for 900 ionic species
= It is used for electrolytes appiications
s the key parameters are the aqueous heat and Gbbs free energs of
lormanon at infinite dilution and aqueous phase heat capacity 2t infinite

<+ AQU92 databank
« Contains parameters for 900 ionic species (previuas version of A+)
4 ASPENPCD databank
. Covmmpammfomnwmcu\d inorganic compounds, This
dambankdhnAs t;eul superseded by the PURECOMP databank (previous
4 INORGANIC databank

. wmmmmmfwumzqso(mwu)
components. The key data are the enthalpy, entropy, Gibbs fre: energy,
and heat capacity correlation coefficients.

£ Qpmtee raerre favat 1 2000  shte 3




(T o
_Data Banks in Aspen +

4 PURE10 databank
« Contains parameters for over 1727 (mostly organic) components. This
the main source of pure component pa forASPENPLUSﬁ-e
da\abanksbas«!mmeda\adaebpeiby!heklcfblmdm

need. The stored in the k can be ¢

Ursversal constants, such as oitical temperature, and critical pressare
Temperature and property of transition, boiling pont and triple point

Reference state properties, enthalpy and Gibbs free energy of formation
Coefhoens for trer Properbes, such as hauid
vapar pressure

Coefficents for temperature-dependent transport properes, such 25 kqud
viscosity

Safety properbes, such as flash poret and fliammability bmits

Funcbonal group informaton for all UNIFAC modets

Parameters for RXS and PR equatons of stace
Petoleum-related properdes, such as API gravity and octane numbers

Other model-spedific parameters, such 2s the Rackett and UNIQUAC parameters

I

FEEEE R

Ty Consr
Sormmpenr Rabet 12 Septurmbe- 2000 - side &
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Data Banks in Aspen +

4 SOLIDS databank
« Cortains parameters for 3314 solid components. This databank is used
for solids and electrotytes applications. This databank is largely
superceded by the INORGANIC databank, but is still essential for
electrolytes applications.
4 COMBUST databank
» The COMBUST databank is 2 special databank for high temperature, gas
phase caiculations. It contains parameters for 59 components typically
found in combustion products, induding free radicals. The CPIG
parameters were determinec from data in JANAF tables for temperatures
up 1o 6000K (JANAF Thermochemical Tables, Dow Chemical Company,
Midland, Michigan, 1979). Calculations using parameters in the
ASPENPCD and PURECOMP are generally not accurate above 1500K.

Py T Ny Bavw {7 Seceember 7000 . guce 5

w5 5 'Renatonal St oy

DEMO

User Environment
Data Banks
Retrieval of components from Data banks
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tModeling Phase Equilibrium

& The goals of the modeling are both to correlate existing
data and to predict phase equilibrium
4 An ideal model would
s use easily measured physical properties to predict phase
equilibrium at any condition
« it would be theoretically based.
% No such model exists, and any single model cannct treat
all situations.

Fomaew. Rabat 17 ¢ eprember, 200C . thoe 7

5 B DR s e
_Correlation and Prediction

¢ Correlation
a regressed parameters
»  semi-@mpirical equations
s fitting of portions of the phase diagram even with high accuracy’
@ Prediction
s physical significance of the parameters
s theoretically based models need the mtroduction of additional ac'justable
parameters
4 The general conclusion is that modeling is still
case specific

4 Some Problems to be solved
n  critical points
»  the muli-componem mixtures
» polar - polar and polar - non polar interactions
» association and solvation
Fabe' 17 oember 2000 - wos

S ree .
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_Phase Equilibrium relationships .
. T(l) = T(Z) - = T(“)
P = pl) - - p(®)

P

..........

s Jormayey [TTRY] 2000 - shae 9
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Form Chemical Potential ... to Fugacity

—f—.ia‘(!
uga) = p.?(" + RT]nL'ba— i=12,.... ,m
l a=12,...,1n
pol+ RTIn'—fﬁ—: p9% 4+ RTIn i pd® erf}—ri
¢ o = o= oz i
7 B B R Ve,
Phase Equlibrium in terms of fugacity
=7 = =77
P = p®) = < p()
1 2 n
PONPCIRPL
1 2 4
=P =

S e

Fugacity coefficient and Equilibrium

+ Fugacities are more
convenient than chemical

6 _di_di
Px; K

Ry Ratwr i1 Secrrmew I - e 1




& D wmalniiniig

¢ Equation of State is a function ...
F(P,V.T,y,...yy.)=0

¢ Fugacity is obtained by integration

°
RTIng, =j[17,.—5T—}1P
! P

Rﬂmp-:j il _RT v _RTInz
' O )1 pa,
P

Vv

[y Rabe: 12 5 piamber 7000 - e 12

- T ) R o e ey
.. but may by obtained by
differentiation
- dnA”
RTh®; = -RThnZ
on;
n;. TV
F_nAr(\ T.7) hay _aly .’ult
RT Lar? RT?TRAT Y
(5] et LT ST
d"'l‘n RT .\E)n,i)n_,»"T _; LCTRS A l\'l':\dnj/?‘, "
[’ar] _ m(Tva) F : o e
Vor !y, , RT [ vl M .'»,._?-“'17‘ I
[a_r\‘ =md; +mZ fREY __ageny ok
oy 4 LTy RTV W1\, R
[E_F! :-L(i SN AN
Lavi |~ RT\OVIip, v avar }T' KT on 1V
P drgriend e Rabe: 13 Se rembe 200 swse 14|

Activity coefficient and Heﬁr?’? T

_approach

0 Vapour phase fugacity: f'=Py, ¢
« Liquid phase fugacity: f'= ('), v,
& where: (f),, = R(T,P) %

H L
4 If pure liquid exists R, = fmde = Hrpuro

ol xq

Ifnot: R|= hm_f:_

¢fipure = oxdr e

4 In most cases (lowP) ==>P y, ¢ =p° 1, X

Ny Courms 00
Tacpeas Rabet 17 Sef tamber, 2000 - ehde 18
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“Henry’s law approach
_,‘ For supercritical components the fugacity at the reference liquid '

state cannot be calculated because the vapour pressure is not
defined.

+ An hypothetical reference state H, is defined for the component
i at infinite dilution:
Fl=xvy"H, Yi=1ax=0
Y=Y

& Therefore P y; &Y = xHy, /Y™

& Simplified Henry’s law: P y;= x H;

Ty Courrw @0
ey Jp T Rabe: 11 Serwmor 700C - woe 1€
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Types of VLE Phase behaviour

+ Ideal systems
» Systems that obey the Raoult’s faw

« Conaist of molecules of the same size and shape and intermoiecular
forces

= Mixtures at low pressures that may be assumed as ideal mixtures
{hydrocarbons, isomers,...}
= ldeal mixtures cannct form azeotropes or multple liquid phases
+ Non ideal systems

» Due to interactions between functional groups crezunf non randomness in
the mixture

» Due to energy effects created by size and shape differences
» 1s accounted for achivity coefficients

Pty g Esve 7 Secowroe 2007 - sace i”

T B ottt

Types of VLE Phase behaviour

+ Effects of non ideality

= gamma > 1 because molecules are dissimilar and tend to aggregate
more with molecules of the same species, creating large local
concentration. Ge is positive. Positive deviation from ideality
gamma is large: liquid may split into two phases
gamma < 1 when attractive forces between dissimilar molecuies are
stronger than the forcess between the like molecules. Ge is negative.
Negative deviation from ideality
« if gamma < may have chemical compiexes (ammonia water system)

R Kabet 17 Sewrmor 2007 - woe i1




Two Approaches: Gamma - Phi versus

-.Phi - Phi

GAMMA PHI

+ Pros
= Reliability at low pressure
= Very good for describing polar
mixtures
- Smpk
= Easy programming and low CPU
time

+ Cons
= Valid only at low pressure
= Parameters of the model are
highly comrelated
= Consistency at the critical point

Trmtemg Qo 00

W O RS S e

PHI PHI

+ Pros
- Continulty at the criscal point
(one model)
= Parameters are non so strongly
correlated

= Applicable in an high T and P
range
* Describes volumetri: properties
s well as equilibrivn
¢ Cons
~ Complexity and high CPU time
» Polar and low press ire mixtures

Reba: 12 September, 2000 - #idv 19
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Excess Gibbs energy expressions
& Starting point: Excess Gibbs Energy

(o
RT Iny, = t h:

R

4 Margules two suffixes:
4 Redlich Kister

g*=AxX,X,

g° = X, X[ A + B(X;-X;) + C(X;:-X;3)2 + D{X;-X,)3 + .......]

« Whol:

2= 28,,7,7, 4 32,272, + 3 2,,,7,2,7 + 42,,,2,°2, +

RT(Gqi- Xt 4 8By3092,2,% + 68,1,2,22,3 4 cverecane
Laar: N
* Van r b xakidn [ Ve Va}

RT  xbi+ \:b::,\

Ty Cour a0
Jachemy

RS

Habe: 17 Sectember, 7000 - suoe 3¢

C_VExcess Gibbs Energy expressions

4 Wilson:

Iny, = ~In(x: + Anx2)+ le-

Problem: miscibility gap 0 <

¢ UNIQUAC
& NRTL
@ UNIFAC

Ge = RT(-x1in(x1+x2 L12)- x2in(x2+x1 L21))

Az Ax
totAnx: x2+Ann

r_(i:-/?:e)}

w= Lexpl
T T

(g {1 1)
—e +RT' P
( A; )‘r-r {2 xZJ

Ravat ) Secewooer 2000 - gute 21
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_EOS are used in Process Simulators

® Process Synthesis more than analysis

+ Sophisticated unit operation models (SFE)

+ Fill gaps in multi-component systems

# High Pressure Predictions

# Use of simple models applicable to wide range of systems

# Predicted phase behavior must show the same trend as
real behavior

-

+ Define the functional relation for pure components

<+ Define the extension to mixtures {mixing + combining
rutes)

Ty Coveen 2
S e ot ety St et ettt Tt e 37 Secterde FOOC - wmoe 13
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Volume calculation for Equation of state

<+ Simple for cubic equations but not trivial
» Cardano analytical method
& Crucial for non cubic equation
4 Method must be robust and efficient
» Most of the time the code runs in the volume calculation routine

» Sometmes the initial guess is not good due to the bad inia! guess
of the equilibnum calculation

= ... the same for a bad parameter estimation
<+ Method should always gives an answer
s .. with an error code
4+ Method should be EOS independent

ey Careim
S are e Smmste o Svaremoe: Tocanpe boow 11 Semene 200 s

&5 B 'R oSV ey

Numerically speaking: ... solution of a
non linear equation

.. in which the unknown is the volume (or the
density) and the equation is the EOS written in
terms of Pressure = ...

The problem: Rapid and robust convergence




A classification of the diffgeg
. Equations

& Cubic Equations of State: the van der Waals family
s Van der Waals
s Soave Rediich Kwong

TSN

# Virial equation of state
a BWR

& Corresponding state

& Perturbation theory
s The Perturbed Hard Chain Theory
s The Perturbed Hard Sphere Theory
« The SAFT Equation

s Tosmpers Rave: 17 Se stymber 2000 - hde 25

T O DR e
_ Cubic EOS

4+ Widely used, simple, rapidly solved analytically

+ Easily extended to binary and multi-component systems
4+ Mixing rules are crucal

4 All are derived from van der Waals theory

RT
v-b

+ Pure Component parameters are constrained to:

2
[if’_ {H -

’ g2
A dv c

[y Keor I §inoe 7000 wse 26 |

P=

“oln

Ty Caa o4

Van der Waal equation frgﬁwuﬁa%ﬁoﬁ -
_function :
f @ The partition function is defined as: '

-3N o ( (’,ln Q‘)
171 ~ E, A P=ki ——
Q- F(X) v) ["x‘{’ 2&-“1)] e s

oL De Brogiie wavelength, function of molecular
mass and tempesature, & is refated to molecular
h i

N number of molecules

«Vf  Free Volume = V-b

. E0 Intermoiecular potentisl

+ qr,y  Mmolecule degree of freedom

N
) ="*7\:b=ftp)

2aN
Eo=",f;7‘.ffp)
RT a VAA

Pumey Cowem a0
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Soave Redlich Kwong Equation
7 RT Redlich Kwong Equation

P=
v-b/ TVZ (v +b)

a= [1+mT,’/2}l -a,

5  Soave Equation
m=0.480+1.574w-0.176w"
m is a function of the acentric factor

Peng Robinson Equation
<+ Original
pe RT a(T)
Tvob v(v + b)+ b(v - b)

* Volume translation

RT a

v—b (v+c)(r+b+2c)

P=

\7=V+Zc,n, Ci:[zcixi
;

¢ = f{Tci PeiZrai)

Teamang Cowme
G g g fanat 2 Secewmpe 200 - wor 2 |
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_Cubic Equations for Mixtures

# Mixing rule for the a parameter

a,,,=22.\'jx,-a,-j aj =(l‘k,j) aa;
i

4+ Mixing rule for b parameter

b, = Xx,.b,. b, = z Zx,ij,-.
i J i

¥ The fugacity coefficient for SRK

£ ) ’ 2.Ja a:
]n[_/‘;] =1n (O,' = b’ - ln[ﬂ_[] - ﬁ}]-— &a_l

X V-b, |RT

L Sacst 12 Serwmee 700 - e X
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{ & Huron and Vidal (1979) used a simple thermodynamic relationship to
equate the excess Gibbs energy to expressions for the fugacity coafficient
: as computed by equations of state:

GE=RTIng-SixiRTIngi*

: # Equation is valid at any pressure, but cannot be evaluated unless some
assumptions are made. If Equation is evaluated at infinite pressure, the
mixture must be liquid-like and extremely dense. It can be assumed that:

V=bandVE=0
4 Combining results in an expression for a/b that contains the exces:; Gibbs
energy at an infinite pressure:

i, |
=N xS GH ==<) A=
p -~ RO -

¢ The parameters and depend on the equation-of-state used.

o dpstnhed f— fabe:, 12 Sectombe:, 200C - geoe 3
T B W Ve

_Features of the Cubic Equations of state

& Three parameters for pure components: Tc, Pc, w

# The main advantage is the flexibility and the easy o use

+ The main disadvantage is its accuracy in the PVT space
for both pure components and mixtures

# The applicability is questionable when critical properties
are not known (high molecular weight such as polymers)

4 Group contribution (Soave, 1994)

& Volumetric properties are not accurate in the close vicinity
of the critical point

+ The physical meaning of the parameters is questionable

& Mixture parameters are difficult to predict

& They are a very powerful and useful correlation tool

vt Soptatn Tacnmoas Fabe: 17 Sereme 200C . goe T

& T wnamn s,
_Binary interaction parameters for SRK

o1s
©
o1o o
° °
Kk 003
Py T3 L
4
< o <
000
<
008
] 20 0 0 0 100 120 140 163 150
MW secend compenent
ko gy o - Rabar, 13 Sevr ambe- 2000 - e 2
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VIRIAL EQUATION OF STATE

# Sound theoretical foundation

# Free from arbitrary assumption

& Remarkably general provided the intermolecular potential
obeys certain well-defined restrictions

» Takes the interaction into account
« The second viria! coefficient considers interaction between two

molecules

» The higher order coefficents follows in an analogous manner

4 The coefficients B, C, .. can be calculated “a priori’ from
statistical mechanics

Py Ormssa Tactomus Ratw: 12 Sevrembe 200C - shde 30
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“Virial Equation of State

+ Density expansion

Z=1+Bp+Cp2+Dp3+

+ Pressure expansion

Z=1+BP+CP2+DP + ..

Ty Coerw
St inmarwis v P Rade :: Sexvemoer 200 - wae 3¢
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‘The importance of the coefficients

YA
Experimental
Density
Zior Argon at -70 C
Pressure
e i Syt Rabe 17 Septawoe FOOU - goe 3
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_Benedict Webb Rubin Equation

& Many constant for the pure component properties:
4 Problems for the mixtures in defining the mixing rules

P = RTp+(ByRT - Ay~ Co/T)p* +(bRT —a)p> +
+ O(ap6 + (c‘ps/Tz)(l +'Yp2)exp(— ,sz)

@ Very good for the description of pure components

% Very accurate for muiti-property

% Very problematic in the extrapolation and mixture
calculations

—iee P Reo i worer o0 wor 2 )
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/,‘CORRESPON DING STATES THEORY

4+ Derived by van der Waals - most important result
4 Based on the critical constraints

» Variables v, T and P are related by a universal function such that

FTrPrvry=0

& The EOS for any one fluid is written in reduced

coordinates, that equation is also valid for any other fluid.
# The original formulation is a two parameter theory

a Only for simple molecuies

s In which the force field has a high degree of symmetry

« Typically small, non polar substances
# For more complex molecules it is necessary to introduce

an extra parameter (at least)

ey Courew 00 raner -
pomsa Tanvaw e, : Seroembe J00C - side 3¢

ASSUMPTIONS OF CORRESPONBING
| STATES

+ Two parameters approach
» The partition function is factored as QaQint Qtrans and Qint is
independent of volume
» The classical approximation is used for Q trans i.e. no quantum
effects are considered (H2 He, Ne)
= The potential energy is described by the sum of the inte-actions of
ali possible pairs of molecules and depends only on the ifistance
= The potential energy of a pair of molecules is represented by a
universal function of the intermolecular distance
# Three parameters approach
o Assumption 3 is relaxad: we use an average potential wherein we
have averaged out all the effects of symmetry
» Assumption 4 is abandoned: each molecule (or dass) hes a
characteristic parameter

Ty Copmm v i
Jacvams Sabet, 1 Setevoer 7000 - gte 39
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Corresponding States The%’r?: ure ’
_Components
* F(1.v,,R)=0 z=9(7,.R.X)
4 Leach Leland Formulation
T T
AT(TV.x)  AN(To.V A S S
TA=_}?%;—O—) 0 .f‘(;u (T("/TCV())eua
Vpm——
@ Other formulation " haa VeN0)Poa
z=2, +£(z’ —z°)
o’

& B SRR i
Corresponding States Theory: Mixtures
4 For mixture the definition is the same
F(Tr‘vr’ })r)= OZ = 3(7:’ F)r‘ X)
& One has to define the pseudo critical properties
Tem , vem, wm
« Mollerup approach

« Piocker extension to mixtures of Lee Kesler eq.
» Shape factor methods of Leland

Temamg Coner 02
Plamaty P . o e Gaoe i7 Sesremne 300C - wge d”

D L e e

,Motivation for non cubic EQOS

» EQS is a reasonable choice for HP calculations
+» Cubic Equations are not suitable for predictions
s TC e PC are questionabie for ‘natural systems’
» Binary kij are difficuit to predict
» The physical basis of Cubic EOS is poor
# Perturbation theory gives indications
& Perturbed Hard Chain - Perturbed Hard Sphere Chain
s Theory more complex and gives better model
s Parameters become ‘predictable’
» Higher complexity is balanced by good computer codes

P Rabet 17 Septmbe 7000 - shoe &7
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_The basic theory: the van der Waals PF
". # The partition function
0= _'_(i)'”'(v '[e p(_ E, ] A
= ila) VT r) ) O
*N number of molecules
oL De Broglie wavelength, function of molecutar
mass and temperature, R is related to molecular
dimension
s Vi=vb Free Volume
« EO Intermolecular potential
. qry molecule degree of freedom

The Gererilzed van der Wil Pad b an—
Function

4+ The partition function is modified (Beret Prausnitz)
considering q r,v = q r,v (ext) g r,v (int)
« External degrees of freedom = 3 (transl.) * ¢ (rangl. equivalent)
» External (=influenced by density) contributions from rotation and
vibrations
« Internal contributions depend only on Temperature

Vs P:kédwg}
v v

1 V_f)N L2 A PR Ao
Q”NJA{ (VJ ] % ur” L
2 B SRt ey

The Carnaham Starling Equation

@ Perkus Jevick

Ve JE(35-4)
vool-y?
g=07L Ty,

4% Camnahan - Starling Equation:

p= plG . pHS +P.477=ﬂ+_R_T_[5.(4-25.)] a

e
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_The Perturbed Hard Sphere Theory '
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PHCT Equation: an Overview

+ Reference Term
o CS Term (with v* parameter) + ¢
# Perturbation Term
a Low Density Term (Second Virial)
« Dispersion, Dipole moment, Quadrupole moment
s High Density Term
« Dispersion (Monte Cario Simulation}
+ Polar (Gubbins and Twu)
+ Parameters: ¢, v*, T*
« Based on Bondi Volume
s Based on Correlation with MW
s For Polymers and Petroleurn Fractions

Ty Comree o0

St froee Oomoprem oy Fabw 17 Sectember 7000 - guoe €7
—l

T 05 WAL S ey

PHCT Equation: Extension to Mixtures

® Reference Term
o Unear modng rule for ¢ and v*
+ Second Virial Term
= Binary parameter in cT* mixing
# Dense-Fluid Term
» Binary parameter in ¢T* mixing
» Temperature dependent k
a Asymmetric k
% Parameters: kij
s Defined in terms of segment-segment
» Constart within classes

oo oo 3 st e
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Binary interaction Parameters Pred|ct|on

B

@ Site - Site Interaction

# Parameters Characterized \ \ '/

e OO

. ught Hydmcarbms {Ethane, Propane, Propylene, Ethylen:)
= Heavy Hydrocarbons {Alkanes, Aromatics, Naftens,..)

Jackag Aabe: 17 5 cmos 00 wde 49

5 B R Yoot
Mixture Volume: CO2 - Octacosane (313 K)

N =
NN -
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© -
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Prowsure (bar)
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Solubility in CO2: Octacosane at 318 K
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Pure Component Parameter V*
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_Pdre Component Parameter E*

& O i oty E

. A
. /.//
) A

|

E* (kJ/mote)

“ w M - . - - - - -
Ecoh () /meie)
s . o Aauat 17 Sepromder 2000 - e 85
T B Rl i,y

N OnePe#
Predic jon A®. V*_E*
ot fom Table 42
g —_

|

Comeint A® V* from Table 4b A* V' from Table 48
clation E* fom PaT) E* from P°

I | T
rA'_ AN 14 I [ ALV EST A" V' E* ‘]
T E*zcoet. "

Drnay e oy Sanr: 12 Sevenbe J00C e ¢

o2

2%, 2% ! 3%, 3% ALV
Physical

Propenies
Casculation 3%, %

_ Conclusions

+

IS

+

For low pressure systems use Excess Gibbs energy mociels
Praluruly UNIQUALC and NRT|.
s Carsh 1 B wohuas 0 She por wratvs

Use the Henry’s law approach for the incondensable
components
Use EOS for high pressure systems
®  Tiw bep auashen tadey u sl
e Qi OF AR S g 18 The prOBIR
®  Cabec Coustons of stuke ave wand for ‘Coamos” wustures rl 109 IyRNRCrban Iné 0 With RORN Cing Xawil

®  Colnc aptons of bt are Aetharg mere then 3 Covele®en 1ol for hasty symeve such as pelvmars, Serde geaen, .
o hem Cube aouSbONS of SK90 e MANNG!, PrOVIe WEhSNAtrY: MOPErBes vt ¢ COM

Use UNIFAC for undefined components, or use the correlations
for the pure component parameters of non cubic EQS

In the intermediate region use the MHV2 Huron and Vidal
method for combining EOS and activity coefficients models

- [ Aabet 17 “eptembe 200C - shuie 57

e e
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. Recommendations for model selection

& Oil and Gas Production
= Reservoir systems PR-BM, RKS-BM
s Platform separation PR-BM, RKS-BM
= Transportation of oif and gas by pipeline PR-BM, RKS-BM
% Refinery
s Low pressure applications {up to several atm) Vacuum tower,
atmospheric crude tower BK10, CHAO-SEA, GRAYSON
» Medium pressure applications (Up to several tens of atm) Coker
main fractionator, FCC main fractionator CHAO-SEA, GRAYSON,
PENG-ROB, RK-SOAVE
» Hydrogen-rich applications Reformer, Hydrofiner GRAYSON, PENG-
ROB, RK-SOAVE
« Lube oi! unit, De-asphalting unit PENG-ROB, RK-SOAVE

—— tanmgar Saow' 13 Seotwmoe, 2000 - poe 38
f‘& @Iﬁ»m-\%"ﬁnvn

“Recommendations for model selection

4+ Gas Processing
= Hydrocarbon separations Demethanizer C3-splitter PR-BM, RKS-BM,
PENG-ROB, RK-SOAVE
» Cryogenic gas processing Air separation PR-BM, RKS-BM, PENG-
ROB, RK-SOAVE
Gas dehydration with glycols PRWS, RKSWS, PRMHV2, RKSMHV2,
PSRK, SR-POLAR
Acid gas absorption with Methano! (RECTISOL) NMP (PURISOL)
PRWS, RKSWS, PRMHV2, RKSMHV2, PSRK, SR-POLAR
= Acid gas absorption with Water Ammonia Amines 4Amines +
methanol (AMISOL) Caustic Lime Hot carbonate ELECNRTL
» Claus process PRWS, RKSWS, PRMHV2, RKSMHV2, PSRK, SR-
POLAR

Tty G
Py Aner o o T haos 1 Seowrsne 700 . gor S5

m e e e

“Recommendations for model selection

+® Petrochemicals

s Ethylene plant Primary fractionator Light hydrocarbons Separation
train Quench tower CHAD-SEA, GRAYSON PENG-ROB, RK-SOAVE

= Aromatics BTX extraction WILSON, NRTL, UNIQUAC and their
variances

« Substituted trydrocarbons VCM plant Acrylonitrile plant PENG-ROB,
RK-SOAVE

a Ether production MTBE, ETBE, TAME WILSON, NRTL, UNIQUAC
and their variances

» Ethylbenzene and styrene plants PENG-ROB, RK-SOAVE —or-
WILSON, NRTL, UNIQUAC and their variances

» Terephthalic acid WILSON, NRTL, UNIQUAC and their veriances

20
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Recommendations for model selection

~

& Chemicals
» Azeotropic separations Alcohol separation WILSON, NRTL,
UNIQUAC and their variances
. HGZCMK acids Acetic acid plant WILS-HOC, NRTL-HOC, UN:Q-

Phenol plant WILSON, NRTL, UNIQUAC and their variances

» Liquid phase reactions Esterification WILSON, NRTL, UNIQUAC and
their variances

Ammonia plant PENG-ROB, RK-SOAVE

Fiuorochemicals WILS-HF

Inorganic Chemicals Caustic Acids Phosphoric acid Sulphuric acid
Nitric acid Hydrochloric acid ELECNRTL

« Hydrofluoric acid ENRTL-HF

Dy Comeme on.
Praces Somutpten sat G oer Tachnaus Rabat 12 Sept <be_2000 - gde 61

5 U WK ARy

Recommendations for model selection

4 Coal Processing

+ Size reduction crushing, grinding SOLIDS

4 Separation and cleaning sieving, ¢yclones, precipitation,
washing SOLIDS

& Combustion PR-BM, RKS-BM (combustion databank]

& Acid gas absorption with Methanol (RECTISOL) NMF
(PURISOL) PRWS, RKSWS, PRMHV2, RKSMHV2, PSRK, SR-
POLAR

# Acid gas absorption with Water Ammonia Amines Amines
+ methanol (AMISOL) Caustic Lime Hot carbonate
ELECNRTL

+ Coal gasification and liguefaction See Syntheti¢ Fue table

Py oo a0
I Sabar 13 Sec-wve, 7000 - shae 82

T O DRI o ey
. Recommendations for model selection

< Power Generation
s Combustion Coal Oil PR-BM, RKS-BM (combustion databark)
= Steam cycies Compressors Turbines STEAMNBS, STEAM-TA
= Acid gas absorption See gas processing.
+ Synthetic Fuel
s Synthesis gas PR-BM, RKS-BM
= Coal gasification PR-BM, RKS-BM
» Coal liquefaction PR-BM, RKS-BM, BWR-LS
& Water and Steam
» Steam systems Coolant STEAMNES, STEAM-TA
& Mineral and Metallurgical Processes
s Mechanical processing: Crushing Grinding Sieving Washing SOUIDS
» Hydrometaliurgy Mineral leaching ELECNRTL
s Pyrometallurgy Smeiter Converter SOLIDS

My Conras o
Sumunatie Eammarsr Aevac 17 ¢ oo 2000 sete 47
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Recommendations for model selection

& Environmental

« Soivent recovery WILSON, NRTL, UNIQUAC and their variances

» (Substituted) hydrocarbon stripping WILSON, NRTL, UNIQUAC and
their variances

s Acid gas stripping from Methanol (RECTISOL) NMP (PURISOL)
PRWS, RKSWS, PRMHV2, RKSMHV2, PSRK, SR-POLAR

» Acid gas stripping from: Water Ammonia Amines Amines +
methanol (AMISOL) Caustic Lime Hot carbonate ELECNRTL

+ Acids Stripping Neutralization ELECNRTL

~
=

Ty Cous
Poastywind

S batar 13 September 3000 - gude 64

LLE

Decision Making Chart «;v

ilson - NRTL - UNIQUA(]
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. Environmental applications of process

i

~ simulation

Maurizio Fermeglhia

DICAMP - CASLAB - University of Trieste
1CS UNIOO Area Science Park Trieste

HMauFQDICAMP.UNTV. Trieste. IT

g O
ety

~

T B R sy

_The Global vision

Process simulation

& O DR et

.Agenda

@ General statements and strategy

# Main features of an environmental policy

# Pollution prevention techniques and Process simulation
& Applications and examples

Training Course on

Sustainable Industrial Development Process Simulation and Optimisation
Technigues
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_The general context and motivations

& Pollution Prevention in the Chemical Industry
» Increasing cost of waste disposal
» Growing number of environmental regulations
+ Environmental policy as an integral component of the
corporate strategy

[+4 3 ke RS o

Environmental concern and wastes ...

4 Waste minimization at their source leads to ...

s (OSt savings

» improved product yield and quality
reduced pollution
safer workplace conditions
fewer waste management needs

« conservation of natural resources

* Waste treatment is often needed
+ End-of-pipe approaches are more expensive but stlt

necessary

Features of an environmental Policy ...

+* Leadership
» Combination of plant manager and heatth officer
» Responsability for setting goals for reduction in generation of
specific chemical wastes
4 Material Balance: aims at accounting for every quantity of
a chemical that is:
» shipped to the process
« created or destroyed in the process
» delivered as @ product from the process
« released as gaseous, kiquid, or solid waste

Training Course on

Sustainable Industrial Development Process Simulation and Optimisation
Techniques
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& Cost accounting: assigns the pollution cost to individual
process, such as:

poliution contral

waste disposal

regulatory compliance

lost materials

insurance

future liabilities

public and customer relations dealing with waste issues

& Employee involvement at all levels
» from top manager to production and maintenence workers
« workers need training

5 B RS Ve

_Poliution prevention tecniques

+ Process changes

% Operation changes
4 Equipment changes
4 Chemical substitution
& Product substitution

o § DUt A,
_Pollution prevention: Operation changes

+ involve improving plant operations
s material handling and equipment maintenance
» better controf of material use
» employee practices
# to minimize
» spills
»  Process upsets
= excessive use of chemicals
s or other problems that can generate wastes
# in every stage of the process
« storing
= moving
s mixing
= reacting chemicals

Training Course on

Sustainable Industrial Development Process Simulation and Optimisation
Techniques
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 Pollution prevention: other techniques

& Equipment changes
& Chemical substitutions
= involve using raw materiais that create fewer toxic and hazardous
wastes during production process without necessarily changing the
process fself
« aiming at substituiting hazardous and toxic materials
# Product changes
« involve designing the end product so its manufacture creates less
toxic and hazardous waste

= Can be achieved without changing the fundamental manufacturing
process (ex. : pellets rather than powder)

Tty Comar 08
Py

5 R -
}Beneﬁt of Process Simulation

4+ The modeling of a chemical process enables to efficiently
anatyze the process in terms of environmental impact

# Modelling plays an integral role in company’s
environmental policy

S swes oo Cpameer Teonpey

T D R Ry

Results in terms of environmental impact

% Compute the operating conditions to meet the discharge
requirement

+ Compute the performance, capital and operating costs for
each equipment item

& Compute the properties of materials in a waste treatment
process

+ Prepare an integrated flowsheet that considers design
constraints

# Automatically maximize performances, within process
constraints

& Fit the parameters of the waste treatment models to
experimental data

& Perform sensitivity calculations

Training Course on

Sustainable Industrial Development Process Simulation and Optimisation
Technigues
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 Results in terms of modelling as integral role

<+ Complete material balance

+ Identification of the costs and savings potential of pollution
prevention options

# Effective vehicle of communication among managers, engineers,
and production workers to describe the impact of making)
processes, operations or equipment changes.

+ What if scenarios can be evaluated

4 Model allows accurate support of pilot plant tests

+ Process simulation aids the engineer in understanding the
process design and in evaluating process altematives

+ The waste treatment process can be optimized to identify the
operating conditions which achieve the most effective and
economk treatment within regulatory constraints

@53 B 'nternational SN titiogy

" SOME EXAMPLES AND
APPLICATIONS

§3F LT
Coke oven gas desulfurization

* Goal:
» lower the hydrogen sulfide content of purified coke oven jas from
coke plant
+ Simulation
» identify ways of optimize process parameters to lower sulfur
content

» identification of new process conditions
# Results

» decrease of sulfur dioxide emissions of 360 tons per year
» 30% of the sulfur diaxide emissions reduction

Training Course on

Sustainable Industrial Development Process Simulation and Optimisation
Techniques



. Optimizing steam consuption for solvent recovery

& Goal
s recovery of methylene chioride from waste
& Simulation
= caiculation of the steam consumption
« identification of the optimum conditions
+ Results
* S3avings in steam usage realized without any major process or
equipment changes

T ot
=

Methylene chloride recovery

o B R A
Defining process conditions of a sour water
_stripping system
e Goal

» 3 Chinese Design Institute was contracted to design 2 high sulfur
sour water treatrent process within 3 very tight timeframe
+ Simulation
s electrolyte containing complex system
» evaluation of different process schemes
& Results
« process conditions and sensitivities of key process variables were
defined with onty two person-months effort

Training Course on

Sustainable Industrial Development Process Simulation and Optimisation
Technigues




Improving the operations of a Waste water
 treatment plant

& Goal
» debottieneck the plant and determine how operating variables can
be manipulated to improve efiuent quality
& Simulation
» identification of the clarifier as the bottelneck unit
% Results
« additional capacity and operating changes in the darifier can
improve the capacity of the piant
s evaluation of the impact of the plant loading on the effiuent quality
« study alternative operating tecniques {changing residence tirne,
recycle, level of biomass) to lessen toxicity

i ] T B RSB ekl
Evaluating alternative process configurations
_to meet environmental regulations

4 Goal
= 2 dye producer appiies single stage reverse osmosis to purify
effiuents
« new modules are to be added to meet regulations
& Simulation
» simulation of all possibie new configurations (six months werk
estimation in a pilot plant)
=« gomparison in terms of process economy and performances
+ Results
= optimum design found in two weeks
« savings of S months investments
» environmental regulations were met on schedule

Identify the design of an e e
_sludge incinerator

« Goal
= design an incinerator for industrial sludge
+ Simuiation
= identify optimum design with the minimum heavy oil additin as a
function of sludge humidity
% Results
» optimal design which saved 30% in heavy oit consumption over
previous design was identified

Training Course on

Sustainable Industrial Development Process Simulation and Optimisati

- Techniques
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Process snmulatlon is a simple
and helpful tool...

.. that may help in solving
problems connected to the
enwronmental |mpact

Sustainable Industrial Development Process Simulation and Optimisation

Techniques
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- Industrial Applications of Process
Simulation: Counter-current Separation
Units
Alberto Bertucco

Istitsto & Impiont Chamic « University of Padava - Traly
165 UNIDO Ared SGence Park Tneste

bebo @ polachi.dheg.unipd. IT

Training Course on

Sustainable Industrial Development Process Simulation and Optimisation
— Technigues
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Complex Separation Units:
- Conventional and Supercritical Extraction
Alberto Bertucco
Istinnn ¢k Impiant Chimici - University of Padovie - Italy
- 1CS UNIDO Ares  Soence Park Tneste
‘bebo@polothi.chag.unipd.IT
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Agenda
& Ternary Liquid-Liquid Equilibrium (LLE) diagrams
- & Single- and mul-stage extraction devices
< Splvent Extraction of ¢-Caprolactam
4 Fluids at supercritical conditions
< Extraction with supercritical fiuids
& Potentials of dense gases in the chemical and process industry
- 4 Precipitation & crystallisation with dense gases as antisotvents
-
frmiyir b — Mabr D seow s W00 gaee 2
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bl @ or Sciumce and My Torhawhmgy
Ternary Diagram Fundamentals
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Training Course on

Sustainable Industrial Development Process Simulation and Optimisation
w Technigues
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Ternary Liquid-Liquid Equilibrium
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Single Stage Unit (mixer-settler)
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Training Course on
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- Countercurrent Extraction Column
-
-
L ]
E ]
- el e
Block Diagram of an Extraction Process
- Feed: A+B Extract: A(+€)
o |
L ' 1
§
- Extractor ; Separator !
O e
{ | sovent:§ | S
- Raffinate: B(+S) Energy: @
Atmospbheric pressure everywhere
frrmieymi-ti— Asbat D Sepenne 00 ee §
-
£ _J
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Sieve Tray Extraction Column
-
Temnary system (at least):
<+ component of interest
- % solvent 1
& extraction solvent
- Two phases:
< heavy (pesante)
& light (leggera) A ]
]
—— i
-
Training Course on

Sustainable Industrial Development Process Simulation and Optimisation
o Techniques




& extractive distillation
joier - — r— wj

Extraction versus Distillation Operations

Advantages (Pros)
¢ easier separation (higher selectivity)
€ separation of azectropic mudures
& less energy required
Disadvantages (Cons)
€ an extra-component needed
< much lower plate efficiency
4 distillation required downstream

Two operations in-between:
4 azeotropic distillation

Training Course on

Sustainable Industrial Development Process Simulation and Optimisation

Technigues




Contents

s Capacity and selectivity

m Stage processes

m  Continuous contact processes

» Distillation columns

s Absorption and stripping columns

s Degrees-of-freedom analysis

» Example: simulation of tray distillation columns
= Simple example with a Process Simulator

Rabat - 20 Septernber 2000 incustrial separ ition operations t

Our aim: SIMULATION, not design

= Start from the real world (an existing plant)

= Make a plant scheme of the section of interest by
means of a process simulator

= Get field data of plant operation
= Try to reproduce the actual operating conditions
s Make necessary adjustments

= When it works, use the ‘calibrated’ model t> make
virtual experiments on the real plant

= Do this for both steady-state and dynamic
situations

Rabat - 20 Septamber 2000 industrial saps stion operstions 2

Actual organic solvent dehydrification plant




Capacity

(equilibrium ratio) Ki= y /xi
Selectivity
(volatility)
Sij= K/K;
Rabet - 20 September 2000 industrial separetion operations 4

Vapor-Liquid Equilibria of Binary Systems

T = cost 1 % = cost
: A T
n LIQUIDO T VAPORE
¥
ol 3 rugiads

x hoila’

LIQUIDO Y N
° Xy i ° Xy !
n
T
FRabet - 20 September 2000 Industrial separstion operstions 5

Vapor-Liquid Equilibria of Binary Systems

. ' o |

. )7
/’—\\ y
® @ W e A ’ o2 o4 x oe O3

Systern: acetone-chloroform at n=1 atm

Rabat - 20 Septaraber 2000 industrist separation operstions &
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Single stage operation (Flash, mixer-settler,..)

Va=pA
=
.,
A . A
v
L =(1-¢)A
yp %
¥
=1 {
X
¢ t g ¥
Rabat - 20 Seplember 2000 industrial separation operations 7

Multiple contact
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Multiple partial condensation
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Multiple partial vaporisation

Rabat - 20 Septamber 2000 Industrial separt tion operations §

The idea of muitistage distiliation
e

Bk,
Bl g

rectifying section

R )
a

stripping section
Yo T e W Y
X
S8 & B
oA A
S R N T
Rabet - 20 September 2000 Industrial sepat stion oparations 9




The tray as the contact stage

Downcomer —»
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The distillation column: a stack of trays

Material Balances (McCabe hypothesis)
A=D+R
D=v-L
R=L" -V’
L'=L+(1 -p)A
V=V'+ pA
Az,=Dxp +Rxg
Vy=Lx+Dx
V'y=L'x =Rxg

Energy Balances (McCabe hypothesis)

QC=AV
Q=rV’
Q. =Q +Ax

Industrial separation operations 11

Operating variables in a distillation column

s Composition of products Xg » Xp

D=A (z, = xgM(xp — Xg)
R=A (xp -2, )/(xp — Xg)

s Reflux ratio r=L/D
Qc:'. (r+1)2D
Q= (r+1)2.D — pAA

s Number of contact stages N, N’

N= f(r, xp, Xg)
N'= £ (1, xp, %g)

s ldeal stage assumption Y =K x

Rabat - 20 September 2000 iInchstrisl separstion oparstions 12




Operating limits and optimum point

At given xp, X!

r— o N+N’ - min
r=ro. N+N’ > e
T
£
D
Total costs C versus r
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Ideality and reality in a Mcabe-Thiele diagram

Plate efficiency: ! ]
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A schematic of a real tray distillation column

Ve(r+1)D

LsrD
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Distillation column with two liquid phases
Binary system with miscibility gap:
w Liquid-liquid equilibria
» Liquid-liquid-vapor equilibria

R =cost
N
T N
Tll
e el _xglt T
i, )
o xy — 1
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Distillation column with two liquid phases

Liquid-liquid phase splitter

Rabet - 20 September 2000 industria! separation operations 17

Actual organic solvent dehydrification plant

NOTE:

NOT ONLY COLUMNS,
BUT ALSO TANKS,
VALVES, PUMPS AND
HEAT EXCHANGERS

Rabet - 20 September 2000 industrial ssparstion operations 13




Absorption and Stripping tray columns

Ternary system (at least):

» inert gas (GAS)

= inert liquid (OLIO)

= component B to be exchanged

Rabat - 20 Seplember 2000 Industris! sspara jon operations 1%

Continuous contact processes
(for distillation, absorption, stripping)

In stage columns the contact between the gas
and the liquid phases occurs on the tray.
The exchange area depends on the hydrodynamics

In continuous contact units:

Packings are used rather than trays
the gas and liquid phases flow countercurrently
the liquid forms a film on the packing

the exchange area can be very high if a prcper
design of the packing is adopted (structured
packings)

Rabet - 20 September 2000 Industris| ssparation operations 20

Continuous contact processes
(for distillation, absorption, stripping)

The material balance around a packing section:
_ G J‘Yout dy
kga A Hn Y = Yitace

Z = packing height

a = specific packing exchange area (wetted)
G = gas flow rate

kg = gas-side mass transfer coefficient

Rabat - 20 September 2000 Industrial separation aperstions 21




Continuous contact processes
(for distillation, absorption, stripping)

The material balance at a given section:
G(y_ yin) = L(X —'Xout)
From the steady-state assumption on mass fluxes:
- El_ — Y ~ Yitace
k, X-X

o] itace

NOTE: The gas and liquid compositions at the interface
are always assumed at equilibrium: y,, = K Xy,

Rabat - 20 September 2000 Industrial separation operations 22

A popular equation for continuous
contact processes (simplified)

Z =NTU,xHTU,

NTUg _ You dy
© e y—yiface
HTU, = -3
k,aA

Sketch of an absorption packed column

,J:‘>/demistu

distributore

NOTE: puflsp -~

the liquid and gas

distribution through NV A ridistibutore

the packed bed is

essential for ensuring p.u grighia

efficient mass transfer, -7

e.g. to achieve separation

LK
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Capacity of tray columns

= Lower operating limit:
weeping point

= Upper operating limit: n{
flooding point '{

= correct operation: gas b
velocity between 40%
and B0% of the
flooding value
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Capacity of tray columns
Fair piot for the calculation of gas flooding velocity
as a function of loading factor F, =L/V (p,/ py)°*
02
H=09m L]
0.4= 03 T~
i — 03 S Y
Kosso2 ~ T
ms'- 01 \ J\‘k\%t§
AN
! } §
0.0) i
0.0} 0.1 Flv 1 2
Vo= Knn Ky K, Ky K, (0 / py)05 (sieve trays)
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Capacity of random packed columns
(&S
L ] ©) L)) °
o3
Eckert plot:
L8]
fiooding and loading :
as a function of F,, X - il
. = \
K= K{pg 018t 15 Yy Cy) h
parameteric in pressure A
drop per unit height il N
ool oy F 10

[
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Capacity of structured packed columns
Kister and Gill method:
tlooding and loading as a function of F,,

03

T 1 NN
oadal 13T ] ]
N : {
Y I IR
Y= Y(pﬂ D1 1s Ve Cr) * :""g \r\ :
tiooding and loading . TS ;
as a function of F,, g ey ‘
. T =N
parameteric in pressure _ H1T : "p\\\%
drop per unit height i1 IR IRENIIR:
o LI san oI
om o3 Flv [
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How can tray efficiency be calculated?
1t depends on mass transfer, liquid entrainment, ...
Different methods, rough estimation anyway
(average error: + 30%)
= examples: AIChE method, o’Connor plots,...
5
ul:l!)l ool ol 1 w0 100 400 ¢
mMu /e,
a) by
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How can packing height be calculated?
About NTU:
= just perform a numerical integration
About HTU:
= It depends on mass transfer and hydrodynamics
s Ditferent methods, rough estimation anyway
(average error: + 50%)
= examples:
Bolles and Fair method (random packings)
Bravo method (structured packings)
proprietary methods
Rabet - 20 Septermnber 2000 industris| separetion operations 30
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What is provided by popular Process Simulators?

About tray columns:

= Many methods for the design and rating of tray
diameter

a the possibility for the user to provide plate
efficiency values

About packed columns:

= many methods for the design and rating of column
diameter

s no methods for calculating the column height
{except for RATEFRACS®)

s common use of the concept
HETP=height equivalent of a theroretical plate

which is indeed an old and misleading approach
Rabat - 20 September 2000 industrial saparation operetions 3%

What is needed to simulate correctly
complex separation units ?

s a suitable phase equilibrium model (CRLCIAL)

s accurate values of the equilibrium model
parameter (CRUCIAL)

= tray or packing geometric information (OBVIOUS)

= non-equilibrium information (IMPORTANT, but can
be adjusted on plant operation data)

NOTE and REMEMBER:

in steady-state simulations, column holdups have no
relevance, except for reactive separations

Rabat - 20 September 2000 Industrial seqiaration operstions 32

Degrees-of-freedom analysis

m  Number of independent variables:
N=N, - N,
New=ZN,+N,- N,

\3 La
‘J }-& .

= Simpie elements: N { -8

a)N,=2Nc+6 V.J ) IL. v lL

a) b)

b)N,=Nc+4 % l‘v

c)N;=Nc+3
d)NINs =|T}~-~°~r %1
= NC+ L i

e

<) L‘ &
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Degrees-of-freedom analysis

» Series of Np theoretical stages:

ZNz=(2Nc+6)Np

N,=1 !
N =2 (Nc+2) (Np-1)

= N,u=2(Nc+Np)+5 n

s Absorber:
Vapor feed: Nc¢ + 2 variables
Liquid feed: N¢ + 2 variables v L

pressure and heat on each stage:
2 Np variables

number of plates: 1 variable = Nym=0 -

Rabat - 20 Saptember 2000 Industrial seperation eperstions 34

Degrees-of-freedom analysis

Lr Ly

A
o » o
7T Vo

Complete distillation column:
Z N=9Nc+2(Npe+Nps)+26; N, ,=8(Nc+2);N, =0
== N, = Nc + 2 (Npe + Nps) + 10

Pressure on each stage: Npe+Nps+3 variables
Heat duty on each stage: Npe+Nps+1 variables
Feed: Nc + 2 variables =N, ,.=4

Rebet - 20 Seplember 2000 Industrial seperation operstions 35

Degrees-of-freedom analysis

= Which approach? Design or simulation?

:> Process Simulators use the second one

n  Three cases:

1. Columns with both condenser and reboiler
(distillation towers, extraction with top and bottom
recycles)

2. Columns with no condenser nor reboiler
(absorption and sripping columns without reflux)

3. Columns in-between cases 1 and 2

Rabat - 20 September 2000 Indusiriel seperstion operstions 3




Degrees-of-freedom analysis:
application to simulations

1. Distillation towers, extraction with top and bottom
recycles:

2 degrees of freedom

2. Absorption and sripping columns without reflux:

1 degree of freedom

3. Columns in-between cases 1 and 2: it depends

NOTE: Process Simulators always provide the correct
degrees-of-freedom analysis

Rabat - 20 Septembaer 2000 industrisl sepsraion operations 37

Simulation of a distillation column

s we usually have:

feed: assigned )'@
et
pressures: assigned Lo D
heat duty: no dispersions
Npe, Nps: assigned A
—b—e]
= Nyn=2
v [
—D—
s for example: ©H
vari=L L1
var2 = V' R
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Simulation of a tray distillation column
1 1
/N
oL , o
i W YN
\ F"Nai0 NN
o4 o
2) b)
02 oz
1 12 14 ity 12 2 02 L s L) )
LA LA
V'/IA=2 V'IA=1

Effect of reflux on separation of an ideal binary mixture
at two different values of V'/A.

Relative volatility=2, 2,=0.6 and ¢,=0
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Simple example with a Process Simulator:
Optimizing steam consumption for solvent
recovery

= Goal
s recovery of methylene chioride from waste

= Simulation
=« calculation of the steam consumption
s identification of the optimum conditions

n  Results

= savings in steam usage realized without any major
process or equipment changes

Rabat - 20 Seplember 2000 industrial sepsretion operations 40

_Process Flowsheet

Rabet - 20 September 2000 industrial separation operstions 41

Bottom flash1 versus primary steam feed rate

Sensitivity STM2FLO Results Summary

[=———0——PPM MECL BOT1

8000 8000 10000 12000
VARY 1 STEAM1 MIXED TOTAL MA SSFLOW LB/HR
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Bottom flash2 versus primary steam feed rate

§ Sensitivity STM2FLO Results Summary
I "
[——0———PPM MECL BOT2
g
g
g
§
i 5

6000 8000 1 12000
VARY 1 STEAM1 MIXED TOTAL MA SSFLOW LBHR
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Bottom flash2 versus secondary steam feed rate

Sensitivity STM2FLO Resuts Summary

[——0——~crPunEC. BOT2

|
i
|
?

H —
BO0O 8000 10000 12000 14000
VARY 1 STEAM2 MIXED TOTAL MA SSFLOW LE/MR
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Summary of Results

The distribution of steam consumption between
the two towers has an important effect on the
removal of Methylene Chioride

The minimum amount of steam required to meet
emission specifications (150 ppm) is found
by optimization

Total steam (Ib/h):
15,680 from sensitivity on flash1
14,870 from sensitivity on flash2
13,055 from global optimization

Rabat - 20 Seplember 2000 Industriai sepa-ation operstions 4§
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Solvent Extraction
of ¢-Caprolactam

Process Simulator Analysis of the Extraction Section
of the production plant PR 16-19 at P.to Marghera

A. Bertucco®, T. Carron®, M. Salvato?, P. Volped
rIstituto di Impianti Chimici, Universita di Padova
vDirezione reparto PR 16-18, EniCherm, Porto Marghera
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Scope and Significance

s Current search for the substitution of bznzene as
the solvent in the caprolactam extractior process

» Need to find out a solvent compatible with the
existing plant and production (plant revamping)

s Liquid-liquid equilibrium data required to allow
quantitative evaluation of alternatives

s Assessment of possible alternatives through
process simulation

» Importance of tuning the Process Simulator to
represent correctly operation of the existing plant

Rabat, 20 September 2000 Complex separation units 2

Sustainable technology

“Sustainable development is the mean; of
imp:‘-ov}i'ng the quality of hun;m ’I|ifc while living
with the ¢ ing c ity of the supporti
ecosystems”™ KJWEP;”C i "
“Sustainability in Chemical Engineering means a
continuous effort to protect and improve
ecosystems, social balance and econoinic
prosperity by a systematic and integral
improvement of environmental protection, raw
material exploitation, e efficienzy, safety,
and health protection in all kinds of material
conversion processes and material preduction”
(EFCE definition)

In the case considered, there is no technical
reason to substitute benzene, and no economic
reason to change, other than the fact that the
existing process might not be sustainable

Rabat, 20 Saptember 2000 Comple « separaton units 3




How to assess sustainability?
Looking for a new process and/or a different solvent
Quantitatively evaluating the new alternatives and

comparing them with the existing process from both
the technical and economical viewpoints

Therefore:

Accurate process simulation of the existing plant
+
Knowledge of phase equilibria with alternative solvents

Technical and economical feasibility

Rabet, 20 Sepiamber 2000 Comphen separaton unis &

The process basics

s Caprolactam (CPL)fr'odu:ed by the Beckmann reaction
(rearrangement) of cyclohexanone oxime. Ammonium
sulphate (SA) and water (H,0) are by-products

w CPL is recovered through solvent extraction: benzene
(BZ) is used, with SA as salting-out agent

[ CPLBZ+(H,OP(SA)
T H,0+SA+CPLI(EZ)

BZ ) CPL+SA+H,0

s Ternary and quaternary systems are involved, in the
presence of water, organics and electrolytes

= Two lay-outs of the extraction plant can be considered

Rabet, 20 September 2000 Compiex separstion unis §

The process:
the extraction section of the caprolactam
production plant
— H20 PL
Beck ‘
products ;
l \ i J
Org Ph
Aqu Ph J
=
H20+SA
Rebat, 20 Saptember 2000 Complex separation unts §




Ternary LLE data with different solvents

s CPL distribution coefficient:

X crvorg

K., =
cr Xereaco

a  CPL-to-water selectivity:

Ken,

Kuo

a=

» Comparison between benzene, n-heptano! and
toluene at 40°C

= Temperature enhances the distribution coefficient
(less solvent needed) but lowers the selectivity
(more water carried in the organic phase)

Rabet, 20 September 2000 Carmpie « separation unite 7

Ternary LLE data with different solvents

- e TOLUENE Capacity:
e BENZENE EPT > BZ > TOL

xcPL
'5 .
b3
E -
Selectivity: I
TOL > BZ >> EPT xen.
Fabat, 20 Sepiember 2000 Compie s separation units B

Salt effects on ternary LLE diagrams: at 40 °C

« EPTanolo  vernary system
L]

TOLUENE
BENZENE

Quaternary system:
30% w/w of SA

Rabet, 20 September 2000




Process Simulation with toluene

s Process Simulator: AspenPlus® rel 10.1
s Thermodynamic model: ELECNRTL (Chen et al., 1982)
s Simulation units: Radfrac, Flash3, Sep3

u  Regression of ELECNRTL binary parameters:
e CPL-H,0, TOL-CPL and TOL-H,O from measured
data of the ternary system TOL-CPL-H,0

» CPL-SA and H,0-SA from literature data of the
ternary system H,0-CPL-SA

¢ TOL-SA from measured data of the quaternary
system TOL-CPL-H,0-SA

Rabet, 20 Saptember 2000 Compiax saparston unts 10

The extraction section as represented by the
process simulator

n  See overheads

Aabet, 20 September 2000 Complax separaton uns 11

Ternary and Quaternary LLE calculations
= Very good correlation of ternary LLE data

s Quaternary system: the thermodynamic model is not
able to account for salt distribution between phases

Agqueous Phase
CPL H20 TOL SA
exp. 1,25 63,69 0 34,4
cal. 122 63,67 0,03 26,63
Organic phase
CPL. H20 TOL SA
exp. 1891 148 8025 072
cal. 18,94 1,51 8022 843
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Quaternary LLE calculations

= At high SA and CPL concentrations the model
predicts a wrong CPL distribution between phases

Rabat, 20 Septemnber 2000 Complex separation uniis 13

Simulation results of the extraction section

kgh | %wiw | kgh | Gowiw
TOP 8R1

with TOL with BZ
SA [} 0,00 00 0,00
CPL 14709 1657 15292 (52905 17.03
TOL/BZ 73006 8223 72968 (73004)] 8131
H20 1063 1,20 1257 (J490) 1,56
TOTAL 88778 100 89517 (89784) 100

BOTTOM 8R2

with TOL with BZ
SA 22259 32,66 22260 (22260)| 33 14
CPL 630 0,92 59 (6]) 0.9
TOL/BZ 30 0,05 66 (29) 04
H20 45237 66,37 45049 (44816)] 6673
TOTAL 68156 100 67434 (67166) 100

Rabat, 20 September 2000 Complex separation uns 14

Simulation results of the extraction section

»  The simulation is able to represent correctly the

operation of the existing plant (figures in izalics)
m At given temperature and feed flow rates, using

toluene instead of benzene resultsin:

» Less CPL out of 8R1 (top)

= Less H,0 out of 8R1 (top)

s More CPL out of 8R2 (bottom)

Rabet, 20 September 2000 Complex separsbon units 15




Effect of temperature on the extractor 8R1

i TOP ] BOTTOM
ke/h | 40°C ° 60°C | 40°C | 60°C
H-0 = 498 121 . 10412 10789

|
TOL | 71904 | 73397 | 5112 | 3619
CPL | 9091 | 11945 | 20630 | 17776
SA | 0 | 0 | 113 | 173

= At 60°C more CPL is recovered from the top

Rabat, 20 September 2000 Complex separanon uns 18

Effect of the solvent-to-feed flow rate ratio

NN
Y8 pod 140 Wby

kg CPL testa 8R1

ARARARA

®  With TOL, 99.7% of the CPL enferi;g the overall
extraction section can be recovered (TOL/CPL of 8.0)

w  Inthe case of BZ the same recovery is presently
obtained with much a lower ratio (BZ/CPL=47)

Rabet, 20 Septernber 2000 Compiex separaton unts 17

Conclusions for Caprolactam Extraction

s Inorder to assess the possibility of substituting
benzene as the extraction solvent in caprolactam
production it is essential to use a process simulator

s To achieve quantitative results the model
parameters must be tuned on reliable LLE data

s the subsitution of Benzene with Toluene as the
extracting solvent was easily evaluated by using
the Process Simulator

s Useful results were obtained even if the presently
best available thermodynamic model is still
insufficient to deal with this type of mixtures

Rabat, 20 September 2000 Compiex sepasation unts 18




Conclusions for Caprolactam Extraction
It was found that:

s Toluene can be used as an alternative, provided
higher values of the operating temperature and of
the TOL/CPL ratio are adopted

n  Toluene reduces the water content in the
caprolactam-rich outlet stream, that is the cost of
downstream caproloctam dehydrification

s Due to the higher solvent flow rates most of the
existing plant has to be re-designed

Rabat, 20 Saptember 2000 Comple:: separation units 19
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How? (How is it useful?)

* As an extraction solvent

@ as an antisolvent
# as a reaction medium

Smarnatet Jesen oot

2 O oz wite,

“Fluids at Supercritical Conditions (SFCs)
“'What? (What is it?)

-4 A fluid above its critical temperature

4 A fluid above its critical pressure

‘# ... but not too much
: Why? (Why should be used?)

+ It is a wonderful solvent
# It is a dean solvent

# It allows to develop new
processes and products

Radet 17 Suotembe- 2000 - ue §
s el

T O DO TNy
SFCs: basic properties
Density dependence T
upon pressure and Tt A TOB
temperature oy
+ high compressibility 20t | o ]
+ high expansion | | | /
coefficient . 1 H
Q}Q. } i (]
10 | } cp J
. af ] |
Critical constants { ! I| 58
* Xenor. T =17°C, P =57 bar | 1
& FEthane T =9°C, P=50 bar : /

10 100

Density, viscosity and diffusion coefficien:

4 liquid-like density
+ gas-like viscosity

* CO,T=31.06°C,P=7381bar O o
L
—
Snamanaive nartost Drestspmant Rat 17 ! eptynoe 2000 - tide 7
D TR R e
SFCs: basic properties
aste density p viscosity n Difl. coefL..D PT
kg o3 P3P cml g}
™ 06 1 3] Tum Tyy
2 Ix10? 04
supercritical 200 1x10? 07x103 ST P,
500 3x10?
dense gas 400 Ix102 01x10% >T,. 4P,
900 9x10?
Baid 00 02 02x10% Org. solvent
1600 ] 2x10% Vum Ty

% intermediate diffusion coefficient

e el sivenarened

Training Course on

Sustainable Industrial Development Process Simulation and Optimisation

Techniques
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Solvent behavior of SCFs
/ . » —c In general:
=1 4 very low solubility
'; 4 crossover pressure
i e
H. s
.
T o )
S umn peny
e — / o Y
System CO,-ferrocene - ' A ke
# correlation with PR EOS o300 ¥/ .
» - = e
eyl Prousi®® BaD oo 700 wee s
e B R S s Vi
Solvent behavior of SCFs

« they behave as liquid solvents, but with lower capacity
and selectivity performances

# the key variable is the fluid density: §=p* exp [—B— + C]
&+ Solubility depends also on the solute: T

P

P e
+ EF=enhancement factor

4 Note: the values of
solubility are very low 1004

#

¥

Bokobity 10 ° mot dm'

c
ta 0at 0B0 DM CEC OS OO OTF 060 OB 0RO

Tomng Zape 00 Denety. g o’

s esctriet D tarmay Race 17 Secterbe 700C - e 5

e A

] T O R R Ve
Solvent behavior of SCFs:
_ binary mixtures
" System CO,- DMSO (Dimethyisulphoxide): VLE at 298 K
4+ solubility of the dense gas in the liquid: from 0 to 100%
4 solubility of the dense gas in a polymer: still high

¢ solubility of the heavy ~ 7°
component in the vapor: ®
less than 1 part over 1,000 3o

« homogeneous mixture 24
(i.e. supercritical) at low *~ %0
pressure (reasonably) 2

Py ot

Training Course on

Sustainable Industrial Development Process Simulation and Optimisation

Techniques
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_Block Diagram of a SFE Process

D O TR SN i

f
Feed: A+B Extrac: A
— |
| ‘[-—
I
Extractor ] Separator
| _
Solvent: CO
Raffinate: B \
— | Energy: Q@
High Pressure l Low Pressure
oty het R ez 17 Seoremoer 200C - suoe 7

n ) T B O S LS it
Supercritical Fluid Extraction (SFE)
_as a Unit Operation

Advantages (Pros)
& easier recovery of extracts
4 solvent-free products

+ less energy required (?) Disadve es (Cons)

+ very low capacity

# lower selectivity

# high pressure equipment needed
+ solvent recycle imperative

When SFE can be applied:
«+ very high value products
« safety and health requirements

Ty Conetn a2

R

Sartmen inair Drmatemnant Kabar 17 Septmmier 2000 - woe §
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Examples of industrial applications of SFE

caffeine from coffee grains (1977)
hops extracts (1980)

nicotine from tobacco (1982)
essential oils and aromas (1983)

;i:seng (1995)

Training Course on

Sustainable Industrial Development Process Simulation and Opnimisation

Techniques
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Examples of industrial applications of SFE:
pharmaceuticals (last 5/6 years)

- Antiprosthatic from Serernoa repens seeds
- Taxol from tree bark

- Octasanol from sugar cane

- EPA from fish oil (now also fractionation)
- Bioactive principles from Calendula

- Bioflavons from Gimkobiloba

# ';._!.\ s - 0t "
987 65 'R SRR ONH S T oy

Industrial applications of SFE to
pharmaceuticals: please note!

- SCFs are poor solvents of most relevant substances

- SCFs are good solvents of common organic solvents

- SCFs are not selective either as good or poar solvents

- Capacity/selectivity are improved by adding cosolvents

- For pharmaceuticals cosolvents are not welcome

- Relatively high pressure needed: expensive plants,
risky operation (non-engineers pressure scare)

#-7eh = . 1 -
&5 @ !g;nsmat!%%er e,

Potentials of dense gases in chemical processes:
non-extractive applications of SFCs
" - Fractionation of liquid mixtures.
- Reactions in supercritical solvents
- precipitation and micronisation techniques
- Impregnation
- Purification and cleaning
- Cromatography with supercritical eluent

Training Course on

Sustainable Industrial Development Process Simulation and Optimisation
Techniques
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_Supercritical CO, as a reaction solvent
"7 Advantages (Pros)
& enhancement of reactant and product solubilities in the
phase where reaction occurs
4 increase of chemical reaction rate (especially very close to
the critical point)
4 reduction of mass transport limitations and of catalyst
deactivation for heterogeneously catalysed reactions
4 possibility to make continuous the widely used bztch
processes, with CO, acting as mass and energy carrier:
thus improving productivity and process controllability
Disadvantages (Cons)
4 elevated pressures required (above z00 bar)
< multiphase systems and reactors
S 4 low solubility of reactants

Semtoreptor Jmtvears fresiseet Rabst 1 Semtambe 2000 - shoe 17
e e et
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Solvent behavior of SCFs:
binary mixtures
System CO,- DMSO (Dimethyisulphoxide):
liquid volume expansion at 298 K

+ Volume expansion depends on the solubility of the dense gas
in the liquid

« Itis a function of 0 L

temperature ; %0 f'
4 Its value can be as L™ »

high as 1,000%! g

40
4 An impartant equation: §
v-v"_v(H x]l i
(el A W Bl
v v 1-x 0% B % © % W

P, ber

Sumaats Dot Dot . o
Kabe' | Secuermoe- 200C - poe }
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Precipitation by a supercritical antisolvent (SAS)

Step I make an organic solution of your solute

Step 2. apply pressure with CO,

Step 3 CO, dissolves in the solution and changes the
solvent characteristics: the solute precipitates completely
Step 4. wash out the mixed solvent mixture

Step 5. purify the solid by supercritical CO,

Training Course on

Sustainable Industrial Develop t Process Simulation and Optimisation
Techniques
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A scheme of the SAS process (batch)
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A scheme of the apparatus for SAS
(semicontinuos)
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SAS process with CO,: micronization of
. a biocompatible polymer

’ e B S.E.M. picture
s M (bar=1 um, x10,000)

" S
Particle size distribution *{
a) SAS technique ‘1 [ ‘ ,
b) conventional technique o R

o
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Supercntlcal CO, as an antisolvent

Advantages (Pros)
# relatively low operating pressure (engineers)
+ complete recovery of the solute as a solid product in a
single stage
+ relatively low CO, consumption
+ possibility of tuning the product morphology and
cristallinity (micronisation)
Disadvantages (Cons)
@ organic solvent to be eliminated from he final
product
< very high operating pressure (non-engineers)
< difficulty to change established processes

Tmssey Coster a8
St Inate’ Devmant Reba 13 Sorember 2000 wte 19
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Opinions about the future of SCFs

Philosophers
4 Ten years ago:
“Supercritical Fluids must offer better resutts with respect to
existing technologies; it is important not to use the solvent scare to
promote their applications” (Val Krukonis)
+ Today:
 the issue is the search for clean, natural tech wologies,
i.e. sustainable technologies
2 another major issue is saving our life environment,
reducing the need of poliuting materials
= the market is more and more oriented towards ““natural®
products, with low environmenta! impact
4 In next years:
= the above issues will be enforced
= near critical /supercritical €O, is likely to become: an
alternate solvent for many existing production:;

vy Coneme o8
Sammnai Srtrel Domaspareant Rabwe 17 ¥ eptamper 200C - woe 2C
—

T B IR R oo
Conclusions from the engineering
. Viewpoint (pharmaceutical applications)

: & The development of pharmaceutical technologies working with

! supercritical CO, must be based on the most favourable properties of
SCFs, in view of obtaining truly new and valuabie products

i % Present potentials:

extraction of natural bicactive principies

controtied drug defivery system production

development of biocompatible products

useofCO,asapmmmn

newdmuczlsymissnsupamlco,
sterilization

+ To achieve an industrial level R is essential to assess both the technicat
and the economical feasibility (promoting 3 process just because it is
based on supercritical CO, is not enough)

@ The problem of high pressure in the production plants is a fictitious
problem

Ty Coun o=
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Agenda
& Commercial process simulators
- & A few tips before starting with simulations
 Production of Propylene Oxide in @ Reactive distiflation cclumn
¢ Feed Change Analysis in a Oil Refinery Plant
« Off-gas Packed Column Reactive Absorber
k]
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-
Leading Commercial Process Simulators
-
AspenPlus, AspenDynamics. \argely used
Process, ProlE first one; largely used
- Hysym, Hysys. well integrated, first for dynamics
) Chemcad. special unit operations
£
E_}
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Characteristics of a good Process Simulator

s Flowsheet: suitable graphic interfaces

s Components: large and accurate databases

s Unit Operations. reliabie modeis

»  Streams any type (multiphase, solids, electrolytes...)

s Properties: up-to-date models

»  General user friendly (and fool proof)

n  Robustness: high against user’s mistakes

w  Convergence fast and safe to the correct solution

s Accessories. equipment design, economics, sensitivity
analysis, optimisation

= Flexibility: linkable to user’s routines

Rabat, 21 September 2000 Indus nal case siudies a 1

What a Process Simulator can and canriot do
mn  Basic 1: apply the degree-of-freedom anzlysis
un  Basic 2 write & solve material+energy balances
m  Special sensitivity analysis and optimisation
HOWEVER
= no equipment design nor momentum halances
= models of some important units missing

= convergence not sufficient for meaningful
results

= a Process Simulator is a tool: it cannot:
interpret results

Rabat, 21 September 2000 Industnal case studies a 2

Potentials of Process Simulation
in the Chemical Industry

= Representing correctly plant operations

»  Developing the process (revamping, upgrading,...),
by makmg virtual experiments on a real plant

»  Advanced: operator training (regular and safety)
= Advanced: on-line process operation and control

»  Advanced: development of alternative,
environmentally friendly processes

TIPS FOR A SUCCESSFUL SIMULATION:

n verify thermodynamic and kinetic data reliability
= select suitable property models and parameters

n calibrate simulation results on pilot plant runs
Rabst, 21 Septembaer 2000 Indust wal case studies & 3




Cautions in using a Process Simulator:
it is a nonsense ...

m  to run a Process Simulator without an accurate
selection of the property models

m to select a good property model without knowing
the value of its parameters

s to use predictive models anyway; one good
experimental property datum is always better

... and note that
n  The GIGO (garbage in gospel out) approach must

be avoided
mn  The best available model might not be the best
choice
Rabat, 21 September 2000 Industnal case atuches a 4

Production of
Propylene Oxide
/in a Reactive
distiflation column

A Process Simulator Analysis of an Industrial
Reactive Distillation Column

A. Bertucco* , F. Bezzo*, M. Barolo?, A. Fodin®

aJstituto o Impiant Chimici, Universitd df Padova
*Centro Ricerche EniChem, Porto Marghera

Rabat, 21 September 2000 indusinal case studies & §

Why a “reactive” distillation column?

1. Production of Propylene Oxide (PO) in a liquid
alkaline phase (saponification)

2 CH,-CHOH-CH,Cl + Ca{OH), © 2CH,-CHOCH, + CaCl, + 2H,0
chiorirydrine Ca hydroxide PO Ca chioride

2. Separation of PO from the reactive solution

CH,-CHOCH, + H,0 o CH,-CHOH-CH,OM (to avoid!)
o Propylens Giycol

In a “reactive * column both operations
can be achieved simultaneously

Rabat, 21 September 2000 Industnal case studies a §




The plant section considered

flowsheet modeled by Aspen Plus

Rabat, 21 September 2000 Industnal case studies a 7

Thermodynamics

* Main components:
1. water (H20)

2. propylene chlorhydrine (PCH)

3. propylene oxide (PO)

4. dichloropropane (DCP) @

5. dichloro- #propylether (DCIPE)

6. propylene glycol (GLY)

7. calcium chioride (CACL) e Y ey dueto
8. calcium hydroxide (CAOH) »  water

» organic compounds
of different polarity

»  electrolytes / salts

Rabst, 21 September 2000 Indusinal case studies & 8

Thermodynamics

u  Electrolytes

= model! by Chen et al. (1982; 1986), implemented
through module ELECNRTL of Aspen Plus

= Non-electrolytes
» NRTL by Renon and Prausnitz (1968)
w  Salting-out effect:

= the change in the activity coefficient is calculated as a
function of the CaCl, concentration, according to
Carra et al, (1979)

Rabat, 21 September 2000 indusinal case studies a 9




Chemical kinetics

» Model proposed by Carra et al. (1979)
r; =k, [PCH] (PO production)
ry=(k, + k,, [OH 1) [PO] (GLY production)

» Both reactions occur in the liquid phase
» The production of PO is much faster than

the GLY formation
» High residence times lead to the formation of by-
products
Rabat, 21 Seplamber 2000 industnal case stuches 8 10

Process Simulation

Column : diameter: 2.75 m
13 2-downcomer trays, feed on the 11th (from bottom)
Murphree efficiency: 0.4
operating pressure: low vacuum

o Column feed:

P =

e et RS

Rabat. 21 September 2000 Industnal case stuches a 11

Process Simulation

s The reactions considered may occur also in the static
mixer and in the feed pipe:

About 60%
of PCH
reacts
before
entering the
column

Rebet. 21 Septamber 2000 Inchustnal case studes a 12




Process Simulation

s Comparison with experimental data from the
plant (stream PRODOTTO):

L1

The agreement with test-run data is satisfactory

Rabat, 21 September 2000 Industrial case studies a 13

Column simulation

a Internal liquid flow rates (“scaled” values)

top 13 M T ]
" Belo tray no.
3 ] 5the PO
E , ] proauction is
= ligible
£ —s—GLY ; negrg:
= —o— PO 4
3 —O—
PCH no GLY can be
bottom? —
0 10 20 30 40 50 60 70 formed
mass flow rate
Rabal, 21 September 2000 Industna: case studies 8 14

Effect of the stripping steam fiow rate

= Normalised production of / in the stream j:

—a— The production
of glycol /s
strongly
affected by the

\\ steam flow rate

value

Rabet, 21 September 2000 Industrizi case studies 8 15




Effect of chlorhydrine temperature

1. The production of
PO is not
influenced by

= the energy

input to the
column

2. The effect on the
by-product is
indeed
remarkable

Rabat, 21 Ssptember 2000 industnal case studias a 18

Increasing the column capacity

s In the base case (reference conditions), the column is
operated around 50% of flooding; therefore, the feed flow
rate can be increased

~ >

» The /joad may be increased as much as 50%!
o The production of GLY decreases!!

Rabat, 21 September 2000 industna’ case studies a 17

Conclusions for the Reactive Column

»  The Process Simulator is able to reproduce the plant
steady-state operating conditions with good accuracy

= A large extent of reaction occurs before entering the

column

s The PO production is essentially not affected by operating
conditions

= The GLY production heavily dpends on the energy input to
the column

s The feed flow rate can be increased, with no change for
the PO production; the GLY formation is reduced

Rabat, 21 September 2000 Indusnai cane futkes 2 13




Solvent Extraction
of e-Caprolactam

Process Simulator Analysis of the Extraction Section
of the production plant PR 16-19 at P.to Marghera

A. Bertucco* , T. Canrons, M, Salvator, P. Volped

»[stituto o Impianti Chimici, Universitd di Padova
tDirezione reparto PR 16-18, EniChem, Porto Marghera

Rabat, 21 September 2000 Incustrial :ase sudies a 19




Feed Change Analysis in
a Oil Refinery Plant

Steady-state and Dynamic Simulation of the Topping
Section of the I.E.S. Refinery in Mantova

C. Vianefio®, A. Bertucco® , S. Frignanis, G. Persit
*stituto di Impianti Chimi, Universitd of Padove
*Raffineria ltaliana Energia Servizi, Mantova

Rabet, 21 Seplamber 2000 Industriat case studies b 1

The problem

s  Frequent changes of feed due to erratic trend of
the oil market

w Need of ensuring quality of required products
anyway, by using oil mixtures

m  Goal to reduce non-production time during changes

s Demand for better training of plant operators,
especially under emergency conditions

= Improved scenarios about the plant safety with
respect to the surrounding environment

Rabat, 21 Septamber 2000 industna case studes b 2

The Topping section of the Refinery

Heod vaper ]
Pramp arvand return sirvame

= 5
5 [ essree [ mzzm [ o o £ E}g
e i F

§

Pump aronnd draws t

Bettoms
Reflas el
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Process Simulator requirements

Complex thermodynamics of the system (very
many hydrocarbons, water, gases)

Robust covergence for both the column and the
nested loops of heat exchangers

Perfect reproduction of steady-state operation

Accurate description of operation under
transient conditions

Rabst, 27 September 2000 industnal case stuces b 4

The tools

T.B.P. curves from the chemical analysis lab
Plant data of steady-state operation

Plant data of transient operation during the
change of the feed

A suitable process simulator for both types of
situations

A smart student to run the simulator

Rabat 73 September 2000 ingustnal case stuchan b §

The simulation procedure

Check that the thermodynamic model matches
the experimental T.B.P. curves

Retrieve data from the plant operating both at
steady-state conditions (test-run 1) and during a
feed change (test-run 2)

Use a suitable process simulator (HYSYS®)

Reproduce temperature values and profiles in all
points of the topping section

Rabet, 21 Seplember 2000 Industnal case studies b §




Resuits: thermodynamic model

%0
650 1 am— Genersiad cusve
30 1 ° points J
450 f
E as0
~ Mp“’
25 f—
150 /
$0
-30 [
o 020 0 40 S0 60 MW B0 %0 100
% Weight

73% iranian Heavy / 27% Syrian Light oil mixture

Rabat, 21 September 2000 industrial c:ase siudies b 7

Results: steady-state simulation

T - Kerosene (ASTM D86)

© Esermrma pons

Te
°

Heavy naphtha  wi——r———rr77
(ASTM D1160) -

Rabat, 21 September 2000 industrisl case studes b §

Results: steady-state simulation

tray T simulated; T plant

CO O
Top 164.5 159
Kerosene withdrawal 2109 203
Upper pumparound 2412 ¢ 241
Light naphtha withdrawal 2938 | 299
Lower pump d 3239 | 328
Heavy naphtha withdrawal 3476 358
Bottom 3659 | 310

Comparison between simulated and
experimental temperatures on trays

Rabet, 21 Saptember 2000 Industrial case studies b §




Results: dynamic simulation

Heavy naphtha withdrawal ~ _
Lower pumparound —— 1 1|
oo 5
Light naphtha withdrawal —— =%
¢
'; 200
Upper pumparound ___| >
:
Kerosene withdrawal — o -
Top . m[L]
w2
Temperatures o e e i e e 2 e e
of column trays -
Rabat, 21 Septermber 2000 Industnal case studea b 10

Results: dynamic simulation

T 1 e
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.v 4 .
NEE N =10
< 1 i \/ T s
& TTTTTYT — 2
e = H
Jas enunis 7]
‘s 52 L, .I ,1 ‘ ‘} : — :3 ‘
; =
; i,L - RN 1
== ol 8
. N annn O,
Transients of NEERE NN
product flow rates  © " " T TR IED T e
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Results: dynamic simulation

a0

Heavy naphtha —

T T T

f S S

30

Light naphtha /':

00

<)

2%

kerosene ~"

220

200

gasoline ™
\ %0

© e L )
Product cut po”']ts ® 30 &0 90 120 150 180 210 248 270 300 30 360 390 420 450 I8

after a feed change o
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Results: dynamic simulation

" I
s /]ﬂ Top vapor temperuure |
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/ N
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Results: dynamic simulation
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Conclusions for the oil refinery topping section
m  the thermodynamic model of the simulator is
suitabie for treating crude oil mixtures

= the simulator reproduces well steady-state
operation: it is possible to predict product quality
with different oil mixtures in the feed

= the simulator is checked under transient condition:

= itis possible to minimize the time iost between
two subsequent productions

= it can be used for training of operators

= the plant behavior in emergency situatiors can
be figured out (loss prevention)

Rabat, 21 September 2000 Industnal case studies b 15




Off-gas Packed Column
Reactive Absorber

Steady-state and Dynamic Process Simulator Analysis
of an Absorption Column of Carbonyl Chlcride
M. Barolo®, A. Bertuccor , L. Gallos, A. Forlin®
s Istituto di Impianti Chimic, Universitd di Padove
tDirezione reparto PR 16-19, EniChem, Porto Marghera

Rabet, 21 September 2000 Indusiriyl case stuches ¢ 1

The problem

s COC!, content in an off-gas to be reduced
below 0.02 ppm (TLV) in emergency operations

= Packed absorption tower to be used

s Liquid absorbent: NaOH solution (recirculated)
COCI, + 4 NaOH = Na,CO,+ 2 NaCl + H,0

a Parallel reaction: COCI, + H,0 = CO, + HCI
» Reactive absorption transient operatior

Rabsat, 21 September 2000 Industnal case studves ¢ 2

The industrial column

»

Rabat, 21 Saptember 2000 Industiial case studme ¢ 3




Process Simulator requirements

m  Complex thermodynamics of the system
(electrolytes, water, organic compounds, gases)

a Equilibrium-based or rate-based model ?
s Thermodynamic model parameter values

= Kinetic parameter values:
- chemical kinetics

- mass-transport coefficients

Rabet, 21 September 2000 industrial case studies ¢ 4

Is there a Process Simulator suitable
to deal with this problem?

= Most of them use the equilibrium stage approach
=  Only RATEFRAC® has a rate-based model
s RATEFRAC® was unable to converge

wm RATEFRAC? is not available for dynamic
operation simulations

u  Equilibrium stage approach with HETP to be used

Rabst. 21 Sapternber 2000 Industnal case stuches ¢ §

The simulation procedure

= Retrieve and/or correlate thermodynamic model
parameters

s Measure HTU in a lab-scale column operating at
steady-state conditions

s Calculate HETP and simulate the lab-scale
column with AspenPlus® (stage approach) to
tune the kinetic parameter Ky

= Scale HETP and K,y up to the industrial level

m  Use Aspen Dynamics® to represent the real plant

Rabat, 21 September 2008 Indusinal cass stuches ¢ &




The lab-scale column

Rabat, 21 September 2000 Industrial zase stuces c 7

Results
s Measures of Yoo 2 in VAP stream as a function
of concentration and flow rate of both off-gas and
NaOH solution
= Values of the effective reaction constants K4
for COCl,

L3
neutralization: by
= ~
" D
: {y-vovien . s \
. S O d
. A |
O & W % X 28 MW W 40 45 © B W
% vol COC2
Rabat, 21 September 2000 Industna case siudes ¢ 3

Results (continued)
... and for HC! formation: o
K‘lf)na =(K'!)wa. ‘Dcoa .

= evaluation of HETP and Ky for the industrial

plant: @)
ae (HETP),, = (HErP),,(ELfL]
(k) = (k) ;:- ng (“r‘lr)' B
1 it = \R1 g (EL_) E{Tﬁ *
a. ).

Rabet, 21 Seplember 2000 Industriil case studees ¢ 9




Lab-scale column simulation results

m  COCI, composition profiles in
the vapor phase:

Suage  COQL; [ppmvol] COQY; [ppm mess}

1 75 270
2 340 1200
3 1550 5500
4 7010 24600
5 30900 104000
Rabat, 21 September 2000 Industnal case sludes ¢ 10

Industrial column simulation results

= Temperature profiles:

Industrial column simulation results
s Composition profiles:

45007
4 00E-07

350E07 T Va0

150607 \
\

5.006-08
N

ol o sl detefpdeteledebojodafofrdasobdead

012345678 % 1011121314151617181520 21
tempo {min)
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Conclusions for off-gas absorber

a A reactive absorption problem under dynamic
conditions was addressed

= an insufficient process simulator was adapted
to treat the problem of interest

= the values of parameters were adjusted to phase
equilibrium literature data and lab-scale absorption
measurements

s the scale-up of these values to the industrial plant
scale allowed predictive calculations

m it was shown that the abatment of the undesired
compound is well below the safety limits

Rebat, 21 September 2000 Industnal :ase studmes ¢ 13

General Conclusions

The operation and optimization of industrial plants
can be easily tackied by Process Simulators, BUT:

= the values of parameters required by the Process
Simulator must be accurate, i.e. consistent w th
experimental data

= among other properties, it is of paroamount importance
to represent correctly both the equilibrium behavior
and the reaction rates

m  without a careful check of how these properties are
evaluated, process simulation and optimization is a
nonsense and a waste of time

a  Process Simulators allow to perform virtua/ experiments
on rea/ production plants

n  Process Simulators allow to perform feasibility analysis
of newly proposed processes

Rabat, 21 Septemnber 2000 Indusirial case studwes ¢ 14
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Fundamentals of process

dynamics and control
- Part I -

Dr. Massimiliano Barolo
Istituto di Impianti Chimici
Universitd di Padova

Italy

ICS-UNIDO Training Course on

De : Process Simulation and Optimization Techniq
(Rabat, Morocco, 18-22 September, 2000)

Objectives of the lectures

At the end of the two lectures, you are

expected to:

- know the basics of dynamic behavior of (simple)
linear systems

~ understand the role of process models in control
system design

v'controller tuning
v feedforward control
- apply and tune conventional PID controllers for
simple processes
- understand the advantages of cascade control

Agenda for Part I

« Objectives and jargon of process control

* Process modeling
- first principles
- empirical process modeling

« Dynamics of linear systems
- first- and second-order processes
- time-delay processes
- inverse-response systems




Operation of processing units

» Process units must be operpted safely
- away from y dangerous

Process smulation

either t ors or to the
nvir the ipmen
* Spec Sustainable |\ Exvironmen
maintal Developmen; || Simlation
-thea rodud %o ed is
dictat
rocess Control
» Process qgu must be
maintained

- out-of-spec products need to be re-processed

The task of a process control system

® Monitoring certain variables that indicate
process conditions at any time
(measurements)

@ Making rational decisions regarding what
corrective action is needed (current state vs,
desired state)

®Inducing changes in the appropriate
process variables to improve process
conditions (valves to manipulate)

Motivating example: level control

ﬁ * The inlet flow comes

from an upstream
process, and may
- change with time

* The level in the tank
Flow ot must be kept

Fr—""
—Q_ constant in spite of

theses changes

If the outlet flow is simply set equal to the inlet flow,
the tank may overflow or run empty (because of flow
measurement errors)




Introducing a level controlier

The level controller
(LC) looks at the
level (monitoring)

- . o .. o If the leval starts to
' increase, the LC
s sends a signal to
the output valve to
vary the output flow
(change)

This is the essence of feedback control

Feedback control

o It is the most important and widely used
control strategy
e It is a closed-loop control strategy

Block diagram

Back to level control




More on control jargon

o Input variables : independently stimulate the
system; they can induce change in the intermal
conditions of the process

— manipulated (or control) variables u; m -» at our disposal
~ disturbance variables d — we cannot do anything on them

» Output variables : measurements y, by which one
obtains information about the internal state of the
system (e.g. temperature, level, viscosity, refractive index)

* States: minimum set x of variables essentials for
completely describing the intemal condition of a
process (e.g. composition, holdup, enthalpy)

Process dynamics

« Given a dynamic model of the process, it
investigates the process response to various

input changes
Two elements are necessary:

* a dynamic mode/ of the process
* a known forcing function

Step input Puise input
—e ey
time b tme

Process models: Why?

» To improve the understanding of the process
(whenever possible, avoid using the plant)

e To train plant operating personnel
(teach them how to face standard and abnorma! situations)

» To design the control strategy for a new
ProCess (select which output should be controfied by which input)

» To select the controller settings

(get reasonable tuning with computer simulations; then refine it on field)
¢ To design the control law

(if possible, use a process mode! directly within the control iaw)

» To optimize the process operating conditions
(2 steady state mode is often sufficent)




Process models: Which?

« We will consider only two classes of dynamic
process models
- state-space models
- input-output models

&~ State-space models can be derived directly from the
general conservation equation:

Accumulation = (Inlet - Outlet) +
(Generation — Consumption)

They are written in terms of differential equations
relating process states to time = They oc:ur in the
"time domain”

Process models : Which? (conra)

&= Input-output models completely disregard the process
states. They only give a relationship between process
inputs and process oulputs = They occur in the
“Laplace domain”

State-space model ﬁ Input-output rmodel

d:(r’) = SOadin) Y(s) = G()U (s)

states

y = h(x) U(s) Y(s)

—] (riny —
N oot

G (s) is called fransfr function
of the process

Linear systems

e In the time domain, a linear system is
modeled by a linear differential equation.

» For example, a linear, /M -order system is:
Our assurnptions:

d"y aly dy ~ the coeficients of the
Ay =4 Gy |~ .t @ ==+ agy = bu(t)  differentinl equations
dr di dr are constant
- the output yis equal
m to the state x

» The Laplace-domain representation is possible only
for linear (or linearized) systems

* We will assume that the process behavior in the
vicinity of the steady state is linear




TP—(§+y K u(t)

[, OEPIIEN S ST NN )

First-order systems

Time-domain model Laplace-domain mode/

» K, is the process steady state gain (x canbe >0 or <0)

* T, is the process time constant (tis aways >0)

Transfer function of a first-order system: G(s) = +1
TpS

output, y —

nput, U —

Response of first-order systems

» We only consider the response to a step
forcing function of amplitude A

The time-domain
response is:

Y= AK,|1-e ™ |

4

It takes ~ 45 time
constants for the
process to reach the
new steady state

Determining the process gain

* An open-loop test can be performed starting

from the reference steady state:
- step the input to the process
—record the time profile of the measured output till

a new steady state is approached
— check if this profile resembles y(1) = AK (1-¢™'*")
- if so, calculate K, as:

K’=yn‘.~°M _-_(A(OUYPU‘)} The gain is &

ueady siate

T A(input) dimensional fgure

&= The process gain can be extracted from
Ssteady state information only




Determining the time constant

» From the same open-loop test:
— determine T, graphically (note: it has the dimension of time)

You need dynamic
information to
determine the process
time constant

Extracting the values of
K, and 1, from process
data is known as
process identification

An alternative approach

- » State the identification task as an optimization
problem:

— given a first-order model, find the K, and tp values that
allow the model to best-fit the experimental data

» You will need a computer package to perform the
fitting (e.g. Control Station™, Matlab™)

o It is better to step up and down the manipulzted
input several times to capture the “true” dynamic
behavior of the process

¢ Never trust on the “raw” fitting results only! Always
judge the resuits by superimposing the fitted curve

"* to the process one

An alternative approach (conra)

Example using Control Station™




Extension to nonlinear systems

» Strictly speaking, the gain and time constant
are independent of the operating steady state
for linear systems only

o If a true (i.e. nonlinear) system is being
considered, the excitation sequence must be
such that the process is not moved too far
away from the nominal steady state

finear nonlinear
A ¥ Y
K pinens = Au K p resinens = W

any sicady flalc notihal sieady siate

Further remarks

“Slow” and “fast” processes

By p RIS

ncreases with

new steady state

Pure time-delay systems

v Plug fiow

v Incompressible
fluid

* Many real systems do not
react /mmediately to
excitation (as first order
systems instead do)

» The time needed to

“transport” a fluid property

change from the inlet to the

outlet is:

6, = L geadtimeor

v time delay

« Examples: transportation lags (e.g. due to pipe length, to

recycle, ...); measurement fags (e.g. gaschromatographs)




Pure time-delay systems (conts)

» The process output is

yt] simply shifted by 65 units
recordedoupee 1N UiME with respect to
the input
N T
— o Models

o Time domain :
[ r<9
o y(r) = g

0
(\- (r 8,), 1286,
Applied input
[ 7

e Laplace domain .
o time Y(s) =
U@s)

output ——

input ———

FOPDT systems

The dynamic
behavior of
many real
- R X . ) Systems can

' be
appioximated
as First Order
Plus Dead
Tire (FOPDT)

0 time

Modeling a FOPDT system

« The behavior of a pure time-delay system is
simply superimposed to that of a first-crder
system

d t
g( )+y(i) Kou(t-9,) <:> Time domain
K, e’e”
G(s)=—tS
() e (::> Laplace domain
» Approximating a real system as a FOPC'T

linear system is extremely important for
controlier design and tuning




Second-order systems

2 9
» Time-domain representation: & 5+a S +ay=bun)

,d¥y
T —+201
dr? ¢

dy

—=+y=Ku(t
i y=Ku(@)

 Laplace-domain representation:

Y(s) _ K

UGs) Ts*+20ts+1

K = process gain
T = natural period

Y(s) _ K € = damping

Ul(s) - (s +1)1.s+1)

coefficient

Underdamped systems

Open-loop
response to
a input step
disturbance

!

ool
0 2 4 6 8 10 12 14 16 18 20
tlt
Overdamped systems

18 - - -

16}

:; 1 Open-loop
g0 response to
< osl a input step

osf disturbance

04}

02
0.0

0 2 4 6 8 1012 14 16 18 20

t/t
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Effect of the damping coefficient

¢ The value of

¢ completely determines the

degree of oscillation in a process response after
a perturbation

{>1:
0<{<1:

{<0:

overdamped, sluggish response
underdamped, oscillating response
(the damping is attenuated as { decreases)

unstable system
(the oscillation amplitude grows indefinitely)

The importance of 2"d-order systems

» Control systems are often designed so that the
controlled (i.e., closed-loop) process responds as an

underdamped

“EJ\/

second-order system

ACLA &Y

o = -
o O N
—r

controlled variable
[
)

o9
o N
—

Y

oesired vajue

5 10 15 20 25 30
time units

Inverse-response systems

input and output

r—— v r T e There is an

4 initial inversion
___________ 1 in the response:
the process
stars moving
aweay from its

4 ultirsate value

1 * The process
output
evertually heads
in the direction

vanable

;;me —_— of the final
steedy state

11



Inverse-response systems (contd)

 Inverse response is the net result of two
i)opposing dynamic modes of ii)different
magnitudes, operating on iii)different time
scales

- the faster mode has a small magnitude and is
responsible for the initial, "wrong way”
response

- the slower mode has a larger magnitude and is
responsible for the long-term, dominant
response

Laplace-domain representation

Y(s) __ K(t;s+D)
U(s) (ts+D(1,5+1)

e 7, is called /ead time, and in general it may
be >0 or <0

« However, a requirement for inverse response
ist, <0

Is this only theory?

Example process: drum boiler

Disturbance :
step increase in
the cold feedwater

K3 flowrate
Cold feedwater Output :
Hot medium level in the boiler

» In the long run, the level is expected to increase, because we
have increased the feed material without changing the heat
supply

* But immediately after the cold water has been increased, a
drop in the drum liquid temperature is observed, which causes
the bubbles to collapse and the observed level to reduce

12



Summary of Part I

« The need for a control system
» Devising process models:

- time-domain

- Laplace domain

+ Dynamic behavior of linear systems:

— first order

- dead time

~first order plus dead time (FOPDT)
- second order

- inverse response

13



Fundamentals of process

dynamics and control
- Part Il -

Dr. Massimiliano Barolo
Istituto di Impianti Chimici
Universita i Padova

Italy

ICS-UNIDC Training Course on
Industrial Develop 2 Process Simulation and Optimization Techniques
(Rabat, Moroceo, 18-22 September, 2000)

Agenda for Part I1

« Conventional feedback control
- examples of simple controlled systems
- on-off, P, P1 & PID controliers
- tuning and performance evaluation

» Improved control schemes
— cascade control
- feedforward control
e Multivariable systems
- controller pairing and loop interaction

Feedback control

» The process information () is fed back to the
controller

» The objective is to reduce the error signal to
zero, where the error is defined as:

= set point (ta h
€)=y, ()= y(0) Vo7 P Gt olee)

disturbaice
comparator manipulated
Yo abi y
——"g:ﬂ_“""_ﬂ}'__"[ process }--——p
set-point
T
1

| Shhbtiistiand




The typical control problems

® Regulatory control

- the task is to counteract the effect of external
. disturbances in order to maintain the output at
its constant set-point (disturbance rejection)

@Servo control

- the objective is to cause the output to track
the changing set-point

In both cases, one or more variables are
manipulated by the control system

Material balance control # 1

Liquid holdup control
(level control)

If the level /tends to

decrease, the error

(#15, = h) increases

« The controller sends a
signal to the control valve
actuator

o The flow out is increased

e The level in the tank

decreases

Material balance control # 1 (conta)

» The controller’s job is to enforce the total
mass balance around the tank, in order to
have neither accumulation nor depletion of
liquid matter inside the tank

rate of mass out = rate of mass in
set by the controller ~_ unknown to the controller

@ The equality is enforced by the controller
regardless of the value of the level set-point




Material balance control # 2

Gas holdup control
(pressure control)

Gas flow out » If the pressure P tends
to increase, the error
(Py — P) dicreases

* The controler sends a
signal to the control

valve actua:or
* The flow ot is
increased
The pressure controlier maintains the .
mass balance in the drum by * g:‘\fr:;eescsr(g:sgme
matching the flow out of the drum to

the total mass fiow into the drum

Heat transfer control #1

Control of a process stream cooler

o If the temperature 7" of
the exiting process
stream increases, the
error (7, — T) decreases
The coolant flow is
increased by tne
controller

The exit temperature of
the process fiow
decreases

Heat transfer control # 2

Condenser control
» The heat of condensation is transferred at a relatively
uniform temperature = the temperature is nota good
indicator of the heat transfer rate

« The pressure of the
condensing vapors is used
as the controlied variable

¢ If the rate of heat transfer
decreases, less vapor is
condensed, ard the
stream pressure increases

T * The controller increases

rocess sensensete out the coolant ficw rate




The task of a process control system

once more...

@ Monitoring certain variables that indicate process
conditions at any time (measurements)

Q@Making rational decisions regarding what
corrective action is needed (current state vs.
desired state)

@Indudng changes in the appropriate process
variables to improve process conditions (valves to
manipulate)

According to what rationale does a
feedback control system work?

On-off control: the simplest one

» The control variable is manipulated according to:

The final control element is either

U, . fez0 .
u(t)= X completely open/maximum, or
o - fE<0 completely closed/minimum
b Widely used as
thermostat in

domestic neating
systems,
refrigerators, ...; also
in noncritical
industrial applic'ns
(some ievel and
heating loops)

Summary for on-off control

© Advantages
—simple & easy to design
- inexpensive
— easily accepted among operators
@ Pitfalls
- not effective for “"good” set-point control (the
controfled variable cycles)

- produce wear on the final control element (it
can be attenuated by a large dead band, at the
expense of a loss of performance)




Proportional (P) controllers

« The control variable is manipulated
according to:
. T Ly is the controller bias

cel) K, is the controller gain

iz o

The controller gain can be adjusted (“tunec’”) to
make the manipulated variable changes as
sensitive as desired to the deviations between
set-point and controlied variable

The sign of K can be chosen to make the
controller output vincrease or decrease as the
error increases

P-only controllers

() =uo + K e(t)

The bias  is the value of the controller output
which, in manual mode, causes the measured
process variable to maintain steady state at. the
design level of operation (e (¢ )=0) when the
process disturbances are at their expected values

The bias value is assigned at the controller design
level, and remains fixed once the controller is put
in automatic

u=u,=const : atthe nominalsteady stite

P-only controllers (cont'd)

CIOECALI0
What if the disturbance level changes during the process?

¢ The manipulated input v must change to
guarantee that the process stays at steady state,

i.e. u#u, -

» A steady state error e # 0 must be enforced by
the P-only controller to keep the process at
steady state: u,, =u,+ K e(1) # u,

X

A P-only controller cannot remove ofi-set




Performance of P-only controllers

Response to a disturbance step change

no controt

(K=0) "+ whatever the value of
K. , the offset is
reduced with respect to
open-loop operation

o Increasing K.
~ the offset is reduced

~ the system may
osciliate

LABAN M 2ae oy

/ ~ the process resp

[ . N is speeded up

[ En;\.;;-, « Although the open-loop

r response may be 1%

T order, the dlosed-loop
time —— one is not

controlled variable ——
X: o,

Summary for P-only control

© Advantages
- conceptually simple
— easy to tune (a single parameter is needed, A;
the bias is determined from steady state
information)

® Pitfalls

~ cannot remove off-set (off-set is enforced by the
controlled)

PI controllers
P=Proportional , I=Integral

* The P controller cannot remove off-set because
the only way to change the controller bias during
non-nominal operations is to cause ez 0

» The rationale behind a PI controller is to set the
“actual” bias different from «, , thus letting the
error be zero

» The control variable is manipulated according to:

7 : U is the controller bias

Kis the controller gain

T,is the integral time
(also called reset time)




PI controllers {cont'd)

i

» Note that until e # 0, the manipulated input
keeps on changing because of the presence
of the integral term

¢ The change in v (¢) will stop only when

e=0
>

The integral action can eliminate off-set

controlled variable

Performance of PI controllers

Response to a disturbance step change: effet of K¢

open-ioop * The offiet is eliminated
=0 » Increasng K :

N

~ the process response
is speeded up

- the system may
oscil ate

CAUTION
For large
virlves of the
controlier

gain, the

cosed-loop

response may
be unstable !

controlled variable —

Performance of PI controllers (contd)

Response to a disturbance step change: effect of v

T * Increasng T, :

~ osciliations are
damoened

- the process response
is made more sluggish

LAuIoN
Fir small

A= O vlas of the
- / seipoirt  integral time,
the closed-

kop response
" may be
time w——— unstabie 1




Summary for PI control

© Advantages
- steady state off-set can be eliminated
- the process response can be considerably
speeded up with respect to open-loop
® Pitfalls
- tuning is harder (two parameters must be
specified, K-and 1))
— the process response becomes oscillatory; bad
tuning may even lead to instability
— the integral action may "saturate”

PID controliers
P=Proportional , I=Integral , D=Derivative

* ;) If the error if increasing very rapidly, a large
deviation from the setpoint may arise in a short
time. i) Sluggish processes tend to cycle

» The rationale behind derivative action is to
anticipate the future behavior of the error signal
by considering its rate of change

» The control variable is manipulated according to:

' 1 < t)
u(r):u,,+K{e(r)+-;7{e(t)dt+'rp ;’(r)]

OenvatIve CDON CONCTY00N

Tpis called derivative time

controlled variable —

Performance of PID controllers

Response to a disturbance step change

no derivative action s Increasing Ty :
r':ﬁo - the oscilations caused
by the integral action

are dampened
~ the process response

is Speeded up




Beware measurement noise !

» The derivative action requires derivation of the output
measurement y with respect to time:

de_dG, -y If the measured
dr dr output is noisy,

l r controlied variabie its time derivative

3 may be large,
WW\IV\W‘J\’\I\’V"‘/M and this causes

the manipulated

e . variable to be
+100% . ot & % subject to abrupt
+50% | changes =
Yo s . 3
H it
oPiin g;;’;,’:x\, "y ia g f P i \‘{*J Altenuate or
-sms.““d\"\'w RV VVRR suppress the
100% A s, Oerivative action
1S e

Summary for PID control

© Advantages
~ oscillations can be dampened with respect to P} control

® Pitfalls
- tuning is harder than PI (three parameters must be
specified, K-, 7; and tp)
- the derivative action may amplify measurement noise
= potential wear on the final contro! element
® Use of derivative action

- avoid using the D action when the controtled vz riable
has a noisy measure or when the process is not:
sluggish (8, /1, <0.5)

Controller selection recommendations

o When steady state offsets can be tolerated,
use a P controller (many liquid level loops are
on P control)

* When offset cannot be tolerated, use a PI
controller (a large proportion of feedback loops
in a typical plant are under PI control)

* When it is important to compensate for
some natural sluggishness in the system,
and the process signal are relatively noise-
free, use a PID controller




Direct & reverse acting controllers

* Most times, the final control element is a

pneumatically-driven valve

- air-to-open valves (also called fail-dlosed): as the
controller output signal increases, the valve opens
further

- air-to-close valves (also called fail-open): as the
controller output signal increases, the valve closes
further

Process gain Air-to-open valve Air-to-close valve

Positve direct acting PID reverse acting PID

Negative reverse acting PID diract acting PID

Performance assessment
(set-point tracking problem)

controllod wriable ...

° — 55—~ t =risetime
s 14r f , t, = time to first peak . .
8 1.2} /& : t, = settiing time A “good”
_; 1 . ) s decay ratio
B 1.0\ —/ e is1/4
] 0.8 ! (“quarter
T . _ amplitude”
S osl ’ S alb= ovevshoot' decay)
b f c/a = decay ratio
% 0.4 | P = period of osciliation
E 0.2
S
[ 0.0 . ' L i . " L L
0-°°5 10 ¢ 15 20 25 30
time units
Performance indexes
IAE = [le(n)|ds : intearal of the absolute value of error
]

* The controller’s tuning
parameters (K; 1;; possibly
15 ) are chosen such that IAE
is minimized

* Semi-empirical formulae can
be derived based on a FOPDT
open-loop identification

o The optimal controller’s
settings for joad disturbance
rejection are different from
those for set-point tracking

10



Tuning guidelines

* Fit a FOPDT model to the process data obtained
by step (or pulse) changes in the manipulated
variable

- the process must begin at the nominal steady state

- the sampling rate should be at least ten times faster
than the process time constant

~ the measured variable should be forced to move at
least ten times the noise band

Determine initia/ values for K-, 7, (and possibly

7, ) from suggested correlations

* Never ever trust blindly on these settings. Always
refine the tuning on-field

Tuning correlations for PI control
(based on FOPDT open-loop identification)

A u

IMC for balanced set T Note
point tracking and K. (8, +1,) T * ';!:'xmw
disturbance rejection -‘:m(gd.l‘;.))

0.586
minimum ITAE for 2 (0, 15, )y°™
,

— T
set point tracking 1.03 - 0.165(68, /¢, %

minimum ITAE for 0.839 o, 11,y Ty
disturbance rejection x, ' 0.674(0, 711, ™

ITAE = jt]e(x)l dr : integral of the time-weighted absolute
° value of error

Controller tuning can be performed automatically using
the “Design Tools” module of Contro/ Station™

A disadvantage of feedback control

» In conventional feedback control the corrective
action for disturbances does not begin until after
the controlled variable deviates from the set point

@ If either the cold oil

flow rate or the

cold oil temperature

change, the

. controlier may do a

good job in keeping

the hot oil -

ool gas — 4k > hotell  temperature at the

stack gas

coid olt

setpoirt
What if the pressure of the fue/ gas changes?

11



Cascade control # 1

The performance can
be improved because
the fuel control vaive
will be adjusted as
soon as the change in
supply pressure is
hotoll  detected

coid oif

« Two control loops are nested within each other:
the master controlier and the sfave controller
— the output signal of the master (primary) controller
serves as the set point of the slave (secondary)
controller

Cascade control # 1

! feean "1+ The TC may reject
! \ satisfactorily
i disturbances such as
reactant feed 7 and
composition
Cosiing o If the T of the cooling
oter . water increases, it
slowly incraases the
reactor 7
» The TC action may be
i delayed by dynamic
i Products out lags in the jacket and
in the reactor
Cascade control #1  (contd)
Feed i» The performance can
be improved because
\, the cooling water rate
will be adjusted as
soon as a change in
the jacket temperature
o is detected
e in —

i This keeps the heat
removal rate at a
constant leve!, and the
reactor temperature is
less affected by the
unknown disturbance




Tuning a cascade loop

1 Begin with both the master and the slave
controllers in manual

2 Tune the slave (inner) loop for set-point tracking
first (the tuning guidelines presented before can be used)

3 Close the slave loop, and adjust the tuning on line
to ensure good performance

4 Leaving the inner loop closed, tune the master

loop for disturbance rejection (the tuning guidelines
presented before can be used)

5 Close the master loop, and adjust the tuning on
line to ensure good performance

A P-only controller is often sufficient for the slave loop

Summary on cascade control

© It is used to improve the dynamic response of the
process to oad disturbances

© It is particularly useful when the disturbances are
associated with the manipulated variable or when
the final control element exhibits nonlinear
behavior

® The disturbances to be rejected must be withinthe
inner loop

© The inner loop must respond much more quickly
than the outer loop

® Two controllers must be tuned

Feedforward control

Yo

* Basic idea : measure a disturbance variable before
it enters the process, and immediately take he
corrective action that avoids the process to e
upset

» In contrast : a feedback controlier does not take a
corrective action until arter the disturbance has
upset the process and generated an error signal

2N I s

u y i u y
feedback § 2 feedforwd
controlier process I I > i ’Immmller process I >

feedback control feedforward control
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Example of feedforward control

Control objective
Use flow D to control the distillate
distillate  composition y in spite of disturbances in F
D;y and z. Measurements of y and x are not
available

—

feed Steady state mass balances:
Fi;z F=D+B  _ , pz-x
Fz=Dy+Bx y—x

If the distiliate and bottoms compositions
are not available:

1-x required contro! law based
z on pure feedforward
Yo7 e action

D=F

Disadvantages of feedfwd control

» The disturbance must be measured on-line

» At /east a crude model of the process is
needed (it is necessary to know how o affects )

« If the process model is not perfect, off-set
will always result, because the controlled
variable is not measured

« The controller may be derived theoretically,
but it may not be realizable in practice

Feedfwd control with feedbck trim

» A feedback trim ca be used to compensate
for modeling errors and unmeasured

disturbances (feedback control does not need a process
model and can remove off-set)

14



Multivariable systems

» Thus far, Single-Input Single-Output ($ISO)
systems have been considered

» Most processes are characterized by Multiple
Inputs and Multiple Outputs (MIMO)

O
The input/output pairing problem arises

Which input variable should be used in
controlling which output variable?

A 2x2 MIMO system

’A ?
" Product
F; x

Z ———1 The proslem of
H o, o>l x, intera_cg’gn’/

Process interactions may induce undesirable interactions
between control loops

* When controt loop 1 adjusts v, to keep y at its setpoint, it
upsets the output ,

Control loop 2 reacts by manipulating ¢, , thus perturbing
¥, and causing control ioop 1 to react

A 2x2 MIMO system (contd)

¢ Because of loop coupling, the control loops may
“fight” against each other

« The "best” pairing is the one that keeps loop
interaction to a minimum

F=F +F,
'A

x=—>4
L Product

Fix F,+F,

Case 1: x,=1
It follows that Fp>>F = Fio F and Fye x
Case 2: x,=0

It follows that Fp>>F, = Fyo F and Fie x

15



A more challenging MIMO system

- distillate composition
~ bottoms composition
- top level
- bottom ievel
- column pressure
» Available inputs:
- reflux rate
- distillate rate
- bottoms rate
- steam rate
— cooling water rate
- feed rate

* Outputs to be controlled:

Decentralized control

» Applying single-loop PID controliers to a
MIMO process is known as decentralized
control

» Because of coupling, the tuning of each loop
cannot be the same it would be in the
absence of the other loops

» In practice, loop “detuning” must be
applied

Tuning decentralized controllers

1 With the other loops on manual mode, tune each
loop independently until satisfactory performance
of the loop is obtained

2 Restore all the controliers to joint operation under
automatic control, and readjust the tuning
parameters until the overa// closed-loop
performance is satisfactory in a/ loops

» As a start, a single detuning factor £ may be
employed for all loops:
KXo = KROIF,

for the / -th control
pomo o gmoy (e o)

16



Summary of Part 11

SISO systems: conventional controllers
- the rationale behind P, PI and PID controilers
- understanding the effect of Az, 1, 5
- controller tuning
¢ SISO systems: advanced controliers
- cascade contro! and feedforward control
¢ MIMO systems: loop paring and interactions
~ controller tuning

Control Station™

e 1t is a software for process control,
analysis, tuning and training

» Developed by Prof. Doug Cooper at the
Chem. Eng. Dept. (Univ. of Connecticut,
Storrs, CT, U.S.A.)

« Information on the software at the
following Internet site:

http://www.engr.uconn.edu/control/

Useful references

» Seborg, D. E., T. F. Edgar and D. A. Mellichamp
(1989). Process Dynamics and Control, John Wiley
& Sons, New York (U.S.A.)

* Ogunnaike, B. A. and W. H. Ray (1994). Prozess
Dynamics, Modeling and Control, Oxford
University Press, New York (U.S.A.)
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For further information,
please feel free to contact me.

Dr. Massimiliano Barolo
Istituto di Impianti Chimicj, Universitd di Padova
via Marzolo, 9
I-35131 Padova PD (Italy)

phone +39 049.827.5473

fax +39 049.827.5461
email max@polochi.cheg.unipd.it
web

http://mercurio.cheg.unipd.it/impianti/profs/max/max.bhtm
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Batch distillation

Dr. Massimiliano Barolo

Istitvto di Implanti Chimicd
Universitd di Padova
Italy

ICS-UNIDO Training Course on
inable Industrial Dy : Process Simulation and Optimization Technig

(Rabat, Morocco, 18-22 September, 2000)

Agenda

» Batch processes & batch distillation
» Differential (“simple”) distillation
» Modeling of batch rectifiers
= short-cut models
= approximate models
=rigorous models
» Operation of batch rectifiers
o constant reflux ratio
= constant distillate composition
=total reflux
» Slop cut handling
¢ Alternative configurations

Batch processes

» Batch processing is advantageous
~ for the production of specialty chemicals with high
added value
- when the production cycle is organized in seasonal
campaigns
- when it is required to keep the process inventories low
o The key feature of a batch process is fexibility
- products can be “tzilored” to the customer’s d2mand
- the fast-changing market demand can be
accommodated easily
» This is achieved through an inherently dyriamic
operation of the process equipment




Batch distillation

© Advantages
- a mixture of ¥ components can be separated into ¥
products within a single piece of equipment = /ow
capital costs
- a wide variety of feeds can be separated in the same
column = high flexibility

® Drawbacks

- consumes more energy than continuous distillation =
high operating costs

- unsteady operation = Aard to understand for the
plant personnel

- large number of degrees of freedom for process
optimization = hard to understand for the plant
management

Use of batch distillation

« To separate reactants from process inventories
(raw materials)

» To separate valuable products from reaction
mixtures

» For recovering components that are used in one
of the processing steps (e.g., soivents)

» To remove undesired components from an
effluent stream

"“Simple” (differential) distillation

¢ Material balances on a
“small” time interval d¢:

Vip®Y

Q/ "

dH,=-dH,
ydH, =—-d(Hyx,)

dxg Rayleigh

Integrating: 1n—fi"— = f :
H, y-xg equation




Limitations of simple distillation

+ The following overall balances hold true:

He=Hp+H, from which x5, can
H.z=H,x,+H,%, be calculated

The heavy ;

- component cannot :
be obtained <:>
simultaneously pure

and in a large
amount

Limitations of simple distillation

» The fractionation obtained in a single batch
is not very high

» The fractions obtained usually need to be

- re-distilled in order to achieve the desired

purity
4L

® Low product recovery
® Large energy consumption




Batch rectifier

The column may be
trayed or packed

Modeling and simulation: Why?

Sustainable

Development

Simulation approaches

« Simulation of batch distillation columns can be
carried out according to three main classes of
models
® Short-cut models
@ Approximate models

@ Rigorous models

» Shifting from short-cut modeling to rigorous
modeling increases:
=the descriptive capability (ability to represent the
"physical” reality)
=>the complexity (calculation time)




® Short-cut simulation

@~ It is assumed that the liquid holdup in the
column is negligible with respect to the holdup

in the reboiler

1 The dynamic behavior is approximated by a
series of steady state operations

2 At every time instant, the simulation is carried
out with the same models used for column
design (no differential equations need to be solved)
- binary systems: McCabe-Thiele
— multicomp. systems: Fenske-Underwood-Gilliland

Short-cut simulation (cont'd)

» Advantages:
- fast calculations
- for binary operations (McCabe-Thiele diagrams), it is
possible to "see” how the operation is progressing
o Pitfalls:
- results are not very accurate
~ limited to constant-relative-volatility mixtures
o Use:
~ to guide the choice of case studies for more accurate
simulations
- preliminary studies of process design and optimization

@ Approximate simulation

@~ Liquid holdup in the column and reflux drum
explicitly accounted for

o Further hypotheses:

- constant liquid holdup
~ negligible vapor holdup L'_'> constant
- no heat balances molar rates

~ ideal trays (or Murphree stage efficiency)

- perfect mixing of liquids

- boiling feed

- total condensation with reflux at the boiling point
- constant pressure profile




Building an approximate model

1 Choose the most appropriate model for the
calculation of vapor-liquid equilibria

2 Locate the regions where liquid matter can
accumulate
3 Write down the dynamic material balances
in the absence of chemical reaction
Inlet — Outlet = Accumulation

4 Include the equilibrium relationships and
the stoichiometric equations (constraints)

Where does matter accumulate?

e The
accumulation
points are
located:

- in the reboiler

— on the trays

— in the reflux
drum

Material balances in the reboiler
Accumulation = Inlet - Outlet |

—_—
Viv,  Lixgy

« total holdup

(H,) :
B) ﬂ”—:L-—V
dr

» j-th component holdup
(HBXBJ) :




Material balances on the /th tray

| Accumulation = Inlet — Outlet [
i+l
l | » total holdup (H,)
Viyig L; Xy - constant (=L, =L, =L)
i
» j-th component holdup (Hyx;))
Viyiy Lixy
l ] d(Hx; ;)
i-1 dr = I‘xiﬂ.i +Vyi—l.1 - in,j "V}’.',/

Ne-l
j=12,..,Ne-1 ; Xy =1- Exf,k

k=1

Material balances in the reflux drum
Accumulation = Infet ~ Outlet ]

o total holdup (H,):
~constant (= V =L+ D)

Hp (perfect level control)
L., Dixp,
. 2 \5 » j-th component holdup:
Vb Lok, d(Hpx,, )
——i—li = V(Z"N,; - ID,;‘)

Neol

j=12,..., Ne-1 3 X =1‘Z"u

k=1

Equilibrium and phase constraints

» Thermodynamic equilibrium relationships:

y"'-l'=Km.ixm.j y m=B12..,N
j=12,...,Nc-1

Kis the equilibrium ratio
K, ;= f(FPT, x, ;1 ¥.,;) (eg., cakcuiated by:
’ " NRTL, UNIFAC, oS, ...)

» Phase constraint equations:
Nzt Nes)
X =1- z'xi,j P Yine =1 2)’:’,} i=B,2,..,N,D

Jj=1 Jj=l




Numerical issues

o It is required to solve a system of differential (dynamic
balances) and algebraic equations (equilibrium
relationships)

« The column holdups may be significantly different in
magnitude (reboiler holdup >> tray holdup)

« Component volatilities may be spread out in a wide

range D

» The system of equations is stiff
~ short integration steps
~ implicit integrating schemes
- calculation times possibly large

Conclusions on approximate models

e Advantages:

~ they describe the dynamic behavior with sufficient
accuracy

- no restrictions on the thermodynamic model
o Pitfalls:

- calculation times are larger than with short-cut
models

o Use:
- analysis of process feasibility and optimization
- qualitative studies on the control of the operation

® Rigorous simulation

» Used when it is required to accurately
describe the dynamics of an existing column

» They are employed for detailed studies on;
~ process feasibility and optimization
- automatic control
- evaluation of energy requirements and

fiuid dynamic limits of the available column
@& Almost all of the simplifying assumptions of

approximate models are removed




Rigorous simulation  (contd)

» Equations:
- enthalpy balances are taken into account
- tray hydraulics is accounted for
—the pressure profile is calculated {not assigned)
- heat losses are taken into account
— the external flow rates are expressed on mass or
volume basis
» Pitfalls:
- the calculation time increases considerably

- the model parameters must be accurately
determined (e.g., Murphree tray efficiency)

Parameter determination

1 Perform a test run in the plant and register

the time profile of a measurable variable (e.q.,
one or more tray temperatures)

2 Run the model several times with different
values of the parameter; save the simulated
temperature profiles

3 Choose the “best” value of the parameter

4 Use this value, and check if the model can
reproduce the time profile of another variable,
whose value is measured on the plant

B

Example: evaluating tray efficiency
RS Iy T A

Parameter to be
determined:
Murphree tray
efficiency

Variable recorded
in the plant:
temperature on
tray #12

@Q The “best” value is : E, =0.6




Reproducing other profiles

Composition
profiles Q

Operation of batch columns

» The most frequent operating procedures are
=>operation at constant reflux ratio r (with x,
varying during the operation)
=>operation at constant distillate composition x,,
(with r varying during the operation)
=>operation at total reflux
» Steps shared by all the operating procedures
=startup
= product removal (main cut)

licall
=off-cut removal (slop cut) repeated cyclically

The startup phase

e Column and holding tanks cleaned from residuals
of previous operations

» Water sent to condenser and steam to reboiler

» Vapor, released from the reboiler, rises through
the column, is condensed at the top and
accumulated in the reflux drum

» When the top level is OK, reflux returmed into the
column, and tota/ reflux operation started

» Trays filled with liquid and fractionation begins
» Operation progresses until steady state is reached
» The other two steps follow (product and slop removal}




Operation at constant reflux ratio

» Reflux ratio
r=L/D :constant

+ Slope of operating line
m=r/Kr+1): constant

» The line shifts down during
H{ the operation

_ _ e
Xg =X, Xp=xp

It is required to determine which is the refiux
ratio and what is the energy consumption

Operation at constant r : short-cut

’ — 1y fin fin
« From the overall Hey=Hg"+Hj
balance Hyz=H X+ HY xp

P

fin
and the Rayleigh equation  In?72 = J&
H, Xp = Xg

it is possible to determine the reflux ratio r.
¢ Heat consumption: dQ, =AVdi=A(r+1)dD

= Q =Ar+DH[ A = latent molar heat
; of the vapor phase

Collecting the products (r= const)

» Products are collected from
the top, sequentially

* The heaviest cut is collected
from the bottom at the end

11



Composition profiles (r=const)

¢ The concentration
“front” progressively
moves from the
bottom to the top
First, a product that
more than meet the
specifications is
obtained; then, the
dilution increases
* In this case (system
with 3 components) 2
slop-cuts are obtained

-

Final remarks (r= const)

©Operation at constant reflux ratio is easy to
accomplish

- The operation is characterized by a moving
composition front

- Switching vessels need to be provided

~ A policy for recycling slop-cuts is necessary
®1It is necessary to provide an on-line

measurement or estimation of the average

product composition (gaschromatograph;
refractive index; density; “virtual” sensors)

Operation at constant x,

a5 LG NI

“=}* Reflux ratio:
r=L/D . increases

=1» Slope of the operating line

4 m=r/(r+l) . varies
(increases) with time

:1¢ The line rotates around the

distillate specification point

&l Product specifications:

0 T
Xp =X, Xp =Xy

It is required to determine what are the reflux
ratios and what Is the energy consumption

12



Operation at constant x,, : short-cut

* Heat consumption:
dQ, =A(Vd)=AdV=A(r+1)dD
ne ~+it is necessary to

= g =\ f(r +1DdH, = correlate the reflux
0 ratio to the amount of

product collected

1 For a given s, xzis found from the McCabe-Thiele

diagram

" X,
2 From the material balances: Hy=H,—8—
XA =Xy

3 Then, ris correlated to Hpand @, can be

calculated

Accurate contro! of composition is hard, especially at
the beginning and at the end of the operation

Final remarks  (x,=const)

®Operation at constant distillate composition is
harder than operation at constant reflux ratio
- the reflux rate must be adjusted at every time
instant
- conventional controllers may not be adequate
@It is necessary to provide an an-line
measurement or estimation of the

instantaneous product composition
(gaschromatograph; refractive index; density;

 “Wirtual” sensor)

13



Operation at total reflux

» The feed charge is split between the
reboiler and the reflux drum, so as to
fulfill the material balances:

Hy=H;+H,

- spec sper
Hypz=HpxP" + H x}

» Given the product specifications,
the column must be equipped
with a minimum number of __
trays:

b )

= na X 0-xf)

Operation at total reflux: short-cut

= « Material balances give:

L2 By alid at
I-x, Hp

every time instant

Point Q on the x-axis
with abscissa a8, is
defined:

= HH

z H,

At any instant, line BD
is parallel to-the x-axis

a,~2

Operation at total reflux: short~cut

» Dynamic composition balance:
dxp,
dr

Vy—Lx=H01d’ff- = V(y-x)=H,

¢ Heat consumption:
dQ, = A(Vdr=2

HD
y-
sZ At any time, it is
dx, necessary to evaluate
= O, =AH, J y—x = the distance (y—x)
. [} between the operating
line and the diagonat

dx,
x

14



Composition profiles (total reflux)

Nominal feed
composition:

z=0.6

If the feed composition is not known accurately, one
of the products may go out of specification

Middle vessel column

The batch column is
equipped with two
sections (rectifying and
stripping), as happens
for a continuous
column

The middle vesse! "absorbs” the
uncertainties on the feed composition

Composition profiles (middie vessel)

Nominal feed
8 composition:

Both products can be obtained at the desired punty,
regardjess of the unceritainty on the feed composition

15



Final remarks (total reflux)

©1t is the easiest way to operate a batch column: a
simple level controller is sufficient

©The column always operate at its maximum
fractionating capacity

© Particularly suited when high-purity products must
be obtained

©The operation can be interrupted at any time
without loosing the separation already achieved

€ For multicomponent mixtures, it can be repeated
sequentially

€Introducing a middle vessel ensures that both
products are obtained on specification

Slop-cut handling

From a batch of # components, up to /-1 slop

cuts are obtained, which need to be reprocessed in

subsequent batches

Most frequentty employed procedure: tota/ siop

recycle

- all the slop cuts of the previous batch are combined with
fresh feed in the initial charge to the current batch

- 2 pseudo steady state is obtained after some cycles

€ Minimum tankage need to be provided

& The separation already achieved within each slop
cut is lost

Slop-cut handling (cont'd)

« An alternative procedure: Multicomponent-binary
separatior.
- only slop cuts with similar compositions are mixed
together

- the mixtures so obtained are distilled separately when a
sufficient amount has been collected

& More tankage needs to be provided

© The separation already achieved within each slop
cut is not lost

16



Alternative configurations

Batch s'ripper

» The feed is charged
to the reflux drum

¢ Products and slops
are removed from
the bottomn

* The reboiler is
smaller

> Useful when the
amount o° light
component is low

Alternative configurations

Middle-vessel column

* The feed is charged
to the middle vessel

s Products and slops
are removed
continuously

» The reboiler is small

» Useful for -ernary
mixtures and for
azeotropic mixtures

Useful references

¢ Rose, L. M. (1985). Distillation Design in Prectice,
Elsevier, Amsterdam (The Netherlands)

« Muhrer, C. A. and W. L. Luyben (1992). Batch
Distillation. In: Practical Distillation Contro/ (W. L.
Luyben, Ed.). Van Nostrand Reinhold, New York
(US.A).

o Seader, J. D. and E. J. Henley (1998). Sepaiation
Process Principles, John Wiley & Sons, New York
(US.A)

» Barolo, M. (2000). Batch Distillation. In:
Encyclopedia of Separation Science (1. D. Wilson
et al., Eds.), Academic Press, London (U.K.)
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For further information,
please feel free to contact me.

Dr. Massimiliano Barolo
Istituto di Impianti Chimici, Universita di Padova
via Marzolo, 9
1-35131 Padova PD (Italy)

phone +39 049.827.5473

fax +39 049.827.5461
mail max@polochi.cheg.unipd.it
web

http://mercurio.cheg.unipd.it/inpianti/profs/max/max.htm
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* On-line computer sugar
process monitoring
optimization

 Use of Chemical
Engineering approach for
sugar process analysis
and synthesis (System
engineering approach)

* Implementation of research
resulis at industrial scale
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A non conventional
process is that which can
not be simulated by
commercial process
simulator without adding
user model(s).

* Two types of user models:

— Thermodynamic models;
— Equipment models
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 Development of user models
needs R&D work type.

* Very often in developing
countries, no R&D work is
done by production
companies, and then process
simulation is not used.
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» Use of pseudocomponent -
concept to better -
characterize industrial -
sugar juices -

» Use of thermodynamic -
models to estimate the -
properties of sugar -
solutions E

* Development of tendenc -
models for sugar juice -
purification processes -
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-+ Modeling steady and

) transient regimes of unit
operations encountered in
- sugar factories using a
phenomenological
- approach

» Use of the preceding
models to analyze and
optimize unit operations
- separately and globally
- within sugar factories
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* All of these steps were -
realized in collaboration -
with national sugar -

factories, mainly -
SUNABEL and SURAC -

* Exploit the results
obtained in the )
preceding steps to -
optimize the whole -
factory using on-line -
computer -
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1. Adaptation of Peng-
Robinson Equation of
State (PR-EOS) for
boiling temperature an
enthalpy estimation of
industrial sugar juices,
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pseudocomponents
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Sugar o
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. Adaptation of
IQUAC-PITZER-
DEBYE-HUCKEL
(UQPDH) model for
estimation of sucrose
solubility 1in industria
sugar solutions
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3. A general reaction i
scheme 1s proposed, 1in :
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with the experimental i
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phosphate precipitation
in clarification of cane ]
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Use of the calcium

phosphate precipitation
scheme to better
understand the pre-
liming behavior of cane
juice
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4. Kinetics modeling of
coke combustion and
limestone decomposition
using thermogravimetry
analysis

14

70

> G




e
2

2

il
.

 Development of a tendency
model for the complex
reactions involved in pre- -
liming and liming of beet
sugar juice

» Use of this model to
optimization study of pre-
liming station of a national
factory
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* Modeling of evaporation -
stations using Peng- -
Robinson Equation of -
State (PR-EOS) -

* Modeling of crystallizes i
using population balance -

* Modeling of RT type i
diffusers, rotary drier, limer
, pre-limer and lime Kkiln i
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- SCAPE ( Software for
Computer Process
Engineering) is a process
simulator of sequential-
modular type conceived in
our laboratory to satisfy
engineering needs of food
and mineral industries. The
actual developments are
oriented mainly to sugar
and phosphate industries
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 Sugar losses minimization -
of RT2 type diffuser -

« Study of potential of pulp
rotary drier capacity
increase )

- boiler diagnostic of sugar
factories using data i
reconciliation technique i

» heat integration of sugar ”'
factories by Pinch ]
Technology ”
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» Batch crystallizers
optimization

* Design of a control
strategy for evaporation
station using its dynamic
mathematical model based
on PR-EOS

* Use of the same
methodology for design
control strategies for some
other stations
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