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Black-box
Modeling

Equipments or modules
are sequentially
evaluated:

Output result of a block
is the input for the next
block, with iterative
calculation for solving
recycle streams.

ex: AspenPlus, Hysys,

PRO/IIl, Chemcad, Petrox

Code developed for solving specific equipment
(chemistry and physics of the model are mixed
with the mathematics) 4




Initial Condition Initialization:

NLA System NLASolver
Dynamics Integration: ‘_

DAE System DAESolver

discontinuities

Redniialization  \Reinitialization:
LA System NLASolver

\_  Dynamic simulation  /

Open-source
Modeling Equipments contain only chemistry
and physics of the model

ex: EMSO, Ascend, Jacobian, gPROMS,
AspenDynamics, EcosimPro

Objective Function

Optimization:
NLPSolver

and Constraints
(NLP or DAOP)

'\ Dynamic Optimization 4

All equipments or modules are
simultaneously evaluated
(Block decomposition can be
used to explore sequential
solution) 5
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CAPE Tools .

«» A movement from Sequential Modular to Equation-Oriented (EO) tools is clear
+» Key advantages of EO:
» Models can be inspected, refined, or reused
« Computationally more efficient and easier to diagnose ill-posed problems
+ Same model as the source for several tasks: simulation, optimization,
design, parameter estimation, data reconciliation, etc. = integrated
environment
“» Some disadvantages:
* More difficult to establish good initial guesses

» More demand on computer resources
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The available tools for process modeling may be classified into:

* Block-Oriented

focus on the flowsheet topology using standardized unit models and
streams to link these unit models

» Equation-Oriented

rely purely on mathematical rather than phenomena-based
descriptions, making difficult to customize and reuse existing models

* Object-Oriented

Models are recursively decomposed into a hierarchy of sub-models and
inheritance concepts are used to refine previously defined models into
new models

(Bogusch and Marquardt, 1997)




2. Object-Oriented Modeling

A process flowsheet model can be hierarchically decomposed:

Plant

=

\— Reaction

’—' System

Pretreat.
System

—

Separation —
System

Separation &~
System

Column
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Linked
Trays

¥

—>| Feed Tray |

Linked
Trays

Condenser

/\Splitter | |

Pump

]

Linked Trays




Object-Oriented Modeling

mass balance
energy balance

thermodynamic equilibrium

abstract model

mol fraction normalization

_|_

liquid flow model

vapor flow model

_|_

| efficiency model |

_

concrete model (ideal tray)

concrete model (real tray)




Object-Oriented Modeling
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Model types

Abstract models: are models that embody coherent and
cohesive, but incomplete concepts, and in turn, make these
characteristics available to their specializations via
inheritance. While we would never create instances (devices)
of abstract models, we most certainly would make their

individual characteristics available to more specialized models

via inheritance.

Concrete models: are complete models, usually derived from

abstract models, ready to be instantiated, i.e., we can create
devices (e.g., equipments) of concrete models.
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Object-Oriented Modeling

OOM main concepts
Inheritance: the process whereby one object acquires (gets,

receives) characteristics from one or more other objects.

. Aggregation: the process of creating a new object from two or

" more other objects, or an object that is composed of two or

more other objects.

>
"I Feed Tray |

Linked

Trays

/\ Splitter
<O

Pump

A

Linked

Trays

Column model =
Condenser + Splitter +
Pump + Linked Trays +
Feed Tray + Reboiler

P
....

o
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Examples of general-purpose object-oriented modeling languages:

* ABACUSS Il (Barton, 1999)

* ASCEND (Piela, 1989)

* Dymola (Elmqyist, 1978)

* EcosimPro (EA Int. & ESA, 1999)

* EMSO (Soares and Secchi, 2003)

* gPROMS/Speedup (Barton and Pantelides, 1994)
* Modelica (Modelica Association, 1996)
* ModKit (Bogusch et al., 2001)

* MPROSIM (Rao et al., 2004)

* Omola (Andersson, 1994)

* ProMoT (Trankle et al., 1997)

12
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Object-Oriented Modeling e 4
A simpler example
source
Streams
Inlet Material stream feeding the tank
h Outlet  Material stream leaving the tank
— Parameters
F k Valve constant
D Hydraulic diameter of the tank
sink .
Level Tank Yariables .
A Tank cross section area
v Tank volume
Available model of the tank h Tank level
>>>  Model with circular cross section Devices: source, tank, sink
>>>  Model with square cross section
13

Hydraulic diameter = 4 A / perimeter

13



Object-Oriented Modeling 8
Inheritance
Model equations
dv
Fi mass balance: F,-F,, = ——
dt
Y valve equation: F,,, = kv/h
"I A=7 liquid volume: V = A h
Fin - Fin
FOLIt
A-E //// ! ///
T4 A=D P
ok i v
{
3 h{
14
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Abstract model

Fin

dv
mass balance: F,—F,, = o

valve equation: F,,, = kv/h

liquid volume: V = Ah

za
- Ey - ....
Object-Oriented Modeling o &
EMSO:
using “types";
Model Tank_Basic
PARAMETERS

k as Real (Brief="Valve constant", Unit="m”2.5/h’, Default = 12);
D as length (Brief="Tank hydraulic diameter", Default = 4);
VARIABLES
in  Fin as flow_vol (Brief="Feed flow rate");
out Fout as flow_vol (Brief =“Output flow rate");
A as area (Brief="Cross section area");
V as volume (Brief="Liquid volume");
h as length (Brief="Tank level");
EQUATIONS
“Mass balance” Fin - Fout = diff(V);
“Valve equation” Fout = k * sqrt(h);
“Liquid volume* V =A*h;

end

15
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Object-Oriented Modeling LADEE
Concrete models
Fin Fin
P | /
A= “,Dz // //
T4 A=D P
e
p
h
P .,
S N
Fou Inheritance .. |L,.
" < .
Model Tank_CircuIar({:ié Tank_Basic\,‘; e -
PARAMETERS Tl Model Tank_Square<g§T?nk_Bzi1:S|E
Pi as Real (Default = 3.1416); EMSO EQUATIONS
EQUATIONS “Cross section area“ A = D"2;
“Cross section area" A = (Pi*D"2)/4; end
end
16
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Object-Oriented Modeling

Flowsheet

sink

EMSO:

using "tank_oom";
FlowSheet Tanks
DEVICES
source as Feed;
T_c as Tank_Circular;
T_sq as Tank_Square;
sink as Sink;
CONNECTIONS
source.F to T_c.Fin;
T_c.Foutto T_sq.Fin;
T_sq.Fout to sink.F;
SET

T cD=3*m};
T_sq.D=3*'m’;
SPECIFY

source.F = 20 * 'm"3/h’;
INITIAL

T ch=1*m};

T sq.h=2*'m’;
OPTIONS

TimeStart = 0;

TimeEnd = 20;

TimeStep =0.5;

TimeUnit ='h’;
end

LADES
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Object-Oriented Modeling

Model switching

Model Tank_Section as Tank_Basic
PARAMETERS
Pi as Real (Default =3.1416);
Section as Switcher (Valid = ["Circular", "Square"],
Default = "Circular");
EQUATIONS
switch Section
case "Circular":
“Cross section area" A = (Pi* D"2)/4;
case "Square":
“Cross section area" A = D"2;
end

end

using "tank_oom";
FlowSheet Tanks2
DEVICES
source as Feed;
T_c as Tank_Section;
T_sq as Tank_Section;
sink as Sink;
CONNECTIONS
source.F to T_c.Fin;
T_c.Foutto T_sq.Fin;
T_sq.Fout to sink.F;
SET
T cD=3*m;
T sq.D=3*'m’
T_c.Section = "Circular”;
T_sq.Section = "Square”;
SPECIFY
source.F = 20 * 'm”3/h’;
INITIAL
T ch=1*m};
T_sqg.h=2*"m’;
OPTIONS
TimeStart = 0;
TimeEnd = 20;
TimeStep = 0.5;
TimeUnit ='h’;
end

P77

LADES
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Object-Oriented Modeling LADES
Aggregation
source [ Tank model
V
mass balance: F,-F,, = v
dt
liquid volume: V = Ah
L outlet pressure: P=PF,+ pgh
T sink Valve model
Level Tank |
mass balance: F;, = F,,
AP
»< valve equation: Foy =K [—
ol
pressure drop: AP =P, - P,
\ 19
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VARIABLES
in Sin as stream (Brief="Inlet stream");
out Sout as stream (Brief =“Outlet stream");
A as area (Brief="Cross section area");
V as volume (Brief="Liquid volume");
h as length (Brief="Tank level");
valve as Valve (Brief="Valve model");
CONNECTIONS
Sout to valve.Sin;
EQUATIONS
“Mass balance” Sin.F — Sout.F = diff(V);
“Liquid volume* V = A *h;
“Outlet pressure” Sout.P = Sin.P +rg * h;

end

D as length (Brief="Tank hydraulic diameter", Default = 4);
rg as Real (Brief="rho * g", Unit =’kg/(m*s)"2’, Default = 1e4);

Tank model with valve Valve model
using "types"; using "types";
Model Tank_Basic Model Valve
PARAMETERS
PARAMETERS

k as Real (Brief="Valve constant",
Unit="m”2.5/h’, Default = 12);
rg as Real (Brief="rho * g",
Unit ='kg/(m*s)"2’, Default = 1e4);
VARIABLES
in Sin as stream (Brief="Inlet stream");
out Sout as stream (Brief =“Outlet stream™);
DP as press_delta (Brief="Pressure drop");
EQUATIONS
“Mass balance* Sin.F = Sout.F;
“Valve equation“ Sout.F = k * sqrt(DP/rg);
“Pressure drop“ DP = Sin.P — Sout.P;

end

20
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Flowsheet

using "tank_valve_oom";
FlowSheet Tanks
DEVICES
source as Feed;
T_c as Tank_Circular;
T_sqg as Tank_Square;
sink as Sink;
CONNECTIONS
source.Sout to T_c.Sin;
T_c.valve.Sout to T_sq.Sin;
T_sq.valve.Sout to sink.Sin;
SET
T_cD=3*'m’;
SPECIFY
source.Sout.F = 20 * 'm”3/h’;
source.Sout.P =1 *'atm’;
T_c.Sout.P =1 *'atm’;
sink.Sin.P = 1 * 'atm’;

INITIAL

Tch=1*m; T_sqh=2*m);
OPTIONS

TimeStart = 0;

TimeEnd = 20;

TimeStep = 0.5;

TimeUnit ='h’;
end

T_sq.D=3*'m’

Object-Oriented Modeling

LADES
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Object-Oriented Modeling

How to apply for Energy and Sustainability?
Creating specialized models by reusing the available library of models
via inheritance and incorporating necessaries characteristics for the new

application.

Ex: Using the environmental impact factors of the different materials

Categories
HTPI (Human toxicity potential by ingestion)

HTPE (Human toxicity potential by exposure)
ATP (Aquatic toxicity potential)

TTP (Terrestrial toxicity potential)

GWP (Global warming potential)

ODP (Ozone depletion potential)

PCOP (Photo chemical oxidation potential)
ARP (Acid rain potential)

EP (Eutrophication potential)

P
....

o
LADES
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Object-Oriented Modeling LADEE
environment impact of component kin category |
environment impact of category j
total potential environmental impact
j
%‘Pj — 1000 "1 percentage contribution of category j
F, flow rate of component k
%; impact score of component kin category |
«, weighting factor for each category j
(Heijungs et al., 1992; Eliceche et al., 2007)
23
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Creating a new stream with environment impact characterization

Existing models

Model stream
PARAMETERS
outer NComp as Integer (Brief="Number of chemical components"”, Lower = 1);
VARIABLES
F as flow_mol (Brief="Stream Molar Flow Rate");
T as temperature (Brief =“Stream Temperature");
P as pressure (Brief="Stream Pressure");
h as enth_mol (Brief="Stream Enthalpy");
v as fraction (Brief="Vaporization fraction");
z(NComp) as fraction (Brief="Stream Molar Fraction");
end

Model simple_sink

VARIABLES

in Inlet as stream (Brief="Inlet Stream”);
end

24
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New stream
model

Object-Oriented Modeling

Model sink_impact as simple_sink
PARAMETERS
outer PP as Plugin (Brief="External Physical Properties", Type="PP");
outer NComp as Integer (Brief="Number of chemical components”, Lower = 1);
Nfactor as Integer (Brief="Number of categories", Lower=1, Default=9);
w(Nfactor) as fraction (Brief="Weighting factor");
VARIABLES
psiX(NComp,Nfactor) as frequency (Brief="Component environment impact");
psiC(Nfactor) as frequency (Brief="Category environment impact");
psiCp(Nfactor) as percent (Brief="Category percentage contribution");
psi as frequency (Brief="Total environment impact");
Fw(NComp) as flow_mass (Brief="Component Mass Flow Rate");
EQUATIONS
Fw = Inlet.F * Inlet.z * PP.MolecularWeight();
foriin [1:NComp]
psiX(i,:) = Fw(i) * PP.ImpactFactor(i,Nfactor);
end
psiC = sum(psiX);
psi = sum(psiC * w);
psiCp = 100*w*psiC/psi;
end

25
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A simple
example

file ex_impact.mso

Object-Oriented Modeling LADES

using "streams_impact";
using "stage_separators/flash”;
FlowSheet flash_impact
PARAMETERS
PP as Plugin (Brief="Physical Properties", Type="PP",
Components = ["hydrogen”, "methane”, "benzene", “toluene", "biphenyl", "water"],
LiquidModel ="PR", VapourModel ="PR");
NComp as Integer;
VARIABLES
Q as energy_source (Brief="Heat supplied");
SET
NComp = PP.NumberOfComponents;
DEVICES
fl as flash;
sl as source;
top as sink_impact;
bot as sink_impact;
CONNECTIONS
s1.Outlet to fl.Inlet;
Q.OutletQ to fl.InletQ;
fl.OutletV to top.Inlet;
fl.OutletL to bot.Inlet;

26
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Object-Oriented Modeling

Response of the potential environment impact for a
+20% step change in the feed flow rate at time = 4h.

400

Total impact (top)

6500

6000

Total impact (bottom)

5500
8

Category contribution for the potential
environment impact at the final time

P 7K
a5
LADES

Impact category

% Contribution

% Contribution

(top) (bottom)
Human toxicity by ingestion 7.58 6.57
Human toxicity by exposure 0.58 5.23
Aquatic toxicity 7.58 6.57
Terrestrial toxicity 271 7.91
Global warming 0.34 0.1x10°
Ozone depletion 0.00 0.00
Photo chemical oxidation 81.21 73.72
Acidrain 0.00 0.00
Eutrophication 0.00 0.00

27
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Results with pressure and level controllers
3 R
B 5500% E J 77777 o %
; 5L ‘// 4 100§
o’ | ;
1000 ; m: . 5 6 7 GASOD 00 1 2 3 "m: ™ 5 6 7 80
Disturbances:
. Pressure set-point at time = 2h
3 % 5atm > 8 atm
! :z Temperature and feed flow rate at time = 4h
) 340 K > 360 K
500 kmol/h - 450 kmol/h
“m:(h) 5 6 7 8 28
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Introducing EMSO

0 EMSO stands for “Environment for Modeling, Simulation, and Optimization”

a Development started in 2001 (by Rafael P. Soares), written in C++ language
Q Available in Windows and Linux

O Models are written in an object-oriented modeling language

Q Equation-oriented simulator and optimizer

a Computationally efficient for dynamic and steady-state simulations

a Continuous improvements through ALSOC project:

http://www.enqg.ufrgs.br/alsoc

3. Modeling Workshop LADES

29
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¥ ALSOC PROJECT - EMSO - Trac - Mozilla Firefox

Arguivo  Editar  Exi Histdrico  Faworitos  Ferramentas  Ajuda

_[&]x

& - - @ (%] ﬁj | 48 hetpsfjomum. enq.ufrgs.britracfakac

Mew Group  New Group (1) |

| i ALSOC PROJECT - EMS0 - Trac o

Welcome to the ALSOC Project homepage

ALSOC & 3 sigla utilizada para identificar o projets de urm Ambiente Lives para Simulasie, Otimizacko & Controls da Processos

The ALSOC Project is an effort to bring together university—industry through the standardization and distribution without
cost of specifications and software tools among universities and partner companies.
50 & diskibuigdo cemn custo da especificagies a

2 através da

© Projeto ALSOS & um esfarge de aproximag3e

farramentas de softwars entre B 4

Look here the list of institutions that participate and sponsor the project.
Wejs 3qui a lists de instituighes que participam e patrocinam o projeto.

Project Goals

The main goals of the ALSOC Project are:
#z principaic finalidades do Projeto ALSOE St

« to develop, maintain, and distribute specifications of a modeling langusge and s library of models for the synthesis,
simulation, optimization and control of general processes {check the ALSOC OPEN LICENSE);
desenuoluer, manter = distribuir especificagdes de uma lingusgem de modelagem = ums biblioteca de modslos abarkas pars sintess,

simulacEe, otimizasis = contrals de processos am asral (vaiz a lizancs abarts ALSECL

+ to develop and maintain state-of-the-art software and to distribute it at no cost to the universities and partner
companies (check the ALSOC LICENSE);
desenvalver & manter software no estade-da-arte distribuide sem custe entre os consordiades & entidades educacionais (veja 2 lisensa
ALSOG):

to certify third party solution and models as conforming to the developed standards
certificar 3 conformidade de solugfes externas com os padrfes desenuoluidos o adicionsr 30 Projeto contribuises axtarnac.

EMSO Process Simulator

EMSO is the acronym for Environment for Modeling Simuation and Optimization

EMSO & a sigla para Environment for Modeling Simuation and Dotimization,

EMSO is the simulation software of the ALSOC project. Its development was started at 2001 by => Rafael de Pelegrini
Soares, today the EMSO process simulator is developed and maimtained by ALSOC

© EMSO & o seffware de simulacio do projeto ALSOC, Sua construcdo foi iniciada em 2001 por Rafael de Pelegrini Soares, hoje o simuladar
EM50 & dessnuolvido = mantido pelo projeta ALSOC.

Learn mare about EMSO, check the Changelog, or download it heret
Saiba mais zobre o EMSO, veja @ Changeleq =u fagz o s=u dewnlead aguil

<l

ALSOC is the acronym used to identify the project of a free enviranment for simulation, optimization, and process contral.

in | IR

T

Start Page | Index by Title | Index by Date | Last Change

News!

+ mar 07 2008: EMSO version 0.9.55 released! Download it

+ dez 25 2007: EMSO version 0.9.54d released! Download i

+ aug 31 2007: EMSO version 0.9.53 released! Downlosd it

+ aug 27 2007: Curso do simulador EMSG, Cligue AQUI para
fazer o download do material do curse.

+ jun 15 2007: A nice Quick Reference is now available -

+ feb 142007 Displaying a formula Click here.

+ dec 18 2006: ALSOC meeting: sponsors and developers

discussing abaut the future of the praject and recent
advances. Read mare

+ nov 12006: Getinvolved!: Contribute your models to the
EMS© Model Library, Check the Contribution Page!

<

J-w DEQUI - Departamento de

ENGENHARIA QUIMICA

30
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EMSO Key Features LADES

v Open source library of models

v Object-oriented modeling

v" Built-in automatic and symbolic differentiation

v Automatic checking and conversion of units of measurement
v" Solve high-index problem

v Perform consistency analysis (DoF, DDoF, initial condition)
v Integrated Graphical User Interface (GUI)

v" Building blocks to create flowsheets

v Discrete (state and time) event handling

v Multitask for concurrent and real-time simulations

v/ Modular architecture and support to sparse algebra

v Multiplatform: win32 and posix

v Interface with user code written in C/C++ or Fortran

v Automatic documentation of models using hypertexts and LaTeX

31




What can | do with EMSO? LADES
1 Steady-state simulations
M Dynamic simulations
[ Steady-state optimizations (NLP, MINLP)
[V Steady-state parameter estimations
[ Dynamic parameter estimations
[V Steady-state data reconciliations
1 Process follow-up and inferences with OPC communication
[ Build bifurcation diagrams (interface with AUTO for DAES)
[ Dynamic simulations with SIMULINK (interface with MATLAB)
1 Add new solvers (DAE, NLA, NLP)
[/ Add external routines using the Plugins resource -,

32
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Thermodynamic and
sical Properties — Plugin
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File Help
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|4 Componcris| = Flash]
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ey
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Pronto.

Mixture properties

calculation \/
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» Download EMSO and
VRTherm packages from

http://www.enq.ufrgs.br/alsoc

» Run the setup programs

» Run EMSO

» Add the physical properties
package using the Config

Plugins option in the menu

> Select an example and run it

¥D Download - ALSOC PROJECT - EMS0 - Trac - Mozilla Firefos -0 x|

Arquivo  Editar  Exbr  Histérico  Fayorkos  Eerramentas  Ajuda

& > @ v Rl e oo ) [ oo =%

New Group New Group (1) |

| 3 Download - ALSOC PROJECT - EM... (3

Home | ndex | s

o T A — A ———————— —— AP —
— ———

StartPage | Index by Tile | Indexby Date Last Change

Download
In order to download EMSO or YRTHERM you need to register. Registering is very SIMPLE, we use the information supplied

for our statistics and to contact you in the case of new releases.
Pars afatuar o download do EMSO ou do VRTHERM, & nacas=iric cadastrarze, pars fins aststisticas, O cadastro & SIMBLES = RAPIDO, com

uantagerm de que sempre qua for dispenibilizads urmns novs versSe do EMSO, todas os usudrios sargo

sobre ela,

If you have already registered, just infarm your E-MAIL and PROCEED. If you hadn't make your registration yet, click at
WANT TO REGISTER!

Se wock j& & cadastrade, infarme @ seu EMAIL = cique em PROSSEGUIR, Gase contrério, se desejar efetuar o download do EMSG, dique em
QUERD ME CADASTRAR!

DOWNLOAD EMSO - Inform your email oK
DOWNLOAD YRTHERM - Inform your email: oK

WANT TO REGISTERI

Download in other formats:
Plain Text | PDF

@ ac

| concluida v
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- VRTherm package: vr

To use a plug-in the user needs
to register it through the menu

Config ——> Plugins

[ e
Wrectory [Chirtedace HEJQ)AUEEE Il

3.
ZJcalesmngle

B stlcsmglee sa
[ bbcorrplexso

[ ibcantin.sa

= ibdaszlaw

S itdassle sa

M ikhematopy.se

Mitipop:_smrsose o Froblems
(A ibmebd.sc ]

s
M bbsundeals 5o = = I
[ e

it tiames [[Fompne \
File Fiter: [Shared objzct fie (+s0)

™ hkaikrsuboc so o e

Ready.

& Windows plug-in is a DLL file,
and Linux plug-in is a SO file
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5 Sample_Flowshest X
. 1 Time-poinks: 180
[ =, resctors Residuals evaluation: 309 =l
B = reconciliation || unear system updates: 3
BIm, stags_separators Linear system Factorizations: 15
ey ” Linear system solutions: 129
E L wastewater B Simulation of 'Sample_Flowsheet' Finished successFully in 0.781 seconds.
o : =i
[Ready. tode: Text Editar Mode: processor speed =




b = .’.
Modeling workshop LADES
Model equations
Fin mass balance: F, —F,; = v
_l dt
o valve equation: F, = k</h
Fuut
e ' liquid volume:
A=r
V=Ah
A=rh(D-h)
y Fout
V = 7h? (R_ Ej
2 3
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Z5
bl .’.
Modeling workshop LADES
Flowsheet
source
F™ =20 m3/h
4
\:—‘:_/ D=3m
hi: — | h(O)=1m
FOU!
* 7l bz=3m
h(0)=2m
h
I: | Fa
D=3m
hI h(0)=25m
sink
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1.
2.
Model definition
3.
. [4.
Model building
5.

6.
Model validation { 7.

8.

Remarks about Modeling

Basic Elements in Modeling

Process description and problem definition
Fundamental laws: theory and application
Simplifying assumptions

Mathematical model

Consistency analysis

Desired solution

Computation

Solution and validation
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P 7K
a5

“5 1. Process Description and Problem Definition LADES

» Process Description
— Process objectives
— Process flowsheet
— Process operation
* unit operations and control

* Problem Definition
— Simulation objectives
— Simulation applications

40




BRI
i@ Process Description

P
....

R

Example: level tank

Fin

_@ i
Z |—N—> Fout

A liquid flows in and out of a tank due to gravitational forces.
We wish to analyze the volume, height and flowrate variations in
the tank (system response) as function of feed disturbances.

41
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) 2. Fundamental Laws: Theory and Applications

 Bases to be used in the modeling

- mass conservation
op
L =_(V.pv
o (V.pv)

- momentum conservation

o(pv) _

o —[V.pvv] -VP —[V.1] +pg

advection pressure forces  viscous forces  gravitational forces

- energy conservation

a|:p(Lj +v2ﬂ: —(V.pv(lj +;v2n —(v.9) +p(gv) —(V.Pv) —(V.[tV])

advection conduction  gravit. forceswork  pressure forceswork  viscous forces work

P 7K
Z3

LADES
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P77

3. Simplifying Assumptions LADES

» Establish the assumptions and simplifications

e Define the model limitations

- constant specific mass
- isothermal

- perfect mixture

- I:0ut = k\/ﬁ

43




4. Mathematical Model

» Data mining for simulation
— Collect data and information of the studied system
— Identify the engineering unit of measurements
— Specify operating procedures
— Specify the operating regions of the variables

» Memory of Calculation
— Mathematical model
— Define unit of measurements of variables and parameters
— Define and specify free variables
— Define and determine values of parameters
— Define and establish initial conditions

P

44
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4. Mathematical Model LADES
o Conservation laws
First Principles gt
Models ﬂ:[p—fjx
dt v
o, Do (T T.)
Hybrid Models Parametric
B(q) C(q)
A(q) y(t) = F(q )U(t)+D( )e(t)
Neural Nets
B
g Qutpu
Hidden Layer
Ingrul Layers
45
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Mathematical Model

In the simulator

* Build process equipment models
— ldentify and create abstract and concrete models
— Declare variables and parameters
— Write model equations
— Compose the equipment model via inheritance and aggregation

« Build process flowsheet
— Declare flowsheet devices
— Define process connections
— Set process parameters values
— Specify process free variables
— Establish initial conditions
— Establish simulation options

P

46
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Mathematical Model LADES

_ mass balance: F, - F., 1)

‘ valve equation: F,, = k/h )

A= liquid volume: V = Ah 3)

h
Fin I_ Fin
FOLIt
A-E //// ! ///
=74 =0
« A= 4 @
hf =
3 h{

47
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5. Consistency Analysis

* Model consistency analysis for unit of measurements (UOM)

» Degree of freedom analysis

* Dynamic degree of freedom analysis

variable
I:in1 I:out
\%
A
h, D
k
t

equations

(1): [m3 h1] = [m3 h1] =[m3] / [h]
(2): [m3 h'1] =[m25 hr1] ([h])°S
(3): [m3] =[m?] [m]

(4): [m?] = ([m])

48
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Consistency Analysis

variables: F;,, F,,. V, A, h, D, k, t = 8
constants: k, D = 2

specifications: t = 1

driving forces: F,, = 1

unknown variables: V, h, A, F,, =2 4
equations: 4

Degree of Freedom = variables — constants — specification — driving forces —

equations = unknown variables — equations=8-2-1-1-4=0

Dynamic Degree of freedom (index < 2) = differential equations = 1

Needs 1 initial condition: h(0) = 1

P
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6. Desired Solution

* Plan case studies

» Define:
— Objectives of the study
— Problems to be solved
— Evaluation criteria

For the given example and initial condition (h, or V,), we
wish to analyze h(F,)), V(F;,) and F,(Fi.)-

50
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7. Computation

* Define the desired accuracy

* Specify the simulation time and reporting interval

* Verify the necessity of specialized solvers (high-index problems)

a3

§

51
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8. Solution and Validation LADES

» Analyze simulation results

* Analyze state variables dynamics

» Test model fitting with plant data
— Compare simulation x plant

A

hexp o ®

52




Solution and Validation

» Check output sensitivity to input disturbances
 Carry out parametric sensitivity analysis

* Analyze output data with statistical techniques
* Verify results coherence

» Document obtained results

V24

-..’Q
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P
AT
oy

Comments LADES

« Start with a simple model and gradually increase complexity when
necessary,

» The model should have sufficient details to capture the essence of
the studied system,;

* It is not necessary to reproduce each element of the system,;

* Models with excessive details are expensive, difficult to implement
and to solve;

* Interact with people that operate the equipment;

» Deeply understand the process behavior.

54
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" '.q.ﬁ
4. Dynamic Degree of Freedom LADES
v" In Equation-Oriented (EO) simulators a model has:
* A set of model parameters (reaction order, valve constant, etc.)
* A set of variables (temperatures, pressures, flow rates, etc.)
* A set of equations (algebraic and differential) relating the variables
v Problems in model building:
* Number of equations and variables do not match
 Equations of the model are inconsistent (linear dependence, etc.)
» The number of initial conditions and DDoF do not match
55
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Dynamic Degree of Freedom
— Consistency Analysis —

Degree of Freedom (DoF)

/\.

=0 (for simulation) > 0 (for optimization)

Dynamic Degree of Freedom (DDoF)

|

= number of given initial conditions

Check — Units of measurement
— Structural non-singularity
— Consistent initial conditions

P
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Dynamic Degree of Freedom ;:J;.’;}
— General Concept — LADES
Given a system of DAE: F(t,y,y)=0
The Dynamic Degree of Freedom (DDoF) is the number of variables in
y(t,) that can be assigned arbitrarily to compute a set of consistent initial
conditions {y(ty), Y (t,)} of the DAE system. Is the true number of states of
the system (or the system order of the DAE). Is the number of initial
conditions that must be given.
For low-index DAE system (index 0 and 1) the DDoF is equal to the
number of differential equations.
For high-index DAE system (index > 1) the DDoF is equal to the number
of differential variables minus the number of hidden constraints.
57
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% Dynamic Degree of Freedom P22
— DAE System Characterization — LADES

Differential index (v): Is the minimum number of times the DAE system
F(t,x,x’ ,u) = 0 needs to be differentiated with respect to t to be transformed in an

explicit ODE system in terms of x'.

Example: X—%=0 differentiating X X =%
X =u(t) twice in t X, = U"(t)
v=2

If the resolution of a DAE system presents difficulties for initializing and/or
presents error propagation in the numerical integration, then this system has an

index problem, this problem may occur in DAE systems with v> 1.

58
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Dynamic Degree of Freedom ;:J;.’;}
— Consistent Initial Conditions — LADES
Substituting the first differentiation: X = U'(t)
in the first equation, results in: X, = u'(t)
In the initial ime: X (0) = u(0)
% (0) =u'(0)
¥ (0) =u'(0)
%(0)=u"(0)
Therefore, there is no dynamic degree of freedom, i.e., the system did not
accept any arbitrary initial conditions.
59
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% Dynamic Degree of Freedom Vg
— Consistent Initial Conditions — LADES

R

The most difficult step for solving DAE systems is the determination of
consistent initial conditions.

During the differentiation process to reduce the index of a DAE system to
zero, hidden constraints may arise. The original system augmented by the set
of the hidden equations is called extended system.

Extended system of Xx—X%=0 X, = U'(t)
the example: , y
X =u(t) X, = U"(t)

Consistent initial conditions: The vectors x(t;) and X (t,) form a consistent
initial condition of the DAE system F(t,x,x’,u) = 0 at t, if they satisfy the
extended system at t,,.

60
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Dynamic Degree of Freedom g5
— High-Index DAE System — LADES

Example: classical pendulum problem Inconsistent initial condition:

X=w (1) goy=1 x(0)=0

Y=z (2) w0)=0 (0)=0

w=Tx (3) wl)=0 w(0)=1

Z=Ty-g (4 z20=0 Z(0)=-¢g

x24p2 =12 (5) 7{)=1 T'(Mm=0
lOK!

F(t,y,y)=0 F(0,¥(0),y(0)=0

%
AL L A
_ o
T

Hidden constraints:
Differentiating (5) and using (1) and (2): X-W+ Yy-z=0 (6) — X(0)-W(0) + y(0)-z(0) =0

Differentiating (6) and using (1)-(5): W2+ 22 +T - L2 =gy (7) — W(0)*> + Z(0)* +T(0) - L* # g - y(0)

Differentiating (7) and using (2), (3), (4), (6): T'=-3g-z/L? (8) — T'(0) =-3g-z0)/ L2
61
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Dynamic Degree of Freedom V4

| Y w24 T [2=g-y (7)
2 DDoF %

— High-Index DAE System — LADES
Example: classical pendulum problem

2 = (1) Index 3 Index 2
Y=z ) x'=w (1) x'=w (1)
w = T.x 3) Y=z (2 y'=z )
7=Ty—g (4) w=Tx (3 w=T.x )
X232 =2 ) Z=Tv-g (4 Z=Tyv—g @
x-wt+y-z=0 (6) ryr=L ) x-wity-z=0 6

w2+ IP=gy (7) Index 1 Index O
7'=-3g-z/I? (8) x'=w (1) x'=w )
1 y'=z ) y'=z @)
10 variables (y, y") @\\ = T 3) W=7 x 3)
8 equations 6\%@ Z'=T.y-g (4) #=Ty-g

7"=-3g-z/1* (8)

Satisfies the inconsistent I.C. g2
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Dynamic Degree of Freedom
— High-Index DAE: solution —

Three general approaches:

1) Manually modify the model to obtain a lower index equivalent model

2) Integration by specifically designed high-index solvers (e.g., PSIDE, MEBDF, DASSLC)

EMSO: Integration = “original”

3) Apply automatic index reduction algorithms
EMSO: Integration = “index0”
or EMSQO: Integration = “index1”

63
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I f d g
Dynamic Degree of Freedom ..,:“?
bl . "
— High-Index DAE: modeling — LADES
using "types.mso"; SET
= 9.8 ¥ 'mfsAl’;
FlowSheet pend g _ ¥ it ’
PARMNETERS _\  con Gerief : 5. - =097 m5
g as acceleration (Brief="Gravity acceleration’
L as length (Brief="Pendulum cabﬁ/e Tength"); I?i:%f‘; Pos1t1on o
v i
VARIABLES delta (ariefe , = 0.9 % mY
as lengt elta (Brief="Position x'); [T C
vy as length_delta (Br1eF 'Position v"); 1215131 I;/;ﬂ??omty
w o as ve}0c1ty EBme; Ve}omty ;or' x"%; =
z as wvelocity (Brief="velocity for y" H
T as Real (Brief="Tension on cab]rlel g?;gg?:p - 0.1
Default=10,Unit="1/s42 ) TimeEnd = 36; ’ s
Integration = "index0";
Egg’-ﬂ;g?ﬁi on x" #  Integration = omgmaf”
diff=w; NLASO'I\{er( .
L : L RelativeAccuracy = le-o,
d}]f%‘lfc();‘s‘:cszf.on Y Absolutesccuracy = le-9
' )
"Tension on x" DAESO]\{E'"( dass]
i f =T¥x: ] File = "dass1";
di £ (w)=Tx #EiTe = “mebdf
“Tension on y" RelativeAccuracy = le-f,
diff(z)=T*y-g; Absoluteadccuracy = le-8
"Position Constraint" SparseAlgebra = true;
XA2+yA2=LAZ; end
64
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Dynamic Degree of Freedom
— High-Index DAE: consistency analysis —

EMSO - [I_J'lUserlArgeiPROJETOSIAISoc'lEMSO\msolsample\sample_pend.mso]_

5 - EQUATIONS
B sample_pend. mso 5 “eloci ty on x'
34 di FF () =w;
Sl
36 "“welocity on y"
5 difFfiyl=z;
38
39 "Tension, on x'
2] variables 40 di PR =T¥x;
- 41
]y 42 "Tension on y"
43 di FR{z)=TY*w-qg;
e w 44
-z 45 "Position Constraint'
BT | A4y A= AZ

= £, Equations

- £, Welocity on ¥

- £ Welocity on y

Jo Tension on x

Ju Tensionony
. Position Constrai

jpend’in file 'DAUserArgel\PROJETOSW A socA\EMS Dmsoisamplets:

i#hecking the consistency o
Murmber of variables: &
Mumber of equations: 5
Degrees of freedom: O
Structural differential indesx: 3
Extra Equations: 2

xtra Wariables: B

Dynamic degrees of freedom:; 2
Mumber of initial Conditions: 2
ystem is consistent

= Initial Cond
Jo Initial Pasition x
“ £ Initial x Velocity

LADES
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Dynamic Degree of Freedom .-r:;;.’;:e
— High-Index DAE: simulation — LADES
Error propagation
index-0 solver vs index-3 solver Drift-off effect
1.00 1 “
0500 \ q ﬂ P
0004 1 /Z
. |
U J
-1004
0.00 SIOO 160 15IO QCIIO 25IO
Time
L=09m,g=98m/s? .. I.C.:x(0)=0.9m and w(0) =0
66
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Dynamic Degree of Freedom ;:J;.’;}
— Workshop - LADES
Batch Distillation
Batch distillation column with optimal composition control
(index 3) (Logsdson and Biegler, 1993)
15.0
B° |
o}, D 10,0
7
5
3
1 5004
0.00 4 . . .
0.00 0500 1.00 150 2.00
Time
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B2

Dynamic Degree of Freedom zg
— Workshop — LADES

Model assumptions

negligible vapor holdup (no dynamics in vapor phase);
thermodynamic equilibrium (ideal stage);

no droplet drag in vapor stream;

ideal gas and liquid;

constant liquid holdup in each tray;

perfect mixture in both phases;

constant pressure;

optimal control of distillate composition;

vapor pressure described by Antoine equation.

68
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Dynamic Degree of Freedom
— Workshop -

Batch distillation modeling
Mass balance in the reboiler

Overall:
dH, Vv 1)
dt R+1
Component:
o _ V[, i, R i:| :
—2=—| x)- — (X - =1..,nc-1
AR Y| IS RS

Mass balance in each tray
component:

d _ VI i Ry i=1..nnp
= iy ] X 3
dt H[y'l y +R+1()§” X) j=1..,nc-1 ®)




— Workshop -

Batch distillation modeling
Mass balance in the condenser

Component:

dxrj;p+1 _ V

dt H

Molar fractions
2y =1
j=1
2% =1
j=1

np+1

( er1p - Xr];p+1)

Thermodynamic equilibrium

. B. .
Y/ P=PRqg exp{A,- S }s‘

Ti+Cj

Dynamic Degree of Freedom

(4)

®)
(6)

(7)
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variable

O W > 4

Dynamic Degree of Freedom
— Workshop -

Consistency analysis

units of measurement
kmol
kmol/s
s
kmol/kmol
kPa

A X I X

V24
N

.-'..
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Dynamic Degree of Freedom
— Workshop -

Consistency analysis
variables:H;, V, t, R xJ, i, P, P, T, A, B, C, & 5+ 2 (np+2)(nc+1) + 3nc
constants: P, A, B;, C, & 3nc+1
specifications: t,V, P, H,, X', ,.; @ 5+np (i =1,..,np+1)
driving forces. 0
unknown variables: Hy, R, X/, yJ, T, =» 3+ 2 (np+2) nc + np

equations: 3+ 2 (np+2) nc + np

Degree of Freedom = variables — constants — specifications — driving forces —
eguations = unknown variables — equations = 0

Dynamic Degree of Freedom (index =3) =np (nc—1) + 2 (hc—2)
Needsnp (nc—1) + 2 (nc — 2) initial conditions.

Paranc = 2: Hy(0), R(0), X,X(0), T.(0) (i =2,...,np-2)
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' P 7y
Dynamic Degree of Freedom g
— Workshop - LADES
WARTIAELES EMSO
HO az  ReallDefault=1D;
®1(Mp+12  as Real(Default=0.55, Lower = 0, Upper = 1J;
x2{Mp+13 as Real(Default=0.45, Lower = 0, Upper = 13;
wl(Np+1) as ReallDefault=0.3, Lower = 0, Upper = 10;
w2 (Mp+1) as RealiDefault=0.7, Lower = 0, Upper = 1J);
T(MNp+1) as Real(Default=s5, Lower = 0, Upper = 4003;
R as Real(Default=1D);
EQUATIONS
"Balanco no Prato 0"
difFHOD Y 's' = v/ (R+1);
difFF(x1(1D% ' s" = W/HO ¥ (x1(1)-y1(1) + R ¥ ((x1{Z) - x1{1)2/CR+12DD;
"Balanco demais pratos”
AIFF L2 iMpdY s = w/HT % (wl(limMp-13 - »1(2:npd + (R (=103:np+1l) - =102 Mpld /A (R+1300;
"Balanco ultimo prato”
dIFFCxl(Np+120¥ ="' = ¥ (wl(Npd - =x1(Mp+l2)/H;
x1 =1 - =2;
y%*P :1xl *zexpCA(l) - BCLD/CT + 273015 + (12000,
vl =1 - v2;
W2YP = w2 Y oexp(AlZ) - (BEED/(T + 273,15 + <(2320D;
"Equacio de Controle Otimo"
1 {Mp+13 = purity;
IMITIAL
] HO = 100,
x1(1) = 0.55;
T(2:9) = [B9.8, B7.5, B5.4, B83.8, B8Z.6, Bl1.7, B1.1, B1.0];
kR =1;
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Dynamic Degree of Freedom
— Workshop -
EMSO

Flowsheet batch as EBatchColumn

SET
Ne = 2; U Problems Console Model
NS Z g ) | =2 | & |
CQutput Lewvel:
A o= [15.7527, 16.01377;
B = [2766.63 3I096.527; Numberonarlab_Ies: 62
! ! Mumber of equations: 62
c=1[-50.5 H -53.67] ; Mumnber of specifications: 0
Degrees of freedom: 0
purity = 0.998; Structural differential indes: 3
P = 760; Extra Equations: 58
Hi = 1 ; Extra \-faréables: ?FF 4 "
- . namic degrees of freedom:
Vo= 1203 NEmber of iﬁitial Conditions: 11
OPTIONS
Timestep = 0.01;
TimeEnd = 2.1;
Integration = "original’;
# Integration = "Trndexd™;
DAESo Twer (
File = "dass1c'" # “mebsF" | Mode: Text Editor Mode: processor speed
DY

end




Dynamic Degree of Freedom 3
— Workshop - LADES
EMSO
ime 75
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Dynamic Degree of Freedom ;zr;.g'v
— Workshop — LADES
AspenDynamics
* Reports system singularity:
thpen Custom Modeler - Flazh_acmf
File Edit “iew Toolz Bun “window Help
Dﬁn|§|ﬁ|éﬂlﬁ|ﬂﬂ|¥? |Dynamic jl A ||
@Expluring -5im... |I:I|1| DPmcess Flowszheet Window
All lterns e R R T T
S-EF Simulation —||F" o Giafoos =] s 2u W OB | R
EI@E Flowsheet
N |
Group Decompaosition: _ﬂ
Decomposition has failed, simulation iz singular.
=
| 76
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RJ ; e
@ % Dynamic Degree of Freedom g5
— Workshop — LADES
gPROMS
» Detects a high-index problem and gives the
following error message:
Checking index of differential-algebraic equations [(DAES)... =i
EREOF: ¥our problem is a DAE svystem of index greater than 1.
FTour differential wariahles ("states"™) are not independent,
for example, you cannot specify arbitrary initial walues :
for the differential wariabhle(s) =
4 | »]
gPROMS== | |
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5. System Analysis

- Multiplicity of steady states

- Linearization

- System stability

- Complex dynamic behaviors (imit cycles, strange attractors)

- Parametric sensitivity and input sensitivity

78
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Fe' CAf' CBf ’ Tf

we' ‘we

Multiplicity of Steady States

Non-isothermal CSTR

Fs,Ca:Cg, T

V2

77
-..:Q
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Multiplicity of Steady States

Process description

In a non-isothermal continuous stirred tank reactor, with diameter of 3.2 m
and level control, pure reactant is fed at 300 K and 3.5 m3h with concentration
of 300 kmol/ms3. A first order reaction occur in the reactor, with frequency factor
of 89 s and activation energy of 6 x 104 kJ/kmol, releasing 7000 kJ/kmol of
reaction heat. The reactor has a jacket to control the reactor temperature, with
constant overall heat transfer coefficient of 300 kJ/(h.m2.K). Assume constant
density of 1000 kg/m2 and constant specific heat of 4 kJ/(kg.K) in the reaction

medium. The fully-open output linear valve has a constant of 2.7 m25/h.

80
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Multiplicity of Steady States

Model assumptions
perfect mixture in the reactor and jacket;

negligible shaft work;

(-ra) =k Cy;

constant density;

constant overall heat transfer coefficient;

constant specific heat;

incompressible fluids;

negligible heat loss to surroundings;

A(internal energy) ~ A(enthalpy);

negligible variation of potential and kinetic energies;
constant volume in the jacket;

thin metallic wall with negligible heat capacity.
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Multiplicity of Steady States
CSTR modeling

Mass balance in the reactor
Overall:
d(pV dav
—(gt ) =pitFe—pFs=p——

dt
dl = I:e - Fs
dt

Component:

d(vC dC dv
(dt )=v th+CA o = FeCar ~FCa-V(-ra)
dC,

dt

\% =F,(C,; —CL) = (-1)V

(1)

)

®3)
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Multiplicity of Steady States
CSTR modeling

Energy balance in the reactor:

d s - . V% S L2
E[pV(U+K+¢)J:Fep U +PVy + 5+ 02¢ |~ Fop| U+ PV + 2+ g7, |0, —q-wig

whee H =U + PV

d(pVH) dH ~ dV - ~
M) oV =+ pH —— =F_pH, - F.pH -
dt p dt +p dt ep f sp +qr q
dH A
PVE:FeP(Hf—H)Jrqr—q
dT
pVCp i FepCp(Ts -T)+0q, —q (4)
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where

CSTR modeling
q=UA(T-T,)
G = (-AH,) V (-rp)
(-r) = KCy
k = k, exp(—E/RT)
A= rD¥4
V=Ah
A=A+ zDh
F.=xCvvh
x = f(h) Level control

T, = f(T) Temperature control

Multiplicity of Steady States

(®)

(6)

(7)

(8)

(9)

(10)
(11)
(12)
(13)
(14)
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T oy
Multiplicity of Steady States LADES
Consistency analysis
variable units of measurement
Fe Fe mé st
Vv m?3
t, 7 S
Ca Caur kmol m-3
ra kmol m3 st
P kg m3
Cp kJkglK?
TT, Ty K
09 klst
U kJm2K-1st
AL A m?
h, D m
Cv m2.5 h-l
X _
AH,, E kJ kmol-1
R kJkmol-1 K-1
k ko st 85
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Multiplicity of Steady States
Consistency analysis

variables: F,, Fg, V. t, Ca, Car, Ta 0, C, T, T, Ty G, 0, U, A, A, h, D, CV, X, AHIL E, R Kk, ko, T > 27
constants: p, Cp, U, D, Cv, AHr, E,R ky = 9

specifications:t = 1

driving forces: F,, T;, Cys =2 3

unknown variables: F,, V, C5, 1o, T, Ty, O, O, A A N X K, 7 = 14

equations. 14

Degree of Freedom = variables — constants — specifications — driving forces —
equations = unknown variables—equations=27-9-1-3-14=0

Dynamic Degree of Freedom (index < 2) = differential equations= 3 =

Needs 3 initial condition: h(0), C,(0), T(0) =» 3
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»Running EMSO

.1 About EMSO
environment for
modeling
simulation
optimization

Multiplicity of Steady States

EMSO

based on code from

Projeto ALSOC

http://www.rps.eng.br
alpha version 0,9.56

File Edit ‘iew Tasks Result Config

-0/ x|

or B &

|@ & 1y 4 |zoom: [ 1003

fg Explorer | E Results | 4 r X

= eml

= B sample

= auto

B = controllers /
>..§3
- @ CSTR_naoniso_pid.mso
b %'3 Sample_flash_pid.msa
48 sample_PIDIncr_MIMO.mso
>--§B sample_PID_MIMO,mso
- @ sample_tanks_pid.mso
E %'3 tanksmaodel.mso

Bl costs

il electrical

=i estimation

i heat_exchangers

B miscellansous

B8 mixers_splitters

=5 optimization

=i pressure_changers

Bl processes

=i reactors

B reconciliation

Bl stage_separators

L WastetWater

B8 water_steam

B = butorial

Open MSO file

& Prablems ‘ El Console ‘ BErvode 4 »
Output Lewvel: __nrma\ Output 7]

x

Mode: Text Editar

Mode: processor speed r H \
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#iemso -0l x|
| Hle Edt Vew Iasks Resut Confip Help \
e D0 ]G E e e )\
T2 Explarer | 4 v x5 CSTR_noniso.mso | box || Blcomsle | B4 » %
=& C5TR_noniso.mso = 59 q az heat_rate (DisplayUnit 2|1 outputLevel: ormal output
B B using 60 qr as heat_rate (DisplayUnit b of .
%8 const_valy 61 [in Inlet as stream_cstr; P xamb: Ef ;;th\;;sl' llﬂ3
EIFf stream_cstr 62 |out Qutlet  as stream_cstr; Number of specications: 5
ol o 8|  ser Consist Analvsi s e
(P ko . i onsis ency na ysls Extra Equations: 15
D 63 A= pl DAz 4y Extra vatiables: 0
- A 66 Dynamic degrees of freedom: 3
- £n g; EQUATIONS Murber of intial Conditions: 3
5P)TR 69 "overall Mass Balance" = =
;;'CD 70 difF(V) = Inlet.F - Outlet.F; -
i 71
- U 72 "Component Mass Balance" EICSTR*”DJD"ijIiI
- IP)= Hr 73 WY diff(ca) = Inlet.F ¥ (Inlet.Ca - Ca) - (-ra) ¥ v, R N |
= pi 74 ®)= ko
= Cy 75 "myerage Residence Time" =D
0= at 76 tau ¥ Inlet.F = v; -
bo= 7 77 - E
092 Twr 78 "Energy Balance' - (P)= Ra
9= x 79 ro ¥ W ¥ Cp Y dIFF(T) = Inlet.F ¥ ro ¥ Cp ¥ (Inlet.T - T) + gqr - q; - 1
0=y g0 -
- Ca 21 "Heat Transfer Rate" ;m_ cp
o h 82 g =UY At Y (T - Tw); (P;'U
23 )= Hr
9= " : " -
e :” 84 Reaction Heat Rate S @
0= Sg gr o= (-Hr) ¥ (-ra) * v --£=At
- Cv
'Mf” 87 "Reaction Rate" =T
- o 38 -ra o=k Y Cag = Tw
9= Irfet 20 0=y
e Cutlet a0 "arrhenius Equation” 0= Ca
:7YXEquatmns 91 = ko * exp(-Ea/(R'T)); ot
-5V Overall Mass Balance 92 9= tau
3 Component Mass Balance 93 "Geometry" -00= 1A
%Y average Residence Time 94 ¥ h o= 0= k.
%Y Erergy Balance a5 AL = A 4+ pi¥Dih; ®-q
5 Heat Trancfer Rate g? yalve Eauation” e o
Y alve Equation
[ e Gl ata Y - enon; -
' ca
Ky
%Y arrhenius Equati " : "
x;y G:ﬂ:g::s uation - 10 Perfect Mixture
[ Vw 101 Outlet.Ca = Ca; “ 6= T
1y Euation 10 102 outlet.T = T; 59 Outlet
5 valve Equetion 107 Ler L ca
Y perfect Mixture 104
=y —
=" Equation 13 ;| 4] i
Ready, Made: Text Editor Made: processar speed “ .
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silEemso

=1
| o Edt Vew Tass Resut Config Help
NEE = |© & i Zfzeem [ =]
Te Explorer | 4 > x || csTR_noniso.mso | 4« > ox
= & CSTR_nenise.msa 105 # Process with wncontrolled CSTR and multiple steady-states = |
B uons 165 TRTowsheet caTRyo_control E
-9 canst_valv 107
=IFE stream_cstr 108 DEVICES b
109 FEED as stream_cstr;
110 CSTR1 as CSTR;
111 675 4
112 CONMECTIONS
ﬂ?l FEED to CSTR1.Inlet;
115 SET
?(?; C5TR1 116 | # C57TR Parameters 500 4
97 Equstions 117 CSTRLI.R = 8.3144 ¥ "ki/fkmol/K';
Manipulated Yariables 118 CSTR1.U = 300 ¥ "kI/h/mAZ S
Equation 2 119 CSTR1.ro = 1000 ¥ ‘kg/mA3";
Feed Stream 120 CSTR1.Cp = 4¥'k1/kag/K';
Equation ¢ 121 CSTRL.Hr = -7000 ¥ 'l1/kmol"; '
iF %%% CSTR% Ea = ggﬂf*"’ l‘lkfj/kmOT " 5251
else CSTR a = '1/s'; i
B3 Initials 124 CSTR1.D = 3.2 % 'm'; 1
%Y Concentration Eg CSTR1.Cv = 2.7 ¥ 'mA2.5/h'; lI
Level
127 EQUATIONS q!
S eml Temperature %%g "Manipu'\ateg variables" 4504,
CsTR1.x = 1; 1
g::ﬂ; 130 CSTRL.Tw = 300 ¥ 'k'; '
131 '
132 "Feed Stream" '
133 FEED.Ca = 300 * 'kmol/mA3"; 3750
ST x Hﬂg FEED.F = 3.5 ¥ 'mA3/h'; l‘
=~ 136 | # Disturbance |‘ P
137 - if time < 50 ¥ 'h' then
& csTR_no_conirol ”E’jglil 138 i "Feed Temperature" FEED.T = 300 ¥ 'k'; 200 4 M e N
=R = 139 else
- ro 140 H "Feed Temperature'" FEED.T = 350 * 'K';
o - ene : , : , : : :
o 143 INITIAL . D e s 0.00 5 et ot B mhneemEnmemPnmant i
- "Concentration” CSTR1.Ca = tkmol/mA3
= pi 145 "Level €STRL.h = 1.7 ¥ 'm';
:;’: E: %ig "Temperature'" CSTR1.T = 570 % 'K'; # increase to 580 K to changs steadyv-state
- 148 OPTIONS
0= T 149 TimeStep = 1;
0=« 150 TimeEnd = 100;
=y 151 Timeunit = 'h';
= Ca 152 DAESolver(File = "dass1");
60= b 153 “end
0= tau i | BT |

Ready,

Made: Text Editor

Mode: processor speed
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Multiplicity of Steady States

The CSTR example at the steady state satisfy:

E

(-AH,)k,e ©" C,,

1o UA 1 71)-
(T Tf)+pVC (T-T,)=

E
i pCP[1+rkoeRTJ
C

CA:—N_£

£1+rkoe RTJ

\Y
T=—

F

90
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Multiplicity of Steady States LADES

Rewriting the energy balance:

QR (T) = QG (T) fR—ET
(-AH,)k,e " Cy

Qz(T)=aT-b Q(T)= E
pCP(l+rk0e RTJ
_1, UA
T pVCP Q QRl QRZ QR3 Stable
dQ, . dQ,
b1t UAT, ar dT
T pVGC,
unstable:
Q. _dQ,
dar dT

91




Path Following

dx
- T > F(x)=0
Newton-Raphson: X = () _ oc[J (X(m))]_1 F(x¥) ,k=012,...
oF (x)
J; (x") :T

m<k and 0< ch <1
Homotopic Continuation: H(x;p)=(1-p)F(X)+ pG(x)=0 ,0<p<1
G(x) = I(X?) (x=x@)  affine homotopy
G(x) = F(x) - F(x) Newton homotopy

— Multiples solutions can be obtained by continuously varying the
parameter p

Multiplicity of Steady States LADES

92
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Multiplicity of Steady States LADES
Path Following

Parametric Continuation: F[X(S); p(s)]=0

where s is some parameterization, e.g., path arc length

oF . oF .dx . dp
—XO)+—p(g)=0 ,x=— e p=—
ax() 6pp() ds P ds
oF oF
DF =| — — Frechet derivative
oxX op

a point (x,, p,) is:

- Regular if M is non-singular
OX

- Turning point if (%, P,) is singular and DF has rank =n — reparameterization
OX

- Bifurcation if m is singular and DF has rank <n

oX
93
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55 a8
@ Multiplicity of Steady States mc'gs

Example: a) execute flowsheet in file
CSTR_noniso.mso with initial condition of
578 K and compare with result changing the
initial condition to 579 K; b) find the three " AR
steady states using file CSTR_sea.mso by ‘or Modeling Simulation
changing the initial guess for T and C, (use K Optimisation,
the section GUESS). el

e EﬂViroment

Solutions: 1) C, = 13,13 kmol/m3 and T = 659,46 K
2) C, = 132,87 kmol/m3and T = 523,01 K
3) C, =299,86 kmol/m3and T =332,72 K

94




P 7y
.
l...?

Linearization LADES

Generate linearized model at given operating point.
Implicit DAE: F(X,%Xt)=0

Considering the specification as input, u(t), (SPECIFY section
in EMSO):

F(X,X,u,t)=0
And identifying the algebraic variables as y(t):

F(X,x vy,u,t)=0

95




P
n.".q’

Linearization e 8

Differentiating F: ~ F,, dX+F, dx+F, dy+F,du=0

and extracting: dx :_|:Fx’ F ]_1[|:X |:] dx (index < 2)
dy d "4 du

o] A B
The partition: _[FX' FY} [FX F“]:{C D}

Define the linearized system:
X'=Ax+Bu
y=Cx+Du

96




o
Yy 7 7
L] . fi '-6'.0&
inearization i
Test example for a linear model: exact solution!
@samp\e_hnear.mso| 4 »r x
21 =l
22 using "types';
23
24 vFlowsheet linear
25 PARAMETERS
26 n as Integer(Default=2);
27 0% as Integer(Default=2);
28 nu as Integer(Default=2);
29
a0 ACn=,nx) as Real;
il BE(h=,nu) as Real;
32 C(ny,nx) as Real;
33 DChy,nu) as Real;
34
35 WARIABLES
16 (e as Real (Brief="State wariables'");
7 winy) as Real (Brief="output wvariablez");
I8 unu) as Real (Brief="Control wariables');
19
40 EQUATIONS
41
42 dIfFF{=)¥%"'s" = sumt(AYx) + sumt(BYul;
43 W = sumt (C¥x) + sumt(D¥ul;
44
45 SPECIFY
46 ullinuld = sinCltime/'s" + [L:inul)¥ ' rad');
& =
| 3
97
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Linearization

P 7y
...

R

Verifying the results for the linear model:

2 sample_linear.mso |

fa
O e L0 P (00 GOl O e LU 1 = 000 G ™~ O 3 L ) 2 200 G

i R R N N N R Foy Yoy Nay Yo Yoy KoY eaRoal ey Ra YW, W, L, R, N, YW, KU, LU, W, [Py

==
Lagvill]

end

SET

nx = 7;
ny = 3;
nu = 5;
A = 0O

E = O

C o= O

oD = ;3
ACL, 1D =
ACZ 2D =
AC3, 3D =
ECL,1) =
ECZ,2) =
EC3,3) =
ci?,1) =
0D = 0.95;
IMITIAL
o=
OPTIONS
Timestep
TimeEnd =

TimsUnit

Sparsealgebr

Linearize

o DD OO0

[ e R e I R, R |
w1

.1
2

o

s';
a = true;
= true; -

o

= console |

Qutput Level: Marmal Output

Adwvancing time trom 1.4 t0 1.5
Advancing time from 1. Skto 1.6
Advancing time from 1.6ka 1.7
Advancing time from 1.7 ko 1.5
Adwancing time from 1.5k 1.9
Advancing time from 1.9 to 2
Linearized system:

o

0.500000 0,000000 0,000000 0,000000 0,000000 0,000000 0,000000
0.000000 0.500000 0.000000 0.000000 0.000000 0.000000 0.000000
0,000000 0,000000 0,500000 0,000000 0,000000 0,000000 0,000000
0,000000 0,000000 0,000000 0,000000 0,000000 0,000000 0,000000
0.000000 0.000000 0.000000 0.000000 0.000000 0000000 0.000000
0,000000 0,000000 0,000000 0,000000 0,000000 0,000000 0,000000
0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

B:

0.750000 0,000000 0,000000 0,000000 0,000000
0.000000 0.750000 0.000000 0.000000 0.000000
0.000000 0,000000 0,750000 0,000000 0,000000
0,000000 0,000000 0,000000 0,000000 0,000000
0.000000 0.000000 0.000000 0.000000 0.000000
0.000000 0,000000 0,000000 0,000000 0,000000
0.000000 0.000000 0.000000 0.000000 0.000000

850000 0.000000 0.000000 0.000000 0.000000 0.000000 0. 000000

[
0,000000 0,000000 0,000000 0,000000 0,000000 0,000000 0,000000
o.
0,000000 0,000000 0,000000 0,000000 0,000000 0,000000 0, 000000

[=H

0,950000 0,950000 0,950000 0,350000 0,950000
0.950000 0.950000 0.950000 0.950000 0.950000
0,950000 0,950000 0,950000 0,350000 0,2950000

Sirnulation of inear’ finished successfFully in 0.234 seconds.

{0 |
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Example: execute the flowsheet in file
CSTR_linearize.mso with the option
Linearize = true and evaluate the
characteristic values of the Jacobian
matrix (matrix A). Repeat the example with
the value of Cp 10 times smaller, i.e., 0.4
kJ / (kg K). Compare the ratio between the
greater and the smaller characteristic
values in module.

Non-isothermal CSTR: linearization

{ Th
for Mo

e EﬂViroment |

"9 Simulation |
" OEtimISathn "
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LADES
Liapunov Stability: X(t) is stable (or Liapunov stable) if, given & > 0, there
exists a & = 8(g) > 0, such that, for any other solution, y(t), of
d - -
d)t( =F(X) satisfying [X(t)~Y(t) <3 ,then |X(t)-y(t)|<e fort>t,
---------- m_--—— - e
T, Tt (5
4
L=ty
100

Stability Analysis -

100



Stability Analysis

=,

Asymptotic Stability: X(t) is asymptotic stable if Liapunov stable and there
exists a constant b > 0 such that, if |X(t,) - y(t,)| <b then lim[x(t) - y(t) =
t—owo

d

Defining deviation

Linearization:

Expanding in Taylor series: —=F(X)=F(X®)+

variables:  Y(t) = x(t) - x(t) —> %=%+ 2}: F(X(t)+y)
al:[X(t)]

Y _ )]y = Ab)-
o =J[X(®)]-y=At)-y

y+O(ly[")

"5‘?&
....
L

101
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Stability Analysis e,

For an equilibrium point X(t)= x*, the stability is characterized by the
characteristics values of the Jacobian matrix J(x*) = A:

= X* is a hyperbolic point if none characteristics values of J(x*) has zero real
part.

= Xx*is a center if the characteristics values are pure imaginary. Fixed point
non-hyperbolic.

= x* is a saddle point, unstable, if some characteristics values have real part
> 0 and the remaining have real part < 0.

= X* is stable or attractor or sink point if all characteristics values have real
part < 0.

= X*is unstable or repulsive or source point if at least one characteristic
value have real part > 0.

102

102



" , a5
Stability Analysis 8
For a second-order linear system:
det( A=) = A2 —tr(A)- 1+ det(A) = 0 > = ”(A)W”(A) —4det(A
g ‘:A? SN A
\,m, spind - (wAF = adatA
r% }% g% %\: % }g% 103
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oy
AT,
V74

A . Lol A
Stability Analysis e,
Considering the CSTR example with constant volume:
dc, F o
d_tA:VE(CAf _CA)_kOe RTCA J CA(0)=CA0
_E
RT
d—T:i(Tf _T)+(_AHr)k0e CA_UA(T_TW) ,T(0)=T0
d Vv pC, VpC,
_ c c -
F - -
—V‘E—koeRT —iszeRTCA
J(C,T) = _E _E
(-AH)ke™ F E (-AH)ke™C, UA
i pC, V RT? pC, VpCp_
104
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@ Stability Analysis e

1) Stable node

J(13.13, 659.46) = , \ \
2.7542x10°  4.8934x10" ~1.3604x10"

~1.6458x10°° —3.4282x10‘4} 1 {—1.0205><10-T

2) Saddle Point, unstable

-1.6260x10* -3.1753x10™* _6. 10°°
J(132.87, 523.01):[ 6260x10" -3.1753x10 } ﬂ{ 6.3659x 10 }

1.5852x10*  4.4509x10°* 3.4614x107*

3) Stable Node

J(299.86, 332.72) = . \
5.9285x10°  -1.0944x10" ~1.0944x10™

~7.2050x10°° —6.6220x10‘7} i_{—7.2051x10_5}

105
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Stability Analysis e,

800 .. file: CSTR_nla/traj_cstr.m
750 \
7001\

NN

106
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jaad
LY = LY -y, .
Complex Dynamic Behavior )
LADES
300 J'
3
o ] ﬁ“ CSTR example:
dzzm stable solutions
150 .|
oo 5 unstable solutions
5 ’/'(
594 ~ 800
0 /we [ °
o iIOO. 2‘00. 3|00 . 4‘00. 5I00. 6‘00.
TW
Hopf point
T,=200,37 K
200 T T T T T T
[¢] 100 200 300. 400. 500 600 700
Tw 107
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Complex Dynamic Behavior

A limit cycle is stable if all characteristics
values of exp(J p) (Floquet multipliers)
are inside the unitary cycle, where Jis
the Jacobian matrix in the cycle,p=2 n/
B is the oscillation period and 8 = [A,q-

P 7K
a5
LADES
unstable limit cycle
file: CSTR_auto/cstr_bif.mso

400

U

300

. : : (i o =
108
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EMSO

using "types';
~Flowsheet ab_dae

PARAMETERS
pl as Real;
pZ as Real;
p3 as Real;

VARIAELES
ul as Real;
uZ as Real;

ul as Real;
SET

pl =0,

p2 = 14;

p3 = 2;
EQUATIONS

diffiul)¥'s’
diffluzl*'s’
ud = explu?d;

parameters

Equation system
Jacobian matrix

First steady-state solution

5.

0 J—

-ul + pl * (1 - ul) * u3;
U2 +pl Y p2 Y (1 - uld *ul - p3 ¥ouZ;

T
0.000 0.025 0.050

4]

109
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Interface EMSO-AUTO
dxld—t(t) =X (t)+ p-[1-x(t) |e*"
dx, (t)

e =3% (t)+14p-[1-x(t) ]e="

-1-p-e*  p-(-x)-e

J(X) =
() ~14p-e% -3+14p-(1-x)-€*

p=0: x*=(0,00 AJ)=(1, -3)

e
s

n...q

110
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’;.

Interface EMSO-AUTO - i

Parameter p Eigenvalues Phase plane

p < 0.06361 Real negatives eigenvalues —
stable node
p=0.05 1 =[-1.13, -2.06]

p =0.06361 Repeated real negatives
eigenvalues — stable node
(star)

A =[-1.4372, -1.4372)

0.06361 < p < 0.0889 Complex eigenvalues with
negative real part - stable
focus

p=0.085

A =-1.095+0.565i

013% 013% 013 014 O0la2 0l4 05 014

111
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Interface EMSO-AUTO

p =0,0889

unstable node givesrise to
two points: unstable node and
saddle point p > 0.0889

Turning point (fold): One
stable solution (focus) and
other unstable (node). (point
3infigure below)

A =-1.009+0.605i

A =1[0, 3432

e

0.0889 < p < 0.0933

One stable solution (focus)
and two unstable (saddle and
node)

p=0.09

A =-0.982+0.614i

A =[-0.213, 3.332]

A =[0.364, 3.151]

0.0933 < p < 0.10574

at p =0.105738931 thefirst
point goes from stable focus
to stable node:

A =[-0.055, -0.046]

One stable solution (focus)
and two unstable (saddle and
focus)

p=0.10

A =-0.652+0.651i

A =[-0.439, 1.953]
A=1431+1.851i

wmy

P

112
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Interface EMSO-AUTO

p=0.10574

the stable node givesrise to
two points: stable node and
saddle for

p <0.10574

Turning point (fold): One
stable solution (node), other
unstable (focus), and one
sable limit cycle. (point 2in
figure below)

A =[-0.097, 0]

A =1.186+2478i

0 01 02 03 04 05 06 07 08 08 1

0.10574 < p < 0.1309

One unstable solution (focus)
and one stable limit cycle

27
-,

N

o

4

p=0.12
A =0528+3.487i

9

7

p=0.1309

Hopf bifurcation: pure
imaginary eigenvalues. (point
4 in figure below)
A=+4.008i

113




p > 0.1309

Interface EMSO-AUTO

Z3

Complex eigenvalues with
negative real part - stable
focus

p=0.15
A =-0.952+4.627i

0

0,000

I
0.025

I I 1 T 1
0,050 0,075 0,400 0.125 0.150 0,175

114
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Interface EMSO-AUTO e A
10
sl
sl
WL
L
2
AT e & Traiectori
....................... rajectories:
| mm—— \Hopf o Staeglepomt
—— saddle point
sl __, unstablepoint |
% ‘3 ‘2 ‘1 r‘) ‘3 a
Re())
115

7
A
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Interface EMSO-AUTO

Example: copy files auto_emso.exe and r-
emso.bat (Windows) or @r-emso (linux) in
“bin” folder of EMSO to the folder

. for Mogel
below in a prompt of commands (shell):

Windows: r-emso cstr_bif
Linux: ./@r-emso cstr_bif

The results are stored in file fort.7. In Linux
the graphic tool PLAUT can be used to plot
the results using the command @p.

CSTR_auto and execute the command The Enviroment |

"9 Simulation |
" OEtimISathn "

P 7y
.
l...?

116
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P

Sensitivity Analysis LADES

Objective: determine the effect of variation of parameters (p) or input variables (u) on
the output variables.
Steady-state simulation: F(X,u; p)=0

y=H(xu;p)

oy,

local: W :% [ =—2-
ap].

X

Sensitivity analysis X,p

v
N\

global: bifurcation diagram, surface response (case study)

-1
Wx:_(ﬁj ﬁ W =EWX+E
Normalized form: VT/y = &%
Y. Py,
’ 117
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Sensitivity Analysis LADES

Dynamic simulation: F(t,x,x,u; p) =0, X(t,; P) = %,(P)

y=H(x,u; p)
a_FW (1) + a_FW (1) + _F =0, Wx(to) :a_xo
X ap ap
oH oH
W, =—W,(t) +
Y = (t)+
OX . dw
here _~ W (t) = X
w W, (t) o (1) "

118
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CaseStudy caseFlash? as flash3teady_Test

AR

sl.Composition(l) = [ 0.2379, 0.3 ,
sL.F = [496.3, 496.31]* "kmo1/h';

RESFONSE

Sensitivity Analysis

fl.outletw.z(1];

fl.outletv.F

end

"kmal/ kg

0.357;

Casestudy C5_Batch as BatchProcess
WARY
Q = [505ed: 100: 506e3d] ¥ 'wW';
RESFPOMSE
T

end

119
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I;‘-Q
- Ll L] - l.'..l...”
Sensitivity Analysis LADES
Sensitivity Sense_Flash as flashSteady Test
WARY
gl1.F 'kmol/h'; "cnrhf.;d:?e Envisoment
a;!:;”gSIn-y ti
RESPOMSE
Ffl.outletv.F ‘kmol/fh';
end
‘Sensitivity Sensed as Test_Csl
AR
b0,
bl;
ali] b1
RESFONSE
* -0,1836734619 -0,472303207
5: i 0.857 142522 2.204051633
' Skatus OkK! ad
‘end
120
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Interface EMSO-MATLAB

Integrate a model written in EMSO
— Receiving input data from Matlab
— Sending output data to Matlab (discrete mode)
— Sending time derivatives to Matlab (continuous mode)

(Similar procedure exists with SCILAB)

1%
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Interface EMSO-MATLAB

Integration Procedure

Build a process model in EMSO
Define input variables to be read from Matlab
— must be specified variablesin EM SO
Define output variables to be send to Matlab
Configure the Interface EM SO-Matlab
Build the system model in ssmulink
— Using S-function (discrete or continuous)
Write additional calculation in Matlab
Run the simulation from Matlab

1%
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Interface EMSO-MATLAB

File Edit View Tasks Result Config

Help

« Example: FlashDinamicoSemPID PFD.mso

[ I R S ﬁa‘@ = | Zoom: 100_,?‘

e Explorer | B Results |

a®
= = using
¥ FlashDinamicoSemPID_PFD
B eml
=i sample
=i tutorial

q

13

x

&) FlashDinamicoSemPID_PFD.mso |

4

=
HOWHNOUAWN -

|
using "streams";
using "stage_separators\flash";

~FlowSheet FlashDinamicoSemPID_PFD

NComp as Integer;
DEVICES

Src as source;

Vap as simple_sink;

Lig as simple_sink;
as energy_source;

FL as flash;

CONNECTTIONS

Src.Outlet to FL.Inlet;
Q.0OutletqQ to FL.Inletq;
FL.OutletL to Liq.Inlet;
FL.OutletV to Vap.Inlet;

PARAMETERS
PP as Plugin(Brief="Physical Properties”, Type="PP",
i i i Components = ["benzene”,"water"],
LiquidModel = "PR",vapourModel = "PR™);

& Problems | Bl Console | B Model |
Output Level: [Normal Output |

ﬂ Ready.

Mode: Text Editar

Mode: processor speed
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@
Interface EMSO-MATLAB v
 Build the Model — cont.
Eile Edit View Tasks Result Config Help
B ™ E <D |G ® w *|zoom: 1005
Te Explorer | B Results | 4 » x| {& FlashDinamicoSemPID_PFD.mso 4 x
2@ 29 =
[ i using 32 SET
=¥ FlashDinamicoSemPID_PFD 32 NComp = PP.NumberofComponents;
= eml 33
=i, sample 34 FL.diameter = m';
= tutorial 35 FL.orientation ="vertical™;
36
37 | SPECIFY
38
39 Src.Composition(l) = 0.8;
40 Src.Ccomposition(2) = 0.2; l
41 Src.F = 600 * 'kmol/h";
42 Src.T = 338 * 'k';
43 Src.P = 507 * 'kPa';
44
45 Q.OutletQ.Q = 0.0 * "kw';
6 FL.OutletL.F = 370 * 'kmol/h";
47 | FL.Outletv.F = 150 * 'kmol/h’
48
49 | INITIAL
50
51 FL.Level
52 FL.OutletL.T
53 FL.OutletL.z(1) = i
54
55 | OPTIONS
5
57 Dynamic
58 TimeStep
59 TimeEnd
60 TimeUnit
61 Integration = "original”;
62 “end
63 =l
Ll | 3
| {Qa Problems | Bl Console | B Model 4 »r x
Ready. [ Mode: Text Editor Mode: processor speed = . .
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Interface EMSO-MATLAB oy

» Input variables: specificationsin EMSO

File Edit View Tasks Result Config Help

s & E < D e @[5 ® w |zoom: 1uu_,?‘
»ox

e Explorer | 5 Results | 4 & FlashDinamiceSemPID_PFD.mso | 4« r %
-8 29 =l
1+ Bk using ;g SET
¥ FlashDinamicoSemPD_PFD 32 NComp = PP.NumberOfComponents;

= eml 33
=L sample 34 FL.diameter =3 * 'm';
i ="vertical";

1 i, tutorial 35 FL.orientation
36
37 | SPECIFY
38
39 Src.Composition(l) = 0.8;
40 rc Composition(2) = 0 2 I
41 Src.F = 600 * "kmol/h";
42 Src.T = 338 * 'K';
Src.P = 50 kPa™;
0. 0utletd O 0.0 * 'lw'.

43
44
45 =
46 FL.OutletL.F = 370 * "kmol/h'
2; FL.OutletV.F = 150 * 'kmol/h";
49 | INITIAL
50
51 FL.Level 0.4 * "'m";
52 FL.OutletL.T 338 * "K',
53 FL.OutletL.z(1) = 0.5;
54 |
55 | OPTIONS
56
57 Dynamic H
58 TimeStep
59 TimeEnd
60 TimeUnit H
61 Integration "original™;
62 “end
63
< |
| M; Problems | &l Console | B Model | 4 r x
Ready. | Mode: Text Editor Mode: processor speed = . .
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.
« Output variables: calculated by EMSO
{ EMSO
File Edit View Tasks Resuk Config Help ‘
KN ®E P [0 & w &|zeom| 100Z]
T2 Explorer | E Results | 4 » x| FlashDinamicoSemPID_PFD.mso | 4« r ox
; o 29 =]
= FlashDinamicoSemPID_PFD OQ"ZJEILI 30 | seT
Py 31
©= NComp T g% NComp = PP.NumberofComponents;
& Sre 34 FL.diameter =3 % 'm";
35 FL.orientation ="vertical”;
36
37 | SPECIFY
38
39 Src.Composition(l)
40 Src.Composition(2)
41 src.F "kmol/h";
42 src.T = 338 'K';
43 Src.P = 507 * 'kPa';
B = Tnlet 44
B g onmm 45 Q.0outletQ.Q Tkw';
46 FL.OutletL.F "kmol/h";
(& oule) 47 FL.outletv.F "kmo1/h"
#)= NComp 48
; 49 | INITIAL
50
51 FL.Level H
52 FL.OutletL.T H
53 FL.OutletL.z(1)
54
55 | oPTIONS _';I
I 4 ] »
&y Problems | Bl Console | Bl Model | 4« P ox
Qutput Level: [Normal Output ]
AQVaNcing TMe Trom 52/0 10 5382 Al
|| Advancing time from 3582 to 3538
Advancing time from 2588 to 3504
Advancing time from 2594 to 3600
Simulation of 'FlashDinamiceSemPID_PFD' finished successfully in 0.386 seconds. =
el =
llﬂ Ready. Mode: Text Editor Mode: processor speed = . .
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. EMSO MATLAB - SCILAB - C:\Almeida\PACOP\PACOP200"

a5
Interface EMSO-MATLAB oy

Interface configuration — EM SO-Matlab

LADES

[~ EMSO - Parameters

[=F. - FiachDinamicoSemPID_PFD

2\Aulab_Pratica\EstudoDeCasos_2 I lashDinamicoSemPID_PFD.ems [E=STelx]
EMSO MATLAB - SCILAB
File Options Help.
& | &
[ Inputs [ Outputs
- EMSO - Specifications ~ Matlab/Scilab ~ EMSO |
EF. ] FiashDinamicoSemPID_PFD | & q
Sre.T FL
FLOutletL.F v i
FLOutletV F hw
diameter
=]

# & Inlet _>|

2l Outletl
t <-
OutletV’ _I

Output M
|| output Leve
Degrees of freedom: 0 |
Structural differential index: 1
Extra Equations: 50
Extra Variables: 0
Dynamic degrees of freedom: 3
MNumber of initial Conditions: 3
| Ready.

27
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Interface EMSO-MATLAB

e Build System in Simulink —without PID

V24

-..’Q

W FlashDinamicoSemPID_PFD ==
File Edit View Simulation Format Teols Help
D SEH& $2@|== 4| r = pooo  [Nom N BEREE rEER
SrcF
0] il 2 7]
2 \—pnmp FVs
Prass. -
MY LC
v e Leval -
FL.OutletL F PROCESSO FL.OutletV P &
Flash FL.Level
FL.Outletv F
Tempo
e 4000
Relegic Tempe de
Simulacac
Ready [100% |odeds Y
128
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Interface EMSO-MATLAB -~y

e Configuring size of i/o ports

ﬂ Function Block Parameters: Modelo Flash_Matlab &

S-Function

User-definable block. Blocks can be written in C, M {(evel-1), Fortran, and Ada and
must conform to S-function standards. The wariables t, x, u, and flag are

al ically passed to the S-function by Simulink. You can specify additional
parameters in the ‘S-function parameters’ field. If the S-function block requires
additional source files for the Real-Time Weorkshop build process, specify the filenames
in the 'S-function modules' field. Enter the filenames only; do not use extensions or full
pathnames, e.g., enter 'src srcl’, not 'src.csrcl.c.

Parameters

S-function name: emso_sf d Edit

S-function parameters: | 'FlashDinamicoSemPID_PFD.ems',4,2,1

S-function modules: | "

[ [s]'4 ] [ Cancel ] [ Help Apply

o

(=@ = ]

===yl

4

PVs
b = W INormaI =

FL.CQutletV.F

el

-
-

1=

Modelo
Flash_Matlab

"1 Tempo

Level

Ready [100%

[odeds A A 1129

Ready
.
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T,
.
F/

)

20

Interface EMSO-MATLAB

W8 FlashDinamicoSemPID_PFD E=IEI]

File Edit View Simulastion Format Tools Help

O &S % B@E ] » lsoon  [Nomnal 2 T R E

B FLOutletV.P & FLLevel o o0 e |
& LRE AB

| Temp.
Prass >
MV LC
P Level >
PROCESSO FL.OutletV.P &
Flash FL Level

Tempo

e 2000

Relogio Tempo de

Simulacac

100% oded5

ol IRl 2 L al

n of FlashDinamico3emPID FFD finished with an *error®
n of FlashDinamico3emPID PFD finished with an *errorc*
Simulation of FlashDinamicoSemPID_PFD finished with an *error¥®

TTTEEE, FLT T FIASADIRGNics PFD WATIEB (TS,

[Src,FL] = FlashDinamico PFD_Matlab(t,¥_| |Simulation of FlashDinamicoSemPID_PFD finished with an *error®
[Src,FL] = FlashDinamico_PFD_Matlab (t,¥ - s
4 [ | 3 4| 1 |

<\ Start

130



Interface EMSO-MATLAB

Executing script in Matlab

Editor - C:

OP\PACOP:

1a6._P

Mat.. e ) [ |

DeCasos_2 |

File

Edit Text Go Cell Too

Is Debug Desktop Window Help

REL L R

T =
e EERRE B@ [ -] (O]

x| o o |

[lfunction [Sre,F
t = t/3600:
tmax = max(t);

=nd
% Entradas
Tigur=(1);

subplot(z,2,1):

grid;
xlabel(' tempo
ylabel{' Src.F

subplot(2,2,2);

L1

plot (t,Sre.F, 'LineWidth',2);
ax = axis; axis([ax(1)

thy ')

plot(t,Sre.T, LineWideh',2);
ax = axis; axis([ax (1)

FlashDinamico_PFD_Matlab (t,¥,¥_sSp)

=]

-

LADES

Desktop Window  Help

e )

n = size(y_sp,2);

Src.F =yl 1);

sre.T = ¥(:,2) - 273.15;

FL.OutletL.F = y(:,3];

FL.OutletV.F = y(:,4];

FL.OutlstV.P = y(:,5] *9.8692-6;

FL.Level = vl(:,8);

ifnsao0 \ MATLAB 7.6.0 (R2008a)
FL.OucletV.P_SP = y_sp(:,1)/1.0e5; File Edit Debug Parallel
FL.Level SP = y_spi:,2):

OP\PACOP,

2\Aulaf_Pratica\EstudoDeC

_oant |

Shortcuts

EREEIFL L IR
. Howto Add (2] What's New
Current Directory # B A % Workspace

@ New to MATLAB? Watch this Video, see

Dermos, or read Getting Started,

0= x

Estude de cases 2 - Simulacao dinar™|

>> [Srec,FL]
A1

tmax ax(3) ax(4)]
L v
(kmol/hy ') ; Command History w02 x
G-4+-- 23/09/02 08:51 ——% i
-[Sre,FL] = FlashDinamice |
tmax ax(3) ax(4)] L

clear
< "

¥

= FlashDinamico_PFD_Matlab(ct, v, [1):

| FlashDina .@

131
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a5
Interface EMSO-MATLAB oy

* Visualizing Results

Input variables

M Figure 1 o ) |
File fdit Miew [ruet Tool:s Desktop Windew Help -

DEde | k(R0 EA- Q08 =D

Output variables

200 70 B Figure 2 (= [ |
180} - ---- Eile Edit Yw Insest Teols [esitop Windew Help =
% g e DEWe kA8 09RL- Q0B |0
= 180 =
W
x e - i 66 _ 15
H
% 6z 04 06 08 1 S5 0z 04 06 08 a !
tempo (h) tampo (h) Z
05 i
% 104 i 104 g \\‘
£ 108} ---- £ 10 G 02 0.4 06 08
; ; tampe (h)
102 102
2 2 &
= 10 = 101 E
0z 04 06 08 1 02 04 06 08 1 f’ 1
tempo () tempo (h) B
o 05
o
i
. 02 D4 06 08
tempa (h)

132
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Interface EMSO-MATLAB

* Build System in Simulink —with PID

8 FlashDinamicoComPID_PFD

= | B |

e

P4

'y,

4z,

File Edit View Simulstion Formst Tools Help
D SEHS| & 2@ e 42| r = o [Nma BB E s REE®
e
SreT
g Fys >
FL.Outletl F | Temp: FVs
Fress »
bi e ST
e -
Level_SF Y Auto/Man v PC Lewel =
ve it o 2] FL OutletV P &
Flesh FL Level =
FL.Outletv.F
pfsP
[y
P=F v AutoiMan
PIC
T Tempo
Setpoine Relogic Tempo de m
Simulacac -
Ready [100%¢ [ [ |oded5

B
w
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Interface EMSO-MATLAB e

o Configuring size of i/o ports

W8 FlashDinamicoCopaBIRunen: =& =

= 8| Function Block Parameters: Modelo Flash_Matlab =5
File Edit View §

= S-Function
O & -S|

User-definable block. Blocks can be written in C, M (ievel-1), Fortran, and Ada and
must conform to S-function standards. The variables t, x, u, and flag are
automatically passed to the S-function by Simulirk. You can specify additional
parameters in the 'S-function parameters’ field. If the S-function block requires
SrcF additional source fles for the Real-Time Workshop buid process, specify the filenames
in the 'S-function modules’ field. Enter the filenames only; do not use extensions or full
pathnames, e.g., enter 'src srcl, not 'sre.c srel.c.

o

ST Parameters
S-function nam 1 [ Ea =T i
S-function parameters: | 'FlashDinamicoSemPID_PFD.ems',4,2,5 =
m 5-function modules: " Tt [ i I:I
Level_sP ) PFD/PROCESSO Flash » (== = )
[ oc [ concel J[ wep ][ ooy lation Format Tools Help 5
B &= |
FL.Cutletv F
PSP Auto/Man
Modelo
Flash_Matlab
Setpoints [
Ready [100% |odeds 4 d
Ready \ — — = AN




Interface EMSO-MATLAB

-
W FlashDinamicoComPID_PFD

LADES

P 7K
a5

[E=1suh
File II it =
— | B FLOutetV.P & FLLevel [E= =R ;
o (B S~ bos mame
@B L AEE P AT & -
. &
=10
= -
PVs
Prass - |:|
Level
PROCESSO FL.OutletV.P &
Flash FL.Level =
— -
v L
BrSH; i Aute/Man
PIC
4o ol ™

Setpoints Relogio Tempo de TR

Simulacao hd

Ready [100% |odeds Y
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& Figure 1

Interface EMSO-MATLAB

* Visualizing Results

Input variables

FEile Edit ‘sew [nsem Tool: Deiktop Window Help
DEode k(R DPLA-GQ 08 =Q

[ESVECE -0

200 ]
190
i g
= 180 =
2 1m0 i e
052 04 05 08 S0 02 04 06 o8
tamgo () tamgo (1)
200 200
&SN P
- -
Y w0 Y oo
4 4
3 50 R
= i~
%5z 94 06 08 1 %5z 04 96 08 1
temgo (1) temgo ()

\ Output variables
B Figure 2 = | E
File Edit View [nzet Tool: Deiktop Window Help -:
NadS KA O8RL- G080
156
T
= 1
o
jos
ﬂ . \;__,__,_.--“"
02 04 (13 (1]
tempa (h)
o7
Es
]
5o /\,m
b [ 04 [T [T
termpe {h)
136
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» Questions to be answered to assist the user of a CAPE tool - debugging:
* For an under-constrained model which variables can be fixed or specified?

 For an over-constrained model which equations should be removed?

 For dynamic simulations, which variables can be supplied as initial conditions?

» How to report the inconsistencies making it easy to fix?

» In other words, debugging methods need to go beyond degrees of freedom and

the currently available index analysis methods

5. Debugging Techniques LADES

137
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.

— Current Status — mne:'s

g@ Debugging Techniques g

Static models - Nonlinear Algebraic (NLA) systems:

* Several structural analysis methods available on the literature

» Most EO tools implement a degrees of freedom (DoF) and structural solvability
analysis but user assistance is very limited when ill-posed models are found

Dynamic models - Differential Algebraic Equation (DAE) systems:

* Currently available methods are limited to index and dynamic degrees of
freedom (DDoF) analysis

» The well-known EO commercial tools have a high-index check which can fail
even for some simple low-index problems

138
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Debugging Techniques s
— Bipartite Graphs — LADES

v Bipartite graphs can be used to solve combinatorial problems:

» Tasks to machines
* Classes to rooms

» Equations to variables

* Bipartite graph G(V =V, u V, , E) have two

2) (3) (4) independent sets of vertices

* Vertices in the same partition must not be
adjacent

@ e « We can have alternating and augmenting paths

Matching {{1,5}, {3,7}} w/ alternating path

Matching {{1,5}, {3,6}, {4,7}} w/ augmenting path
139
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Debugging Techniques s
— Bipartite Graphs: variable-equations — LADES

Graph for variable-equation relationship

f(x) =0

f(Xy, %) =0
fa(Xy, %) =0
(%o, X5, X,) =0
f5(X4 X5) =0
fo(Xg, X4y X5) =0
f2(Xs, Xe: X7) = 0

variables values Maximum Matching
or equations forms Multiple Solutions
are irrelevant

140
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Debugging Nonlinear Problems

over-constrained well-constrained

W ® ®@ ® ®

X/
1
(x1) (2)|(8) () ()

Debugging Techniques
— Nonlinear Algebraic Equations —

= Discover if there are over or under-constrained partitions

= Start from unconnected vertices and walk in alternating paths

under-constrained

(o) ()

Dulmage and Mendelsohn (DM) decomposition

P
Z53

4

141
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Debugging Techniques 3
— Differential-Algebraic Equations —

A Simple Example

X-x,=a)
X, = b(t)
Solution:

x(t) =%,(0)+ [ a(z)dr +b(t)
X, (t) = b(t)

v Only two differential variables
v" Index-1 system
v Requires only one initial condition

v Initial condition must be x;

v X, is the only state of the model

LADES

142
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Debugging Techniques 3
— Bipartite Graphs: DAE system — LADES

Classic Algorithm

W () @

(%) ) () %)

* Who are the states?
» Which variables should be specified as initial conditions?

143
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I_ !/ — a t
X% (®) » If only one initial condition is given (which is correct):

X, = b(t)

Set up of simulation
A1l 2 variables will be monitored during this simulation!

The number of initial conditions (1) does not match the

number of states (2)
Building mathematical problem description took 0 seconds.

Debugging Techniques 3
— gPROMS output — LADES

144
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Debugging Techniques 3

o - gPROMS output - LADES

» If two initial condition are given (which is wrong):

Performing initialization calculation at time: 0O
Variables
Enown
Unknown
Differential
Algebraic
Model equations
Initial conditions : 2
Checking index of differential-algebkraic equations (DAEs)...
ERROR: Your problem is a DAE system of index greater than 1.
Your differential wariakles ("states") are not independent

| T e T U T W e

145
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@ Debugging Techniques
— AspenDynamics output —

Determining specification state...

’ r_

Xl - X2 - a(t) specification state determined.
Preparing simulation for solution

X, = b(t) Starting new snapshot file.

Simulation ready for solution
Simulation has 4 variables, 2 equations and 3 non-zeros
Number of equations = 2, number of states = 2

146
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- New Algorithm: debu

Debugging Techniques

ing DAE system —

P 7K
a5

LADES

DAESystems(G = (V,,V,,E), M)
2: forv, € V. do

3. if not AugmentMatching2(G = (V.,V,, E), M, v., false) then

4: mark all colored v, € V.,
5 uncolour V,
6: if not AugmentMatching2(G = (V,,V,
7: return false
8: end if
9: diff all marked v, € V,
10. else
11: uncolour V,
122 end if
13: end for

14: return true

vy

E), M, v,, true) then

147
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Debugging Techniques
— New Algorithm: debugging DAE system —

AugmentMatching2(G = (V,UV,, E), M,v,,alg)

10:
11:
12
13:
14:

1
2
3
4
5
6
7
8
9

- colour v,
. if exists {v.,v,} € F and {v.,v.} ¢ M and v, is elegible then
M — MU{v.,v,}
return true
end if
. forall {v,,v,} € E do
. if exists {v.0,v,} € M and v., not colored and v, is elegible then
if AugmentMatching2(G = (V.UV,,E), M,v,.,,alg) then
M— Mu{v.,v,}
return true
end if
end if
end for
return false

148
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Debugging Techniques 3
— Applying the New Algorithm — LADES

W () ® 0 () ®

= b(t)

() 9 () ®  ®

Classic Algorithm

v" All equations and all X" are connected when it finishes

v" Free variable nodes are the real states

v DM decomposition can be applied to the final matching

v" Singularities are detected (classic algorithm runs indefinitely)

149
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X =% =a(t)
X, = b(t)

Debugging Techniques s
— EMSO output — LADES

» If only one initial condition is given (which is correct):

Number of variables: 2

Number of equations: 2

Number of specifications: 0

Degrees of freedom: 0

Structural differential index: 1

Extra Equations: 1

Extra Variables: 0

Dynamic degrees of freedom (states): 1
Number of initial Conditions: 1

150
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only two states!
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lyin

Debugging Techniques Zg
the New Algorithm: performance —

+» Dynamic model of a distillation column for the
separation of isobutane from a mixture of 13 compounds

N. Trays N. Variables Time* (s) Time /N? (s -10°)
20 2157 0.04 9.46
40 3877 0.14 9.68
80 7317 0.52 9.79
* Pentium M 1.7 GHz PC with 2 MB of cache memory, Ubuntu Linux 6.06
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V24

...’Q

Other CAPE tools
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T,

Optimization (NLP) LADES

5| flash_opt.mso | 4 » x
75 =0Optimization FlashOptl as FlashSteadyTest =
] MAXIMIZE
77 Tewves;
g
79 FREE
80 fl.o0utletl.T;
81 AET Outletl.F;
32
83 EQUATIONS
o
ggl £]|83E]|SE::$ : %%8 - ,E,; @sample_ﬂptimizat\nn.msn| 4 » X
86 1 voptimization hsrl =
87 OPTIONS 2 WARIABLES
BE Dynamic = false; E] x1 as Real(Default=Z, Lower=1l, Upper=5);
89 NLFSo lweNLA = Talse; 4 x2 as Real(Default=5, Lower=1l, Upper=5);
90 NLPSolver (#F7 fe = "complex"”, 5 x3 as Real(Default=5, Lower=1l, Upper=5);
91 : : O #EFT e = "optpo_emso ", 3] x4 as Real(Default=l, Lower=1l, Upper=5);
92 : : i File = "ipopt_emso", 7
93 : : i RelatiwveAccuracy = le-0); 8 MINIMIZE
94 “end 9 ®1¥ed ¥ (xl4x24x3) + x3;
4 10
11 EQUATIONS
12 ®1¥x2¥xI¥xd = 25;
13
14 x1¥xl + x2¥xZd + x3¥xI + xd¥xd = 40;
15
16 OFTIONS
17 NLFSo lver(#F7Je = "ipopt_emso"
18 ] ] i #File = "complex"
19 : : i File = "optpp_emso"
20 ‘ ; PN _
21 Dynamic = false;
22 tend -
‘ o




Optimization (MINLP) LADES

5| sample_minlp.mso | 4 p x
21 =l
22 =0ptimization minipl
23 VARIAELES
24 %0 as Integer(Default=0, Lower=0, Upper=1);

25 %1 as Real(Default=0, Lower=0, Upper=1.02102;

26 %2 as Real(Default=0, Lower=0, Upper=1.02102;

27 %3 as Integer(Default=0, Lower=0, Upper=5);

28

29

30 MINIMIZE

il S1v k0 + w1 o+ 2D

12

33 EQUATIONS

14

15 (x1 - 0.5)A2 + (x2 - 0.5)A2 «= 0.25;

16 ®0 - x1 <= 0;

i7 ®0 4+ %2 + x3 2= 7

18

39 OPTIONS

40 Dyhnamic = false;

41 NLPSoTwelLA = true;

42

43 NLPSoTver(File = "minlp_emsa", derivative_test = "second-order"

44 print_level = 5J;

45

46 Lend

47 _I;I
4| | »
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23 vEstimation PVY_Est as PW_Flow

E]Emmml 4 »
100 »Estimation Biop_ME_Estt5 as Biop_ME_processSt
101 ESTIMATE
102 # PARAMETER START L OWER LEFER LINTT
103 Kss 0.2009 0,004 7 "leg/mAd
104 Ksn 0.0446 0.005 1 “leg/mAd
105 mim 0.7979 0.1 0.8 175"
106 alfa 2.0293 1 5 :
107 gama 0.08502 0.05 5 ‘178"
108 k1 0.4059 0.1 k] "kgika';
109 K2 -0. 00795 -1 3 '1/s";
110 rn 10.62 0.1 1B ;
ﬂ% led 0,007 0.0005 1 "1/s";
113 EXPERIMENTS 5 pr_estmso |
114 # DATA FILE WETGTH
115 "Bio.dat" 1; ]
116 25
117 OFTIONS 26
118 Statistics( 27
119 Fits=true, 28
120 FParameters=false, 29
121 Predictions=false 30
172 ; g%
121 a3
124 MLPSoTwer ( P
125 MaxIterations = 1000, s
126 File = "complex" 36
127 #ETle = "ipopt_emso" 37
128 ; 38
129 Dynamic = true; 39
130 tend 40

1] | 41

42
43 tend
T E—

ESTIMATE

# PAR START LOWER UPPCR  UNIT
A 1.5 -3 H

B 1000 8OO 3000 'K

C 50 20 200 "K'
EXFERIMENTS

# FTLE WETGTH
"pv_est.dat” 13

OFPTIONS

Mumlac = false;

NLPSo]ver‘(

File = "ipopt_emso"
#Ffle = "complex”
D)’mam'ic = false;
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4 heatExmsa |

3 vFlowSheet HeatEx_Flow

4 VARIABLES

b x1 as Real (Default=30.
5] xZ as Real (Default=30.
7 x3 as Real (Default=30.
8 x4 as Real (Default=30.
9 x5 as Real (Default=50.

%? xb as Real (Default=50.

12 SPECIFY

13 x1 = 100.91;

14 x2 = 64.45;

15 #xd = 74.635;

16

17 EQUATIONS

18 x1l - x2 - x3 =0

19 x2 - x4 = 0

20 %3 - x5 = 0y

21 x4 4+ x5 - xb = 0

22

23 OPTIONS

24 Dynamic = false;

25 Lend

Lower=0,
Lower=0,
Lower=0,
Lower=0,
Lower=(.
Lower=0.

B

Upper=150J;
Upper=150J;
Upper=150J;

Upper=150J;
Upper=150};
Upper=150);

Data Reconciliation

5| heatEx.mso |
27 wReconci liation HeatEx_Rec as HeatEx_F low 4|
8

29 RECONCTILE
30 wly w2y =3 x4y w53 xb;
31 #Exly x2; x5; x6;
32 #xl; x2;
33 #xl; x6;
34
35 FREE
36 x1; x2;
37
38 EXPERIMENTS
39 # FILE WEIGTH
40 "heatEx.dat" 1;
41 #heatEx 1. dat"” 1;
42 #heatEx 2. dar” 1z
43 #lheatEx_J. dar” 1;
211451 #'heatEx_GE. dat" 1;
16 OPTIONS
47 Filter = "mean";
48 significance = 0.95;
49
50 GrossErrorTests (
51 Global = true,
; Modal = true,
53 Measurements = true
54 H
55
56 NLPSo Twer(
57 MaxIterations=1000,
58 : File = "complex"
59 #AEile = "ipopt_emso"
60 );
61 Dynamic = Talse;
62 “end

1 »r x

Sy
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Interface EMSO-OPC

Support to the following possible applications:
* Virtual analyzer (inferences with models)
* Process monitoring
* Testing control systems
* Operator training
* State estimators
* Model updating

* Any application that needs integrating models with
plant data in real time!

P
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Interface EMSO-OPC

rge’\ PROJETOS' Alsol

read from tag

o
Dynamic degrees of freedom: 7
Number of initial Conditions: 7

Simulstion of flash_ope_Test started ..,

LA Solver; E:\Usertrget PROJETOS Alsoc| EMSOlinterface|sundials. dil
Solving the initial condition problem. ..

MLA solver converged,

DAE Salver: ExiUser|Arge|PROJETOS) AlsactEMSOlinterfaceldassic. dil
Integrating the system. ..

Advancing time from 0 to 1

Time Forced reinitialization at kime 1 restarting the syster

NLA solvar corverged.
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% Interface EMSO-OPC

Simulator

ol flash_opc_Test
& q
& outletq
=8
9 Inlet
= 8 outletl
&

Ml OPC Tag Search

DLLTestSvr Il Units Converter
O

& outlety
+ 89 Tnlern

[+

—
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erator Training and Process Monitorin
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Virtual Analyzer —- EMSO-CEKF

Agies de Controle

W aridvel

|::> Estimada

.'. . T.P, .ﬁl:.i
B e
Estim da ;
Varavel
Comgd
—»ml:>
‘I'-'_:I.‘

mostras
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EMSO-CEKF

Model parameters and variables selection

CEKF-EMSO0 Editor

Arquivo

1=

[E:
[
[c
[E:
[t
[

5 Servidores

THOpCServer

=] Entradas
[l r2z0.T

- Yalor

Valor Estimado

Valor Inicial

Valor Maximo

Valor Mirimo

- Erro Méximo

- Escalonamenita
W Filtro

- N Filtro

] RZ301.H2

] RZ301.C2

] RZ301.Cat_in

+] RZ301.Donnor_in
] RZ301.TEAL_in

] RZ301.C3

El Saidas

RZ30L.Mi

R2301.x
RZ301.Cat
R2301.TEAL

RZ301.0onnor

5] Parametros
RZ30L.K7

=] Cekf

Matriz R

- Matriz Q

Matriz Pini

- Configuragdes

EIR2301
3
T
He
cz
Cat
Donnor

- TEAL
Cat_in
Donnor_in
TEAL_in

- ss
%
i
CONCentracan

[l

RZ301.x
R2301.Cak
RZ301,TEAL
R2301.Donnar

i)
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CEKF-EMSO Editor

Arquive

EMSO-CEKF

Parameters and variables configuration

g [ = 5|

=] Servidores

TrOpeServer

=] Entradas

Bl R2301.T

& Valar
Valor Estimado

& Valor Inicial

- Valor Méximo
Valor Minimo
Erro Méximo

- Escalonamento
W Fitro

- NFilra

B R2301.H2

# R2301.C2

B R2301.Cat_n

£

£

E

| R2301.Donnor _in
H R2301.TEAL_In
¥l HZ3UL.Lg

IF] Saidas

RZI0LMi

] Estados

R2301.Donnor

= Pardmetros
RZ3I0LK7
1 CekF
Matriz R
> Matriz Q
Matriz Fini

[ Opgies do Otimizador

Mimero méximo de interacBes: 100
Tolerangia de &m0 desejada: [0.000
Tolerancla de erro scsitawel: [o.00r

Metode de escalanamento: [user-scaing

I Execucdo

Tempo de amostragem (s): [10.000
Tamanha maxdme do histérica: [1000

¥ Dtimizagdn disreta
I™ Correcin completa da P

™ Repetir dltimos valores lidos das saidas

[ Simulac&o
™ Moda Simulaczo

Arquivo de saida (.m): [estima

.

&

164

164



Model Generation for MPC

| L ocal optimization |

—]

Inferences

goals

M odel updating for
MPC

Data treatment and
data reconciliation

R

y(t) u(t)
d(t)

3

LADES
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Variables selection

I MPC-EMS0 d:\Projetos\UFRGS\mpcibin\3tq.emc*

[ Avaliable:

=l Tankl

e

=l Tank2

= Tank3

412

Model Generation for MPC

Current Selected:
Feed

166
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Model Generation for MPC o &

Variables configuration

I MPC-EMSO d:\Projetos\IFRGS\mpcibin\3tq.emc*

Eile Tasks
= Mpc
=l Input o] ceoeral] omi | Bropc]
Feed &
+ State Feed
* Qutput
convert units, ..
Steady-state value source:

& From Result Fils

" From Tag

e [
Server: l—

" Manual

Value: Ii

Steady-State Value: |Not processed yet
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.I..Q
Standard Interfaces 8
CAPE-OPEN
Simulator
£ )
xecutive @ External UO®<::> bE)(ternal Thermo
) &K—>®
Libraries @
Unit Numerics ®E)(ternal Numeric
U: Unit Interf.
Thermo T: Tl?elzrrsaeln?:g:ces
N: Numeric Interfaces
168
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i,
CAPE OPEN e &
Example of CAPE-OPEN: DyOS (Dynamic Optimization Software) -
Marquardt’ s group (2000)
fuﬂ: initial guess process
| G model
; e gPROMS
e NLP L DAE —'§ model server
solver |« integrator f+—{ i L
grid ‘E | Eso |
refinement CAPE-OPEN
R compliant
software
interface |
- CORBA ObjectBus
(um J' optimal trajectory L
@.
169

169



EMSO A

CAPE OPEN

Another example of CAPE-OPEN: EM SO (Environment for Modeling, Simulation and
Optimization) - Soares and Secchi (2004)

EMSO B

8} -
PURGE

methanol plant

-l
L],

FLASH

PRODUCT

ESO

A,

< CORBA Object Bus

EMSO

ESO

e
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Interface EMSO-CFD

Case study using PHOENICS and FLUENT

ag
LADES

EMsO Energy Balance
Mass Balance
p.1.Cpk U
Overall heat
transfer & <
INTERFACE coefficient
evaluation i ;
P-H V=1(zr) N
i
I
l
|
Momentum I i
PHOEMNICS Balance ‘_2 E
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Final Remarks

I;?‘Q
....

R

» The concepts of inheritance and aggregation of the object-
oriented modeling paradigm make possible to refine, reuse, and
extend available models to more specialized applications,
reducing considerably the modeling stage of a project

» A complete consistency analysis of process models described
by differential-algebraic equation systems is a very important
mechanism to aid the development of new models, specially for
large-scale systems

» The integration of a process simulator with model-based tools,
such as AUTO and Simulink/Scicos, allows us to carry out more
complex analysis of rigorous models and complete flowsheet
simulations
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Final Remarks e 4

Available CAPE tools ...

* Process simulators and optimizers

» System identification packages

» System analysis

» Standard communication interfaces

* Numerical solvers (NLA, NLP, MINLP, DAE, ...)

 User-friendly graphical interfaces

... that need high-tech people to use and improve them!
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Process Modeling and Optimization LADES
for Energy and Sustalnaplllty
... thank you for your attention!
http://www.eng.ufrgs.br/alsoc
Solutions for Process Control and Optimization
Process Modeling, Simulation and Control Lab
¢ Prof. Dr. Argimiro Resende Secchi
e Phone: +55-21-2562-8301
« E-mail: arge@peg.coppe.ufrj.br
. http://www.peq.coppe.ufrj.br/Areas’Modelagem_e_simulacao.html
L
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Extra slides
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EMSO Tutorial g5
— Modeling Structure — LADES
EMSO has 3 main entities in the modeling structure
VALVE_UP
U Flash Model
SIR1 g Heater Model
55 Valve Model
Material Stream Model
VALVE DOWN
FlowSheet — process model, is composed by a set of DEVICES
DEVICES - components of a FlowSheet, an unit operation or an equipment
Model — mathematical description of a DEVICE
179
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EMSO Tutorial
- Modeling Structure —

VALVE_UP

sk el
< sample
T = Mowsheets )
o= SR
= wnn
- Mo Model
& heatermss
- stream.mio
& vahe mso

STR1

FlowSheet

VALVE_DOWN

Model: equation-based FlowSheet: component-based

using “heal
uzing “flazh
using “war
using “slrrsm’

= FluwShesl Provsss

IDEVICES
TIRAT
SCPARATOR
VALVE_UF
VALVE DOWN
IR 1

(Rrisf="va
afstreamPH (1briey

CONNECTIONS
5
THEAT Chaldeel
SCEPARATOR. CullelV | e
SEPARATOR Cullsll Lo VALVE_DCWE Inlel;
e ] .’l:'
2 180
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¥ coefficiant
&8 constant

% poate

B negalive

W traction

% percent

%* conliol_signal
" efficiency
T pressure

¥ s _deha
% head mass
T hewd

A tomporatune
% temp delra
¥ time_h

4 tima_min
¥ ume s
% lrequency
% angle

T A

% lenglh

% length delta
% volume

& ol mal
% volime mass
% current

4" charga

% copuulonce

EMSO Tutorial

— Object-Oriented Variable

Parameters and variables are declared within their
valid domains and units using types created based on
the built-in types: Real, Integer, Switcher, Plugin

ctticicncy as Keal (Brict = "Efficicncy”, Lotault=0.4, tinal Lower=y, tinal Uppor=1);

£ Pressure

pressirs =& Heal Brist  “Pressurs”, Default 1, Lowser _s-30, Uppsr fina. Unit  ‘atm):
press_dslla sz pressurs [Brisl — Prassues 13 T Il ;

read_mass &5 lieal [Briet = tinal Unit = "k /kg’);
Fead ou Meal [irnal Unil = W fkunol’);

# Temperature
H e E5 Heal (sl
= del B ER IBmpErAlure (Brisl =

nal Unil. "K'
, Lpper=1000;

& Time

time b as positive (Brief imc i
time min as tims h  (Lrist ime in minute
Limes_gz=e: ax limsa_h  (Rrisl ime in s
[uguency  as pesilive (Bncl — "Froguency

it =1

. LigplayUnit
, DigplaylInil. —
Delaull—1, Upper—1 00, linal Unil—"1/5");

£ Size reluted

angle 5 Real Brief — "Angle®, Jefault-0, Lower— 7,
HIHA &5 posilive Mral Ao
Iengeh on positive (Aot — 7| I

Isnglh dallz =2 langlh  (Hrisl— 1l s ol anglh”,
volume &3 positive (Brief = "Volums', Default:
volume mol s positive (Bricf = "Molar Volume", Default=10, Upper=1E4, final Unit = m*3/mol’):
wvolume mages a3 positive (Brisf  “Spacifc Volume', Dsfault 10, Upper IE3D, Anal Uit ‘m~3Kg):

Uppcr-7, final Unit -rad”;
L final Unil. “m=2);
1 L.nit —'m7;

I
, final Unit = 'm"3%;

a : : o
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4

Including sub- .

models and types 9
22
23

Automatic model a
documentation 29

Basic sections
to create a
math. model

54
Input and output 2
connections u

outer NComp as Integer (Brief = "Number of chemical components", Lower = 1);
i Ninlet as Integer (Brief = "Number of Inlet Streams", Lower = 1, Default = 2);/
8

EMSO Tutorial

<

using "streams"; 5

vModel mixer
ATTRIEUTES
Pallete
Icon
Brief
Info

"== Assumptions ==

¥ ostatic

¥ adiabatic

true;
" con/mixer”;”
"Model of a mixer";

== Specify ==
¥ the inlet streams";

—p PARAMETERS

out)outlet as streamPH (Brief = "Outlet stream”, PosX=l, Posy=0.5, Symbol="_{out}");
——

VARIABLES
in\Inlet(Ninlet) as stream (Brief = "Inlet streams"”, Posx=0, Posy=0.3, Swmhol="_{in}");

™S EQUATIONS

"Flow"
Qutlet.F = sum(Inlet.F)

v %for i in [1:NComp]

"Composition”

outlet.Froutlet.z(i) = sum(Inlet.F¥Inlet.z(i))
end

"Energy Balance"
outlet.F¥outlet.h = sum(Inlet.F¥Inlet.h);

"Pressure’
outlet.P = min(Inlet.P); o

[E

| - Model Components -

8 mixer.mso

Symbol of variable in
LaTeX command for
L— documentation

S

Port location to draw a
flowsheet connection
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EMSO Tutorial
- FlowSheet Components —

Explorer; ol e el i

-
uging “lanks~;
: =) using = FlowShesl Sinpls Tank
. -4 tanks.mso / .
i . DEVICES
¥ simple_Tank
9= Feed Feed a3 Source {Brief = 'Feec stream"): rany
[ Tanque  as tank circular (Bricf ank”):
angue Proccss as sink {Bricf = "Sink strcam”);
~0= Process
=% |nitials CONNECTIONS L3
LEY nitial level of tank Feed. Dutlet to Tanque.Inlzk
= eml Tanquo.OQutint  tn Procoes. Inlat:
# =l sample aRT
# =\ Flowsheets Tanquek B Y m
=) Modslos Tanque.Dh 2% 'm;
NE Parameters of

DEVICES

Feel lsmpsralu
Feod. Dutlet.

Degree of Freedom , .
Tood prossurc
Feood. Jutlet.P =1 *atm’

INITIAL Simulation
Yl options

Dynamic Degree of | |“ ot _,
“Timesilap
Freedom Timetna
Timslhl. —
—and

a1
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EMSO Tutorial

= Checking Units of Measurement —

remso =1o1x|
File Edit Wiew Tasks Result Config Help |
ﬁ\ E <:_,) r\\‘.> UL-,. js. |6 [} (i \'/5'|ZUUm:| IDDﬁI'
fg Explorer | B Results | 4 » x| | CSTR_noniso.mso | 4 » =
= 123 C5TRl.ka =89 ¥ '1/5'; =
124 C5TR1.D = 3.2 % 'm';
8 onst_valy 125 CSTRL.Cv = 2.7 ¥ 'mAZ.5/h';
; Fs) stream_cstr 126
sPE cstR 127 EQUATIONS .
S1% cSTR_no_control 128 "Manipulated wvariables"
e FEED_ 129 CSTR1.x = 1;
o coms 130 || CSTRI.Tw = 300 *
ey 131
257 Eauations _ 132 "Feed Stream" sl
?+y Manlp.ulated ‘ariables 133 FEED.Ca = 300 + - AT :
:, Euation 2 134 FEED.F = 3.5 ¥ w
7" Feed Stream 13cg _lll
Y Equation 4 A L4
i
% Feed Temperature Gy Prablems| | B conscls | B Model | 4 »r x
v
B =; xf{‘,se O errars, 2 warnings, 0 infos
Il;i;;;lsFeed Temperature Description -
4V Concentration b compatible units _
,'?+Y Level & FEED.F [m~3/s] and 3.5%(m"~2/h) [m~2/s] have incompatible units  CSTR_noniso.mso
?+y Temperature

l;l
| |

4

| Mode: Text Editor

Mode: processor speed

P 7K
a5

incompatible
units
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EMSO Tutorial
- A simple example -

Flash multi-component

y /7

P
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EMSO Tutorial ::Jz:'g
- FLASH: process description — LADES

A liquid-phase mixture of C hydrocarbons, at given temperature and
pressure, is heated and continuously fed into a vessel drum at lower
pressure, occurring partial vaporization. The liquid and vapor phases are
continuously removed from the vessel through level and pressure
control valves, respectively. Determine the time evolution of liquid and
vapor stream composition and the vessel temperature and pressure,

due to variations in the feed stream, keeping the heating rate constant.
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EMSO Tutorial V.24
- FLASH: model assumptions — LADES

* negligible vapor holdup (no dynamics in vapor phase);

» thermodynamic equilibrium (ideal stage);
* no droplet drag in vapor stream;
* negligible heat loss to surroundings;

* A(internal energy) ~ A(liquid-phase enthalpy);

» perfect mixture in both phases.
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EMSO Tutorial
- FLASH: modeling —

Overall mass balance (molar base):

dm

—=F-V-L
dt

Component mass balance:
d
—(mx)=Fz-VV. —-LX
dt ( )(l ) 1 yl XI
Equilibrium:
yi = KiX
K =1(T,P,xy)

Molar fraction:

C
> x =1

i=1

A

1)
(2)i=1,2..C
(3)i=1,2 .. C
4i=12,..,C
)

73

4
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EMSO Tutorial
- FLASH: modeling —

Energy balance:

%(mh)thf+q—VH—Lh

Enthalpies:
h={(T, P, x)
H={(T,P,y)
hy = (Ty, Pr, 2)
Controllers:
L = f(m)
V= f(P)

P 7K
a5

(6)

()
(8)
9)

(10)
(11)
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EMSO Tutorial 3
- FLASH: consistency analysis — LADES

variable units of measurement
m kmol

F,LV kmol st

t S

X Vi Z kmol kmol-t

K, —

T,T; K

P, P kPa

q kJst

h, H, h kJ kmol-1
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variadbles m, F, L, V,t,x,V;, 2z, K, T, T, P, P, g, h, H, hy = 13+4C
constants: = O

specifications: g, t = 2

driving forces: F, z, T;, P; = 3+C

unknown variables: m, L, V, x, y;, K;, T, P, h, H, hy = 8+3C
equations. 8+3C

Degree of Freedom = variables — constants — specifications — driving forces —
equations = unknown variables — equations = (13+4C) - 0—-2 - (3+C) — (8+3C) =0

Initial condition: m(0), x;(0), T(0) = 2+C

Dynamic Degree of Freedom (index < 2) = differential equations—initial conditions
=(2+C)-(2+C) =0

191

EMSO Tutorial P

— FLASH: consistency analysis — LADES
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»Running EMSO

1 About EMSO

environment for
modeling
simulation
optimization
based on code from
http://www.rps.eng.br
alpha version 0,9,56

Projeto ALSOC

Note: file
Sample_flash_pid.mso has
level and pressure controllers.

File Edit View Tasks Resut Config Help

EMSO Tutorial
- FLASH: EMSO version —

P
LADES

—Io|x]

(ISR

G

. |@ & 0 | zoom:] 1005

= Sl

B sample
B tutorial

Tg Explarer | Eresuts 4 F X

" openFile

Directary: | ] pAsIz00s

RN s

a.
D CSTR_noniso.mso
D CSTR_noniso_pid.mso

x|
D Sample_Flash_pid.mso

X
File: Mame: I"eleash.mso" oK
File: Filter: IEMSOflle(*.mso) ﬂ cancel
|Ready. ‘ | MDI Emphy Mode: processor speed “ o
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HEEC e II=TE|

Fle Edt View Tasks Resut Corfig  Help |

o £ = O :;|i§ = i ./élZDnm‘I mu_%

T2 Explorer 4 b x| ex flashmso | 4 P x
ER=]- 5 = 49 | EQUATIONS =
(=1 = using 50 | "overall Molar Balance"
LR streams.mso 51 diff(ML) = Inlet.F - OutletL.F - Outletvw.F;
SRl ex_flash 52
i(PE):(p:s 53 | "Component Molar Balance"
(= NComp 54 | diff(M) = Inlet.F¥Inlet.z - OutletL.FY¥oOutletL.z - Outletv.F¥oOutletv.z;
- 55
:2;=:|w 56 | "Molar Holdup”
P 57 | M = MLYOutletL. z;
P orientation ig
- dameter 59 | “Equilibrium®
3’ ‘C;"Eut& 60 | outlety.z = K¥outletlL.z;
- #9° Outlet 61
= Outlety 62 | "Equilibrium Constant"
- 09 Tnletq 63 | PP.LiquidFugacityCoefficient(Outletl . T, OutletL.P, OutletL.z) =
= M 64 | ! PP.vapourFugacityCoefficientlOoutlety. T, Outletv.P, outletv.z) ¥ K;
bd= ML 65
- K 66 | "Mool fraction normalization”
[ 67 | sum{outletL.z) = sum(Outletv.z);
6= L 68
9= Level 69 "Energy Balance"
9= Across 70 | diff(E) = Inlet.F¥Inlet.h - OutletL.F¥OutletL.h - Outletw.F¥outletw.h + InletqQ.qQ;
69 irar e i .
72 Ernergy Holdup

2% Equations
T x 73 | E = MLYoutletL.h;
Overall Molar Balance L1 ;

Component Molar Balance 75

"Thermal Equilibrium"

Melar Holdup 76 | outletw.T = outletlL.T;
Equilibrium 77

5
iy

Equilibrium Constant 78 | "Mechanical Equilibrium'
Mol fraction normalization 79 outletw.P = OutletlL.P;
¥ Energy Balance 30
%Y Energy Holdup 81 | "wvaporization Fraction"
Y Thermal Equiibrium 82 | outletv.F = Inlet.F ¥ vfrac;

Mechanical Equilibrium 23
Vaporization Fraction 84 "Liguid wolume"

Liquid Yelume 85 | vL = PP.Liquidvolume(OutletL.T, OQutletL.F, OutletL.z);
vertical 86

L 258Y Cross Section Area 87 v switch orientation

Y | quid Level 88 | case "wertical':
%Y horizontal 89 | "Cross Section Area" i
XY g e a9 | ! Across = 0.5 ¥ asin(l) ¥ diameterAl;
Y Cyindrical Side Area || a1
S 5Y quid Level 37 | "Liquid Level”
= test_flash 93 | ! ML * wL = Across ¥ Level;
) el hd aA
1] [ iK1 | »
|Ready. [ Mode: Text Editar Mode: processor speed 1}
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siemso —iol x|
|Ewa Edit  ¥ew Tasks Resul  Config  Help |
o P (= e 2 |G = w Fzeem 100 =]
fe Explorer € b x| | 5 ex_Aash.umso | 4 » x| | [Eldonsele | B 4 b %
=1 ex_flash.msa 106 ~Flowsheet test_flash 21| output Level: [ormal cutput ]
= Bk using 107 FARAMETERS =
L) streams.mso 108 PP as Plugin(Brief="Physical Properties", Type="PP", mtmtz[gi;:zjgfﬁsa
FIFE) ex_flash 108 H Components = ["1,3-butadiene’, "isobutene”, "n-pentane”, Humber of speciications: 11
110 i i i "l-pentene', "l-hexenes", "benzenes'], Degrees of freedom: 0
111 i LiguidMoedel = "FR", étrt':;t;rui:t‘gs;ent'a‘wdexl
112 i wvapourModel = "pPR" e
%%3 Néomp as Integer Dwimmdfagreﬁsnfzeemm‘ °
H Mumber of initial Conditions: 8
e %%g VARIABLES R PlotzD (2) =]
;ZYE““““‘"S 117 Q as energy_source (Brief="Heat supplied"]; -
[ =27 Initials 118
1 = eml 119 SET
[ B sample 120 NComp = PP.MNumberofComponents; 0.5250 —— 13 butadiene
[+ = tutorial 121 -
122 DEVICES - - isubutens
I Results x| 123 f1 az ex_flash; === n-pentane
= %5551 s1 as source; ""1'29"‘9"9
-hexene
Srest =] )| x| 176 CONNECTIONS 0.4500 1 — henzene
(e — 127 sl.outlet to fl.Inlet;
) 9= test_flash 178 G.ontletq to F1.Inletd;
(= NComp 129
B = 0 130 EQUATIONS
SRl 131 Fl.outletL.F = 400%¥sgrt(fl.Level/ ' m'D * 'kmol/h'; 037504
®1= NCamp 132
= 133 SPECIFY
F= M 134 sl.0utlet.F 495.3 ¥
)= diameter 135 sl.outlet. T 338 * !
[ 136 sl.outlet.P 507.1 ¥
Bl <= Outletl 137 sl.outlet.z = [0.2379 0.3000 4
F)= MComp 138 H H H 0.1373
= F 139 Fl.outletw.F = 68.5 ¥
L= T 140 Q.outlet.Q = 0 ¥ 'kl
o p 141
[IPond 142 SET
0= 143 Fl.w = 50 % 'ma3’; 0.2250 4
~M* 144 Fl.djameter = 2 ¥ 'm';
= 145 fl.orientation = "wertical';
Bl <3 Qutlety 146 | # Fl.orfentation = "horizontal';
= = Inletcy 147
G 148 INITIAL
= L 149 fl.outletL.T = 338 ¥ 'k'; 0.1500 1
0= 150 Fl.Level = 0.4 ¥ 'm';
to= E 151
[SERVE 152 Fl.outletL.=z(l) = 0.1;
9= Lawvel 153 Fl.outletL.z(2 0.1;
9= fcross 154 fl.outletL.=z(3 0.1; 2|
9= ufrac 155 fl.outletl. =4 0.1; 75310
B s1 156 Fl.outletL.=z(5 0.1 T T T T T T T
I157 Fl.outletlL.=z(6 0.5; 0.00 250 500 750 1000 1250 1500 1750
‘
T
|Ready. Made: Text Editor [ Mode: processor speed T

194



=] Results [x]

[ simple_Tank 08/22(2007 13:46:17 j@lﬂ

E = Simple_Tank

Bl 4= Feed
2= outlet
o0 Fuol [ AERE
LW T
H €y The current window is not a plot view.
L= p ~~ creat anewone?
=l 4= Tank
o k == o |
-i)= Dh

0= A
M:w/iouble-click
o

] e tmle

9= Fuol
L00- T
e p
= pi
# 4= Process

EMSO Tutorial
— Simulation Results: graphics —

& bl

1.400 -
1.300
1.200
1.100

1.000 7

.00 1000 2000 a0 4000 H000 B0 F000

Horizontal axis is always the
independent variable (usually time)
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EMSO Tutorial .é’;'i?
— Simulation Results: exporting graphics — LADES

3.
Right-click the mouse button and
select “Export Image”

| meatam s ]
e
- -
,ﬁ"'/
~ /B/’ Zoom Out
wany / Properties...
!'JI!KI RILUH ’ 1uln ' 'JKIIUH

' Choose the file format
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EMSO Tutorial ,é;'i?
— Simulation Results: exporting data — LADES
click
1 simple_Tank 08/22/2007 14:13:00 j@lil
= r'u-ET:anl:: @
B 4= Tank
[+ 4= Process
Choose the file format
RLT: MATLAB/SCILAB
XML: EXCEL/OpenOffice 197
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EMSO Tutorial g

-y,

— Simulation Results: in spreadsheets — LADES
R e T mdm B G ifﬂ' fl Using EXCEL to
) e | ot ool ¥ e g D R analyze the results

-

e Lisl2™
5&“?
eale

.10

e
.

Results separated

by devices
198
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EMSO Tutorial
- Simulation Results: in MATLAB/SCILAB - LADES

__gle _Euit Detug  Daskigp Window  Heip

D
0¥ _Ihomlgerson/Deskiop pra,d

Using MATLAB to
analyze the results

e e il L3 :f|‘( Curum[:qr:ﬂ
Shortans [ Howto Add ] Whars New ————TFT

> devices- emso2mi('Simple_Tank.rit')

v

devices

hame: 'Simple_Tank'
time: [21x1 double]
Feed: [1x1 struct]
Tank: [1x1 struct]
Process: [1x1 struct]

> time = devices.time;
== h = devices.Tank.h.val;

> Fout = devices.Tank Outlet Fvol.val;
>

= figure(1)

> plot(time,h)

= ylabel({'Level (m))

+» xlabel('Time (s))

s

> figure(2)

>> plot(time,fout)

- ylabel(Flow (m*/hr))

-~ xlabel(Time (s))

=
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EMSO Tutorial

Building Block Diagrams: create file -

Selected
components
from physical
properties

package

Devices found
in the model
library
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EMSO Tutorial V74
— Building Block Diagrams: select devices — LADES

2 1EMS0 1 (ol x|
Fle Edt Yiew Tasks Resuk Config  Help

N L |0 & e lfzaom: [ 100 ]

s Explorer | 4 b % || 5] Sample_disgram pfd | 4 » x

+ source_t
sink_t

iz _ _ When making a

flash_1 = .
connection, only

{0 energy_source_t
=S Connections

e : compatible

ok oo ports become

B o available to
connect

energy_source_1

—{1

el cantralers | costs | grical| heat _exchangers | mixers_spitters| pressure_changers|reactars stage_s
DR N T

hon n_thermosyph ion_kettle_sub  RetMdier  chifier_subcaol uxed

ke

drag & drop
ports to create
aconnection

click to create
adevice

condenser ondenserReac
andenserstead

Ready. [ MBI Empty [ Mode: processor speed e . 201
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EMSO Tutorial V4
- Building Block Diagrams: set case study -  woes

EEEE——— =loix| [T B [=[Eq
Ele Edt Wew Tasks Resuk Config  Help
% yae - g =] Fead
B EEmE e e B E w zen 00
e Explarer 4 » x| 3] Sample_diagram.pfd | « r % El{!;‘ source MﬁfiablESIParametarsl
=1 Sample_diagram.pfd = -
F 100 kmalth | Specify |
h Feed I I I J
& Wapor . | TI 300 I K ISpechy j
) ——
- Flash1 ’ ’ h I I k3fknal IEva\uatej
E\% Connections
[ v I I IEva\uatej
% :
-3 . H
) [4]
2 eml (1) | 0.3 | |specty =]
=) sampls
[ =4 tutorial a2 I 0.2 I ISDE‘:‘FV =
. . . 2(3) Evaluate ¥
double-click
. p— Specify
LI—I = ;l) / fGuess
G Prablems | B Console | B Model | 4 » x cancel ave
eml I controllersl costsl electrical | heatfexchangersl mixers_splitkers | pressureichangersl reactors
:I Variable status: unknown (Evaluate)
SoUrCE simple_source sink. simple_sink  =nergy_source known (SpeCIfy) .
« ] 5 initial condition (Initial)
|Raady. | | MDI Emply ‘ Made: processor speed “ T estimate (GUeSS) 202
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EMSO Tutorial ey
— Building Block Diagrams: thermodynamic — wDes

=10 x|
File Edit iew Tasks Result Config Help
SO LD < -z
?gEprUrer 4 » x| sample Companents | optians By ] 1 »r =
e Available models

. . =&
right-click /}=
EOS Name  Description

. o Liquid Mode! PR

. v Check Consistency s _

Dpuni vapourvodel [ Ideal Ideal Gas, valid only for vapour models

: o . IdealLiquid |deal Liquid, valid only for liquid models
Ll_l

U Faniee RK Redlich-Kwong
SRK Soave-Redlich-Kwong
PR Peng-Robinson

{ (] St
| % Clase

[— APR Assymetric-PR
B ASRK Assymetric-RK
s UNIFAC ~ UNIFAC (Dortmund)
+ = eml
+ = sample PC-SAFT
| m, tutorial

& Problen Cancel | ok | 4 » x

em‘Icontrollers' costsl electrical I heat_exchangersl mixers_splitters' press
ﬂ

| source simple source sink. simole sink | 3nerci';|
4 »

| MDT Empty | Mode: processor speed r J o 203
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Ele Edit Wew Tasks Result

EMSO Tutorial

Config  Help

— Building Block Diagrams: simulating —

=

Fle Edit Wew Tasks Result Quj,g—ﬁelp\

=B

B ®E S

: ‘GF/UU L%quﬂm:l TDﬁ

ﬁ @ H <‘f’\ f“") i / g |Q\i@ i a{wm:m

N
L

T Explorer | SR 4 b x| [E Samp\é@gran I boox | e | ElRes 4 b X Wam 0| 4 x
= B Samp\e_dj ﬂ ﬂ
=& Blocks 380 |
- Feed [l = Sample_diagram 4|
Wapar ()= NComp
~ Liquid g=q 360
- = Feed 1
flashi B Flashl
=148 Connections {F)= NComp
1 oy 340 4
2 (= b
3 {Fi= diameter
. 4= Ikt 3204
= @ Sample_diagrame.mso 4 Outletl.
=) using - (F= HComp
4 streams.mso W F 300 4
“ & flash.mso -N=
Elﬁ Sample_diagram 6 p T T T T
i PP &) Problems | = Console ‘ Bl Model ‘ P X o b oo 200 400 600 800
MComp . .
Fead SRRl - g protlens | |E] Consoll | B viose! | b ox
‘Wapor Number of variables: 95 ;I e
Liguid Mumber of equations: 86 B Outlety Output Level:
Q g:grigsao;sfﬁzsgé;t"?s s B4 Tl Advancing time from 792 to 816 d
Flash1 Structural differential index: 1 G m Advancing time from 816 to 840
. Extra Equations: 91 )= ML Advancing time From 840 to 864
Initials — Eutra Variables: 0 9= My Advancing time from 884 to 836
e Bynamic degraas of freedom: ¢ = ;\dvalntt'mg UF’T“; F"ﬂ"‘ﬂ E\?E trna::'%inished successfullyin 0234 seconds, =]
E initi " imulation of '‘Sample_diar . )
I:':I sample LI_I Humber of initial Conditions: 4 = P = ple_diag v =l
‘ ‘ Mode: Text Editor Mode: processor speed r L MDI Empty ‘ Mode: pracessor speed “ L
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EMSO Tutorial

..’:?
- L] ’
— Automatic Documentation —

LADES

ETTEY]
ol x| O - [Bcwmmpmiroxtonmmantousar ] |+ | %[ Bl
S e | [ B =& - o - ekone - G rerramentas = *

emi / reactors / [II5 extends cstr_basic

=

|@ ] () Zoom:l 100:.'

R e S
?g Explorer | El Results | 4 r X
Y- al 1

Model of a generic CSTR

‘| sample_be.mso | 4 r X

[ — Al
¥ EMS0 Mo
*

B B |5 ViemElE 2
BB 5 close 3

4 ¥ This LIB=
BB g al = - _I_I
B 401 3

i : &gcunﬁgure Libraries. .,
NE bms | ] Console | Ed4 » x

&
[ = & Refresh Output Level: [ormal ootoat =] Requires ine information of
[ B reactors = « Reaction vakes
B = stage_separatirs Murnber of varisbles: 62 « Heat of reaction
B - Murmber of equations: 62
Bl water_steam Mumber of specifications: 0
1 streams.mso Degrees of freedom: 0 Variables
. @ bypes.mso Structural differential index: 3 |+ Display Unit
3 ¢ a% raaction_mol
B = sample =] )[R Motar Roaction Rat kmattym
" i 2 Hi an haat_teaction
axk Editor ‘ Mode: processor speed r o, Heal Rtsciinn ke termel

Equations

Companant Malar Balance
o . Fin-2 ' + % (atoic- )’ - Vr
o A i Fim — Fa i :

Roactor Enargy Balance

B (A oot = B s iy = Foiat + N + 3 (1 3 (staie 1) Ve —g

i

Note: LaTeX must be installed.

Crovatdt by ENI0 Do

lal
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Some Industrial Applications

Dynamic Simulation of a Propane Refrigeration Cycle of a
Natural Gas Processing Unit

Compressor de
Propano

Condensador de

Make-Up de Propano

Flare

Gas Natural

1' Passagem

Gas Natural
2'Passagem
|
I:(I: 2"Chiller
W
1 Chiller

-

LADES
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Some Industrial Applications

anizer (165 trays, 2 comp.)

14 P sink

...’Q
LADES
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Dynamic Simulation
of a Deisobutanizer i

LC42145

TIA2324 ' [FC421C4] para Decantador
80 tra. S 13 CO“I . - {F) (Fer -~ de Acido 0-4201
H
2 (SN
|, 80 | [Fcaz097
L4750 AB L4249 4B
TC42179 Boxihas da Bombas de
; . &7 Refluxo de Tops  Carga de Isohutane
CLP- Saturap  FCA2094| (TUZHS] Isobutane
de Tanyue ' 2 i N4203 | T Foansm para Tangque
B H&L: ] _38 | Geparadoms -
Cw) H de Butanes
5 H Olefinas
GLP - Olefinico i para Tanque
de Tanque H ]
H _o1,
H LC42143 ts Fracionads
i Tacionadora
| @ Ti4z318 de Alquilados N-4205
H
|
H !
FC42095| | l ML4250 L
h 1| Beemedor & Feaznog
T i Vapor de | para Fracionadora
B 35 ™ i
P é'.u.au.,mr : Tegfle ! de Alquilado N-4205
de Tanque -1 de Baixa Pressio : @ ML4249 @
@_‘ ' fervedor
Tl42325 . | de Butanos TI42319
@& | ¥ e
& ’ e .
Olefinas Aguade f Fl42096 Butano Especial
de Tangque Resfriamenio 1142317 @ para Tanque
& @
o 4256 A/B
de Butano L T
Butane Especial
para Tangue

P
.-.."Q’

4
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Some Industrial Applications fgg

Steady-State Simulation of a Power Plant with Pulverized Coal
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Vazdo=470m’/h

Efluente
(correntes

diversas) = =
e 11

I\

wvem dos

RBC-Nitrif. LAGOA
AERADA
(BAE)

BIODISCOS
(RBC-DENTTRIF )

Some Industrial Applications

Dynamic Simulation of a Industrial Waste Water Treatment Unit

(Mdller et al., 2009)

Compounds: OD, TOC, Phenol, NH;, NO,, NO; and 6
groups of bacteria

— |||||||@|||| i ﬂm
}?:/mmmmuu ﬁ>%;”rrlr%ﬁfﬂ

BIODISCOS BIODISCOS
(REC-DEO) (RBC-NITRIF.)
N
— Efluente tratade (p/
——— > [corpo receptor)

DECANTADORES
SECUNDARIOS

0 O e e Lodo (pf

tratamento)

BIODISCOS
(REC-POLIM.) 8

Fonte: Ricardo Motta

P

LADES
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Some Industrial Applications
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) Method of Orthogonal Collocation with EMSO [ 5%

* Boundaries
* Internal Points
 Alfa and Beta

_EMSO Plugin Roots _
Simulator A and B Matrices

» Jacobi roots
* A and B matrices

DD as Plugin (Type=“OCFEM”, Boundary="BOTH", InternalPoints=5
alfa=1, beta=1)

Plugin: ocfem_emso.dll

212
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ot

Boundary conditions:

1oy

Pe ox

LY

ax x=1

x=0

Initial conditions:

y(0,x)=0

Y,

Fixed-bed Reactor with Axial Dispersion
reaction of order m

2
Q — ia_g —Da ym
oxX Peox
=1-y(r,0) or y(t,0) =1

P 7K
a5
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PDE

Example: add Plugin ocfem_emso.dll and
execute flowsheets of files FDM_ss.mso,
OCM_ss.mso and OCFEM_ss.mso, and
compare results of discretizations. Repeat
for the dynamic simulation in files
FDM_din.mso e OCM_din.mso.

Method of Lines: D.F. and Orthogonal Collocation

for Modefjn

P 7y
.
l...?

LADES

The Enviroment |
gsimu.'at{gn

"% timisation |
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1.2000

1.06000

0.8000 —

©.6000

0.4000

©.2000

G.Go00 T T T T T
G.0000 0.2000  0.4000 0.6000 0.8000 1.0C00

OCMbyEMSO =1 pg=1
Number of internal points: 5

y(x=1) = 0.151475 (error of 0.038%)

Comparing Results

1.2000

1.0000

0.8000 -

1.6000

0.4000

0.2000

0.0000

0.0000 0.2000 0.4000 0.8000 0.2000 1.0000

Method of Finite Differences
Number of internal points: 6000

y(x=1) = 0.15155 (error of 0.087%)

y(x=1) = 0.151418 (exact)

e

P
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Case Study

* Production of acetic anhydridein adiabatic PFR

— Acetic anhydride is often produced by reacting acetic acid with ketene,
obtained by heating acetone at 700-770°C.

— A important step is the vapor phase cracking of acetone to ketene and
methane:
CH,COCH, > CH,CO+CH,

— The second step is the reaction of ketene with acetic acid.

CH,CO+CH,COOH — (CH,CO)O

Ref: G. V. Jeffreys, A Problemin Chemical Engineering Design: The Manufacture of
Acetic Anhydride, 2 ed. (London: Institution of Chemical Engineers, 1964)

P
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Case Study

Problem Definition

of acetone in an adiabatic PFR.

A—-> B+C

reaction, with Arrhenius constant given by:

e T—Kevin

— Thefirst production step is carried out in a vapor phase reaction

=D

where A = acetone; B = ketene and C = methane

— Thereaction is of 12 order in relation to acetone in the cracking

* k—seconds? k = exp(34_34_T

34222)

P
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Case Study

P
....

R

Process Description

Reactor geometry
» adiabatic continuous tubular reactor;
* bank of 1000 tubes of 1 in sch. 40 with cross section of 0.557 m?;
* total length of 2.28 m;
Operating conditions
* feed temperature 762°C (1035 K);
* operating pressure: 1.6 atm
« feed flow rate of 8000 kg/h (137.9 kmol/h);
Composition
* acetone, ketene and methane
» feed of pure acetone
Kinetics
« first order reaction,
* pre-exponential factor (k): 8.2 x 1014 st
* activation energy (E/R): 34222 K
* heat of reaction: -80.77 kJ/mol
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Case study V4
— Production of acetic anhydride — LADeS

Example: run FlowSheet in file
PFR_Adiabatico.mso and plot steady-state
temperature and composition profiles. for Mo de“;-ﬁ?ne Enviramgnt :'
Show also the evolution of the 7 SMulation
temperature profile. Discuss the type and
guality of discretization.

"% Ptimisation |
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