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FOREWORD

Thermoptim documentation

Thermoptim documentation is comprised
of several complementary parts:

- ashort documentation named
Quick Reference available
through menu Help: it gives
access to tab frames introducing
the main concepts used

- aprintable documentation,
mainly as pdf files

- on line e-learning modules with
sound tracks

Printable documentation

The printable documentation is comprised
of several parts which can be displayed
through the Help menu of the simulator:

=TE
Processes rNuﬂes |/Heat exchangers |/Balanc:e |
Result files r Special r Help r Substances r Points
Simulator |/ DHagram editor |/ Project files

The simulator allows to quantify then solfve the model
qualitatively described in the diagram editor.

Its main screen gives access to the frames in which are set the
lagical and thermodynamic properties of the various model
components (Thermoptim’s primitive types).

It step by step calculates the different elemenmts of the project in
a sequential mode.

The automatic recalculation engine makes sure that the
calculations are made in the right order.

- Four Getting Started brochures allow one to quickly (less than half an hour) get used to
Thermoptim. The first one presents an electricity steam cycle, the second one a combustion gas
turbine, the third one a refrigeration cycle and the fourth one an air conditioning system

- The reference manual, itself comprised of three volumes and of the interactive charts manuals.
The first volume introduces the software, the diagram editor, the use of the post-processing
Excel macro and the optimization method, the second one deals with the simulator (screens of
the different primitive types and advanced tools available in the modeling environment), and
lastly the third volume explains how to use and build external classes

- aFrequently Asked Questions file is also available

Several examples with detailed explanations allow a user to get acquainted with the software thanks to a
detailed presentation of how projects can be built. Three of the examples extend the Getting Started

brochures.

The present document is the second volume of the reference manual. After a short introduction of the
software, it first presents the screens of each of the primitive types, and then the different tools of the

modeling environment.

Access the documentation via
hypertext links

Windows versions 1.5 and later include
hypertext links that provide direct access
to the documentation and the FAQ. In
order for the links to work, the file paths
must be identical to what was entered in
Thermoptim, otherwise they will not
appear on the list.

Thermoptim reference manual volume 1

£ Reference manuals

The documentation is located in subdirectories doc_En and doc_Fr of the installation directory

Documentation language: En

Reference manual part 1
Reference manual part 2
Reference manual part 3

Vapor charts reference manual
ldeal gas charts reference manual

Psychrometric charts reference manual

Hyperlinks to the documentation
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The documentation in English must therefore be structured as shown in the figure below. If you have an
older installer, rename the files accordingly.

DIAPASON, ONLINE E-LEARNING MODULES WITH AUDIO

Dossiers X | _Mom | Taille: | Type | Date de modific... v|

Bl ) THERMOPTIM Demo ;I ;reFThoptZUS.de 622 Ko Adobe Acrobat Doc.,.  24/11/2010 15:19

) cvee _.;reFThopHEn.de 545 Ko  Adobe Acrobat Doc,..  24/11/2010 15:13

) data _.;reFThoptSLIS.de 555 Ko Adobe Acrobat Doc,..  24/11/2010 15:02

] .; refThopk U5, pdf 736 Ko Adobe Acrobat Doc,.,  10/09/2007 07:32

o doc,:r e mani'apls.pdf 555 Ko  Adobe Acrobat Doc...  17/08/2002 04:56

D proj .; manPsychrols, pdf 465 Ko Adobe Acrobat Doc.,.  17/06/2002 04:55

) schema - manGasls,pdf 571 Ko Adobe Acrobat Doc,.,  17/06/2002 04:54

Hyperlinks to the documentation

We have developed DIAPASON e-learning modules, which are online instructional modules with audio
and animation allowing users to work on their own, at their own pace, with access at all times to oral
explanations in addition to the written materials provided. The Diapason modules use a Flash player that
runs in most browsers. An online presentation of these modules in English can be viewed at:
http://www-cep.ensmp.fr/cours/Diapason/seances/PresDiapasonEn/seance.html.

The list of sessions available in English if given in:

http://www.thermoptim.org/sections/logiciels/divers-portail/seances-disponibles

The following session is dedicated to being introduced to Thermoptim (in English):
http://www.thermoptim.org/sections/enseignement/cours-en-ligne/seances-diapason/session-s07en_init-
first

There is also a special unit specifically on how to use and program external classes (in English):
http://www.thermoptim.org/sections/enseignement/cours-en-ligne/seances-diapason/s07en_ext-
introduction

The purpose of these sessions is to introduce users to Thermoptim and enable them to become familiar
with using it by building models using examples of simple energy systems (gas turbine, steam power
plant, compression refrigeration system). We recommend that you refer to these sessions if you can.

Demonstration version

All functions presented in the reference manual are not available in Thermoptim demonstration version.
In this version the number of points and processes is limited to 10, the chart interactivity is disabled, as
well as the advanced tools for diagnosis, automatic recalculation (including pressure settings), sensitivity
studies and optimization. Furthermore only a subset of substances is available and all saving functions
are disabled. It is however possible to read any Thermoptim project (whatever its size).

BASIC NOTIONS

The study of a thermodynamic system can be divided into five main tasks:

- 1) the analysis of the structure of the system under investigation, which identifies its main components
and their connections: for instance, a thermal machine consists of heat exchangers, compressors, turbines
or expansion devices, combustion chambers...

- 2) For each component, the identification of the thermodynamic fluids which are used: for instance, the
fluid compressed in a gas turbine is air, which burns with a fuel in the combustion. The resulting flue
gases expand in a turbine.
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- 3) for each component, the selection of the kind of system to be considered (open or closed): for
instance, the study of the compression in a piston compressor must be made in closed system, while that
of the expansion in a gas turbine is to be made in open system.

Let us recall that a closed system (respectively an open system) is characterized by the absence
(respectively the existence) of mass transfer through its boundaries.

- 4) The description of the processes which undergo the different fluids in the components, and the
calculation of their evolutions in the components, taking into account their interconnections.

- 5) The calculation of the overall balance of the system analyzed.

THERMOPTIM focuses on the global behavior of thermodynamical systems, considering that the
detailed internal design of components requires specific tools taking into account all sides of the problem
(scientific bases, but also manufacturing and economical constraints). Fortunately, it is not necessary to
have access to the detailed internal behavior of a component in order to be able to study how it fits inside
a system. Generally, and this is true for most energy technologies, a component can be characterized by a
small number of parameters and the values of its coupling variables. These parameters vary according to
the type of component: a volumetric compressor is characterized by a volumetric compression ratio, a
volumetric efficiency and an isentropic efficiency, a heat exchanger by an effectiveness and a number of
transfer units... Coupling variables are pressures, temperatures, flow-rates...

The list of the main different functional elements which may be used for describing a thermodynamical
system strictly corresponds to the concepts which are used in THERMOPTIM. We shall refer to it later
as its set of primitive types. It includes the thermodynamic fluid properties, the points, the processes, the
nodes and the heat exchangers described below, which are always grouped in a project.

THERMOPTIM has been designed in order to facilitate the calculation of complex thermodynamic
systems, but it cannot replace the user for making the detailed analysis of the system under investigation,
which corresponds to the three first steps above. Before entering his project in the software, the user must
have made this analysis. Otherwise there is a risk that the description will be done improperly.

In this regard, the primitive type set used in THERMOPTIM constitutes a useful guide for modeling the
system under consideration, and the software provides the user with analytical tools which allow him to
check the interconnections by navigating between the different elements of the project.

THERMODYNAMIC PROPERTIES OF SUBSTANCES

THERMOPTIM makes use of three kinds of substances: pure ideal gases, compound ideal gases and
condensable vapors (which are pure substances). Perfect gases are ideal gases whose specific heat is
independent of the temperature. A given substance may exist (under different names) as an ideal gas and
a condensable vapor.

The substance can be pure, in which case its properties are predefined in the software, or it can be
compound. In this case (that is possible only for a gas), the user has to define the composition from the
other gases present in the database, by indicating for each of them, its name and its molar or mass
fraction. Properties of the composed substance are then determined from those of its constituents.

A particular substance exists in the database: it is called «generic liquid» (see below). It is a liquid at
atmospheric pressure, whose specific heat is equal to 1 kJ/ kg/ K. It can be used to simulate any liquid not
included in THERMOPTIM that one wants to use in a heat exchanger.

Data accuracy

Notice: the orders of magnitude of the accuracy given below are only illustrative and have no contractual
value.

The thermodynamic properties of the ideal gases are calculated by regression from the data of the JANAF
Tables [CHASE et al., 1985] using a 7 term polynomial equation. The state equation for all condensable
vapors is a variant of that of Peng Robinson, except for water, for which were chosen the equations

Thermoptim reference manual volume 2 February 2014



4

selected by the International Formulation Committee of the Sixth Conference on Steam Properties in
1967 [GRIGULL and SCHMIDT, 1982], which make use of a large number of parameters but are very
accurate.

The accuracy of the calculations is excellent for ideal gases (error on the specific heat lower than 0.5 %),
and for water (comparative tests with ASME steam tables give, for compressions and expansions,
relative errors with enthalpies lower than 0.02 % in the vapor and liquid-vapor equilibrium, and lower
than 0.5 % for the compressions in the liquid state).

For the other condensable vapors, the accuracy is slightly lower, the major deviations taking place in the
liquid zone for reduced pressures greater than 0.7 and in particular supercritical. For these substances,
liquid values are not modeled very accurately, the liquid being considered to be non compressible. In
practice however, this is not very important for most applied thermodynamics processes.

Substance references
CHASE et al., Janaf Thermochemical Tables, J. Phys. Chem. Ref. Data, Vol 14 Suppl. 1, 1985

REID R. C., PRAUSNITZ J. M., POLING B. E., The Properties of Gases and Liquids, 4th Edition, Mc
Graw Hill, 1987

GRIGULL U., SCHMIDT E., Properties of Water and Steam in Sl units 0-800 °C, 0-1000 bar, 3rd Ed.,
Springer-Verlag, Berlin Heidelberg, R. Oldenbourg, Miinchen, 1982

DAUBERT T. E.,, DANNER R. P., SIBUL H. M., STEBBINS C. C., Physical and Thermodynamic
Properties of Pure Chemicals : Data Compilation, Design Institute for Physical Property Data, ASME,
Taylor & Francis, Washington, 1989-1997

POINTS

A point designates a particle of a substance and allows the user to define intensive state variables:
pressure, temperature, specific heat, enthalpy, entropy, internal energy, exergy, and quality. A point is
identified by its name and the name of the associated substance. To calculate it, one may either:

- enter the values of at least two state variables, generally its pressure and temperature for open systems,
and its volume and temperature for closed systems.

- automatically calculate them by using for instance one of the processes defined below.

PROCESSES

Processes correspond to thermodynamic evolutions undergone by a substance between two states. A
process associates therefore two points such as defined previously, an inlet and an outlet point. Moreover,
it indicates the mass flow rate involved, and allows one therefore to calculate extensive state variables,
and notably to determine the variation of energy involved in the course of the process.

Processes can be of several types: compression, expansion, combustion, throttling, heat exchange, and
water vapor / gas mixtures (the latter includes seven different categories of evolutions). According to
each case, various characteristics of the process have to be specified, for example, in compression, its
isentropic or polytropic efficiency.

As a point does not allow specification of the flow rate involved, it may be necessary to create particular
processes, called processes-points, if needed. A process-point connects a point with itself, and indicates
the mass flow rate required. Most of the time its type will be called «exchange».

A cycle can thus be described as a set of points connected by processes. To the extent that the mass flow
rate fluid is the same in all the evolutions, processes and points are sufficient. If this is not the case, it
may be necessary to describe at least partially the network of involved fluids. Then the first elements to
define are the network nodes.
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NODES

Nodes allow one to describe elements of the system where mixes and divisions of fluids take place. In a
node, several junctions of fluid are connected to form a single vein.

If the node is a mixer, the various branches join to form a single vein. The mass flow rate of the main
vein is equal to the sum of these of branches, and the enthalpy balance allows one to calculate the mass
enthalpy and the temperature of the mixture.

If the node is a divider, the main vein divides into several branches, whose flow must of course be
calculated. Its distribution between the branches is set proportional to the "flow-rate factors" specified by
the user. The temperature and the mass enthalpy are of course conserved. The separator is a special
divider which separates the liquid and vapor phases of fluid in the liquid vapor zone.

mixer divider

One can mix several different fluids, provided that the mix is a gas. That means that if there are
condensable vapors in the branches, one must make the hypothesis that they are in the gaseous state, and
follow ideal gas behavior (this is why some substances exist at the same time as ideal gases and
condensable vapors). Properties of the mix are calculated by application of the Dalton’s Law. The user
has to verify that this hypothesis is valid. If this is not the case, results found by the software can be
dissatisfactory.

The logical definition of a node is made by the association of processes, a process corresponding to the
main vein (inlet process for a divider, outlet for a mixer), and n processes corresponding to branches. As
the processes connect points, and each of these is linked to a substance, updates of flow rates and fluid
states are made automatically by THERMOPTIM.

HEAT EXCHANGERS

Thermal heat exchangers (or modules) connect two fluids, one that gets hotter, and the other that gets
colder. The simplest definition for a heat exchanger can be made with the identification of the two
processes (fluids) that meet. The design of the heat exchanger (presented in detail in Para. 2.10.3) can
then be made if one indicates what constraints are set on the flow rates and temperatures (for instance
minimum pinch, set value effectiveness).
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MAIN PROJECT SCREEN (SIMULATOR)

3 THERMOPTIM Java. Copyright R. Gicquel 1999-2010 Project file: Dz testDeploiemel il
Projectfiles Resultfiles Special Help

Project name : regenerative gas turbine Associated diagram : regenerative gas turbine

15 POINTS 0 PRESSURE SETTINGS

- exatple of a 2 pressure

point name substance | P (har) | T{°C) narme value tegenerative gas turhine
1 air 1 20,89 with intercooling and
2 air 16 238850499 reheat
2 his air 16 61046827
fuel S mean nat ... |20 25 —_—
1a air 4 167 53623 et i
1i air 4 54 24841 =l ’W

17 PROCESSES effectiveness 0,424
process name| inlet point outlet point process tipe | useful energy 531
air autlet coaled air coaled air exchange 1283
air inlet air inlet air inlet exchange purchased energy
1 1 1 exchange
1 1 1 exchange Recalculate
fugl 2 fuel 2 fugl 2 exchange
exhaust gases |4 a exchange — :

=4 flow rate unit
0 NODES s v
name type main process 2 HEAT EXCHANGERS
name |  type | hotAuid | cold fuid
intercooler  [mixed cros... |aircooling  |cooler
regenerator |mixed cros... |gas regen  |airregen

To get access to the different type screens, double-click either in the headband (creation of a new type) or
on an existing line (for opening it). The text field in the upper right part of the screen allows one to enter
a description of the project which can subsequently be used as a short summary. This description is
displayed in the project library tables in order to enable the user to easily browse through his projects.

In the right part the button labeled "Balance" allows to calculate the overall balance with the following
conventions:

In each process, the energy type allows one to distinguish between purchased energy, useful energy, and
other energy (set by default). The purchased energy represents the sum of all the energies that must be
supplied to the cycle from outside. The useful energy is the net energy output of the cycle, e.g. the
algebraic sum of the energies internally produced and spent.

These two energy types are those that appear in the definition of the cycle effectiveness:

N = (Juseful energy|)/(purchased energy)

For example, in a Rankine cycle, the purchased energy is the heat supplied to the boiler and the useful
energy is the net work output, i.e. the work output of the turbine minus the work input of the pump. The
other energy is that used by the condenser. For a refrigeration cycle, the purchased energy is the input
power of the compressor, the useful energy is the refrigeration effect (heat removed at the evaporator
level), and the other energy is that removed at the desuperheater and condenser levels.

Just below, the button labeled "Recalculate” allows one to start the recalculation process, the number of
invalidated and calculable elements being displayed.

In the right part of the screen appears a thumbnail of a block diagram representing the project studied if
an image has been associated to it, or an empty frame otherwise. If you double-click in the frame, a
window allowing to load or suppress the block diagram is opened.
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The menu allows you to open a .gif or
.jpg image whose name is then saved in
the project file. The image file has to be
put in the same directory as the project
to be automatically loaded with the
project.

MAIN MENUS

The main menus are the following:

- "New project" creates a new project

- "Load a project"” opens a project file
and loads the project

- "Save ..." saves the current project
in the text file it was loaded from or
it has been previously saved to. If
the project is new, it must initially
be saved by "Save as ...", so that
Thermoptim knows the file location

8

Image

regenerator

Eg,ipruiect block diagram

two stage regenerative gas turbine
with intercooling and reheat

=0l x|

exhaust

il
.‘—
|

COMPressal  compressor

2

comhbustion
chamber

-|2bi$

2 4

1 | f

fturineE2—Trhine

L

1

ARPAVAN AN
s

intercooler

Structure de Thermoptim

Result files | Special

Help

Export results

Export cycle file

Export pinch method fluids
Export exergy calculations

and name

Projectfiles | Resultfiles S
New project Ctrl+M
Load a project Chi+0
Save .. Ctrl+%
Save as ..
Project library
Example library
Example catalog Ctr+E
Quit Ciri+2

Help |

Reference manuals
Chuick Reference

About THERMOPTIM
License

Special | Help

Diagram editor
Interactive Charts
Cptimization Tools

Automatic recalculation tools
Diagnosis tools

Sensitivity analyses
Substance manager

Filot frame
External class viewer

Global settings

- "Save as ..." saves the current project in the file you choose from a file dialog
- "Rename the project"” enables you to rename the current project
- "Project library" opens a frame listing information on all project files in the user directory
- "Example library" opens a frame listing information on all example project files

- "Export results” creates a text file in which detailed results of the project are saved
- "Export cycle file" creates a text file which can be read by the Interactive Vapor Charts for plotting

the project points

- "Export pinch method fluids" creates a text file with the pinch method fluids which can be read by

4D Thermoptim version
- "Export exergy calculations”

Menu "Special” gives access to the following tools:

- "Diagram editor" allows one to graphically design a project

- "Interactive Charts" opens a frame allowing the user to display the project points in one of the three
types of interactive thermodynamic charts (for vapors, ideal gases or psychrometric) and to create
project points from these diagrams (see section "Interactive Charts" below)

- " Optimization Tools" opens the optimization frame (see section "Optimization tools™ below)
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- "Automatic recalculation tools" has been introduced above

- "Diagnosis tools" allow one to check a model's consistency

- "Sensitivity analyses" allow one to perform sensitivity studies on the current project
- "Substance manager"....

- "Pilot frame"...

- "External class viewer"...

- "Reference manuals"..."Quick Reference” opens a frame giving the basic information on
Thermoptim concepts and menus (see section "Quick Reference" below)

- "About THERMOPTIM" gives information on Thermoptim

- "License"....

- "Global settings" allows one to set the temperature unit, working directory...

INTERNATIONALIZATION OF SAVED FILES

Up to version 1.3, the project and diagram files were saved by referencing the different primitive types in
the language of the operating system, and using the corresponding number formatting. The disadvantage
was that the data files could not be read in a language other than the one they were created in.

To solve this problem, version 1.4 introduces another save method, in which each primitive type is
referenced in a universal manner, and in which the number formatting is done in the English style
without a separator for the thousands. Version 1.4 can read either type of file (downward compatibility
with version 1.3, with the operating system language the same as the file creation language) and saves
them in a universal manner. Obviously, the names given to the primitive types by the user are not
translated, but the project can be constructed logically.

SUBSTANCE MANAGER

However, there is a problem with the substance names. In order to avoid generating errors, Thermoptim
automatically constructs a compound gas whose default composition is either air or nitrogen when the
user enters a substance name that is not in the database. When a file generated in French is read in
English, the substance “water” will therefore be constructed as a compound gas. Clearly, this can be a
problem, but there is no way to automatically translate substance names correctly, regardless of the
language.

The solution is to use a tool that
easily checks the way that the
substances are instantiated and | e — |
renames them. This tool is called
the Substance Manager, L 'gaz e
accessible from the Special menu yaz_de_Wentair PE:

of the simulator. It enables the o= _ tor o propités oo
user to replace the substances of a ‘
project created in another
language, or replace a substance
throughout the project to test the
influence of a substance change
(for example, how changing the nan o) | B than
refrigerant stream affects the ; 63205 = |
performance of a refrigeration 5 407,08 !
cycle). This tool is not available ‘
in the demo version.

Egaﬁestinnnaire des corps — 18l x|

Supprimer |

Points associés au corps : gaz_brulés

Remplacer le corps |

Renommer |

Clicking on “Display substances”
located on the upper left displays Fermer
a table of all the substances used
in the project. If you click on one
of the lines, the points linked to
this substance are displayed in the table below. If a substance is not linked to any point, it can be deleted.
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If a line is selected and you click on “Display substance properties”, its composition is displayed if it is a
gas, and its typical parameters are displayed if it is a vapor.

If you click on “Replace the substance”, the substance selection list is displayed so you can select the
substance you want to use as a replacement. If you select one and click “OK”, all of the points linked to
the first substance are modified accordingly and recalculated. Likewise, you can rename a substance
provided that it is not a vapor. Obviously, the new name must not be the name of a pure or protected gas

or a vapor.

EXPORT OF THE RESULTS IN THE FORM OF TEXT FILE

All the results corresponding to a project can be gathered in a text file which can be processed either by a
word processor or by a spreadsheet. For that, select line "Export the results” of menu "Result files". A
Save window is open so that you choose the backup file. Once that it is created, open it with a

spreadsheet. You obtain the result below.

This file comprises the overall balance and the main computation results of the various primitive types
which make your project: state of the various points, energies brought into play in the processes,

compositions of the project gases...

A | B | [ | E | F | G H | J I
1 |LOGICIEL THERMOPTIM Copyright R. Gicguel 1999-2000
|2 EXPORTATION 3 juillet 2000 14 h 52 GMT+012:00
_ 3 lang=fr
_ 4 Mom du projet TAG fract régén
5
_B Bilan
_ 7 efficacité énergie payante énergie utile
8 0458277 11 028,81 471,48
o
A0
11 |POINTS 14
12 nom nom corps T k) p (bar) titre h (ki) 5 (kdkoA) WV im3kg)  u (k) Cp Cy
13 1|air 294 1 0/ -400875394 (014814965 084409696 -2,86032271 1 002,097608
14 2/ air 485731721 16 1) 19027141 -0,13971003 0,08716086 136,372167 1 029 467808
15 |2 his air 914 573473 16 0] 651884191 053531448 016411324 474361132 1 122 647608
1B |combustible gaz_de_Mantair 298,15 20 0 031457081 -1,12432092| 006731935 024633375 2 097 35043216
7 1a air 460 986233 4 1) 184358127 020460767 0,33088187 118,063507 1 024 547808
& i air 310,148052 4 0 121798044 -0, 19626237 | 022261482 869200321 1 002987608
19 air refroid air M5,224705 4 0 17 2724841 -0,17997513| 022625869 12 3271467 1 003,337608
20 3| gaz brulés 137315 16 111222416758 111535112 0,24915092  910,285164 1 241 451672
21 |3a gaz brulés 1043 203422 4 1) 822 308459 118501294 075764337 605760959 1 185851672
(223 gaz_brulés 137315 4 111247 BB7383 157359054 1,00406821 933 220956 1 271,376097
23 4 /gaz_brulés 1.048,215305 1 1) 843555255 164358726 306588404 624127708 1 212 926097
24 5 gaz_brulés G61,776544 1 0 391954159 110774218 193560627 285554489 1 121,146097
2510 air 300 1 0/ 200466182 016839752 086132343 14304462 1 002, 377608
26 |combustible 2 gaz_de_Mantair 288,15 1 0 031457081 0,22849316) 134838706 024633375 2 097 35043216
7
(28 | TRANSFOS 16
29 nom point amont point aval type Delta H type_ener  débit
/30 | combustion 1 2 his 3 combustion | 586 ,532754 payante 101308501
31 cambustion 2 3a 3i cornbustion | 442279126 payante 102216531
32 compression 1 11a compression | 168 866581 utile 1
33 |compression 2 1i 2 compression| 178,091605 utile 1
34 |détente 1 33a détente -405 34836 utile 101308501 —
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POINT SCREEN

The "point screen" allows one t0
; ; [E3roint calculati i ]
define a point and to calculate and = iU x

display values taken by all its state

functions. Three modes of project reheat and extraction Rankine cycl [ observed < >

presentation exist: by default for

open systems, enterable values are POt i
pressure and enthalpy; on the other = substance |water | dispiay | Duplicate Save
hand for closed systems, one enters [ external mixture Suppress Close

the specific volume and internal

energy: and finaIIy for water vapor/ rOpen system (T,P,h) rCIosed system (Tvu) rWater vapor/gas mixtures |

gas mixtures (a specific section is | p o 165 ® P and T known

dedicated to this topic).

For condensable vapors, the

software does not calculate the s (kJkoK) 377802741 1 P and s known

values of specific heats Cp and Cv

[_] set P controlled h (kJkg) 1670519598915 3 P and h known

except in the liquid zone, nor their exeigy (kiko)  [591.8814 |

ratio v.
v T{°C) |349.82?D?| _ unconstrained

Open SyStemS TiK) 622.98 i) set the saturation pressure

(uality 0 @ get the saturation temperature
For open systems, the knowledge of i (kJka) 1,641 82600266 Tsat approach |0

the pressure and the temperature — 0 00 277802741

allows for the calculation of all the Calculate
WV (m3kag) 0.00173902948

other state functions directly by
clicking on the checkbox labeled "p
and T known" (the temperature must entered in the unit chosen in the Global properties editor, but it is
also displayed in the other unit when the point is calculated). Exergy is calculated on the basis of the
reference temperature entered in the Global properties editor. If the pressure and enthalpy are known,
select "p and h known". If the pressure and entropy are known, select "'p and s known".

The pressure can be directly entered in the field labeled "p", or set controlled by a pressure setting, if the
corresponding checkbox is selected. To select the pressure setting, double-click in the field which
appears just below the checkbox, and choose from among the proposed list. It is possible to define a
pressure correction factor, by which the pressing setting value is multiplied to calculate the pressure. It is
thus possible to automatically take into account pressure drops. In the example shown above, the pressure
setting value is 165 bar; as the correction factor is 0.98 (2% pressure drop), the point pressure is set to
161.7 bar.

For condensable vapors are displayed:

- two checkboxes, «set psat» and «set Tsat» which serve to set either the saturation pressure or the
saturation temperature

- afield labeled Tsat approach which, used in conjunction with "set Tsat", allows one to set the value
of the temperature to (Tsat + Tsat approach). If you set it to 10 K, T will be set to the saturation
temperature plus 10 K. If set to 0, T equals the saturation temperature. For instance, if you set Tsat
approach to — 5 K, as in this example, T will be set to the saturation temperature (621.33 K) minus 5
K, which gives 616.33 K.

- the quality x of the mix which must be entered in the case when the point is located in the liquid-
vapor zone.

In order to allow one to simultaneously make vary the pressure in a set of points, a specific mechanism
has been implemented: the “pressure settings". It is possible to define the pressure settings by associating
a name and a value in the frame which can be displayed by double-clicking in the headband of the
"Pressure settings" table located in the upper right part of the project frame (e.g. "HP", 165 for High
Pressure and 165 bar):
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Eg,a pressure setting =]

rOpen system (T.p.,h) rCIused system (Tv,

p 1617
links | | Save | [¥] set p controlled

name HP HP
Suppress

correction factor 0.98

value 165 | ‘ Set the pressure ‘

Then, the points which must be at that pressure are connected with this pressure setting. This is done in
the point frame by selecting "pressure controlled" and choosing "HP" from among the pressure setting
list.

In the point screen, it is possible to define a pressure correction factor, by which the pressing setting
value is multiplied to calculate the pressure. It is thus possible to automatically take into account pressure
drops. In the example shown above, the pressure setting value is 165 bar; as the correction factor is 0.98
(2% pressure drop), the point pressure is set to 161.7 bar.

When the associated substance is defined, its name appears in the upper left side. To select the substance,
you may:

- either double-click in the substance field located in the right side of the screen and expand the substance
type folder, then click on the chosen substance (here "Vapors" and then « water »):

ey Message

Select the substance, then click on OK

- | Pure gases
~__| Protected compound gases
-] Other compound gases

- or enter the requested name in the field and type the "Enter" key. Thermoptim browses through all the
existing substances looking for that name. If it exists, it is selected. Otherwise, it considers that you want
to create a new gas and opens a gas editor which enables you to select the gas composition from among
the existing pure gases (which are shown in a combo-box when you click on a cell of the "component
name" column).

Ega Gas composition newgas M= &

The first figure column from the |eft selects the input walues from among molsr and mass fractions

camponent name | malar fraction | mazs fraction
Ar >|o g
H2 -
H20
H25
He
N2
02
502
S03 -

Line edition

The

msert || Copy || suppress | February 2014

File

Save | | Save as... | | Export... | | Create 3 humid gas | | Frirt | | Cancel |
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Thermoptim considers that the first column of numbers on the left contains the data to be taken into
account, the others being calculated from those (you can move a column by clicking on its headband and
dragging it laterally). However, if you choose to enter the mass fractions, it is necessary that the values of
the molar fractions are set to 0. Obviously, the sum of the mole or mass fractions must be equal to 1.

Line edition buttons allow you to insert, copy and paste or suppress a line. File buttons allow you to save
the gas, rename and save it, export its composition in a text file, create a water vapor / gas mixture of a
given absolute humidity, print the frame and cancel the edition. When you are through with entering the
constituents, save the compound gas by clicking the corresponding button. If the sum of the molar or
mass fractions differs from 1, you are informed by a message and the gas is not saved.

The same gas editor is shown when you click on the "display" button located close to the substance name
in the point frame.

If the substance is a vapor, the screen displayed looks as follows:

Eﬂj Substance properties =]
substance |water H20
Vapor
M (kgkmol) 18.0143 Pmazxi (har} 1,000
Pc {bar) A A Tmazxi (K) 1,073.15
Tc (K) 647.3 Tmini {K) ATR S
Ve im3ky) 0.00317
OK

It provides the main characteristics of the substance and the temperature and pressure limits of the model
used in Thermoptim.

rOpen system (T,P.h) |/Clused system (T,v,u) rWater vapor/gas mixtures |

Closed systems

Vim3kg) (000173902948 @ v and T known

To get access to the closed

system screen, click on the u(kJkgy  |1,641.82600266 2 wand u known
middle tab. A slightly
different screen is disp]ayed: s (kJkaK) [3.77802741 v and s known

For closed systems, the

specific volume can be
entered. as well as the T{°C} |349.82?D? _r unconstrained

internal energy, and one can = TiK) 622.98 i set the saturation pressure

set these two values to quality 0 # set the saturation temperature

determine the other state

. . h {kJkq) 1,670.51898915 Tsat approach |0
functions by checking the 8 o

bOX "V and u known" 5 1kalei 37780274
P {bar) 165

Calculate

COMPOUND GAS EDITOR

The software includes a compound gas editor which we rapidly presented when introducing the definition
of a new gas. In this section, we shall give details on the different possibilities of this editor. We have
explained previously how a compound gas can be defined or modified. We shall present here the
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available functions for saving, suppressing, exporting or importing compound gases in the software data
base.

You can open several compound gas editors at the same time.

If you display a compound gas, its composition appears in the editor.

E\g’iﬁas composition gaz_brilés_IGCC

The firgt figured column from the left selects the input values from among molar and mass fractions

component name muolar fraction mass fraction
o2 0.11582211 012644578
M2 0.7540377 0724401
H20 0.05062008 0.03127336
cO2 0.07498776 01131831
co 0.002962094 0.00284476
H2 0.0009617037 0.00006643456
Ar 0.00120949 0.00165743
Line edition
| Insert | | Copy | | Suppress |
File
| Save || Save as... H Export... H Create a humid gas | ‘ Print | | Cancel |

You can modify the gas composition, by choosing the constituent names in the list of pure gases which is
shown when you click in the first column cells, and entering either the molar or the mass fractions. Once
it is defined, the compound gas can be:

- saved, by clicking on "Save". The software checks that the sum of the fractions is equal to 1, and
then saves the gas. If the sum differs from 1, nothing is done.

- renamed, by clicking on "Save as...". The test on the sum of the fractions is made, and the gas saved
with the new name that you have entered.

- exported, by clicking on "Export...". The gas composition is then copied in a text file that you name,
and that you can open with a spreadsheet or a text editor. For instance, the previous gas can be
exported with the following format:

THERMOPTIM INTERACTIVE CHART.  Copyright 1998 R, GICQUEL
Compound gas file June 21, 1999 4:54:58 o'clock AM PDT
Gas name gaz_brilés |GCC

Murnber of components 7

component name malar fraction  |mass fraction

o2 01152211 0.1264573

M2 07540377 0.724501

H20 0.05062005) 0.03127836

02 0.07498776 01131931

Cco 0.002962094 000284576

H2 0.000261704  B.BAR4GE-05

Ar 0.00120259) 0.00165743

- you can also create, from the gas displayed in the editor, a moist gas of a given absolute humidity.
To do that, click on "Create a humid gas". The software asks you to enter the gas hame and the
absolute humidity requested, and then creates a hew compound gas, whose dry gas is the same as
that of the gas displayed in the editor, and with the given absolute humidity. This gas is added to the
list of compound gases of the data base. You get access to it by the previous screens.
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- lastly, if you cancel, the compound gas editor is closed.
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PROCESS SCREENS

All process screens are similar:

- in the upper left zone is the process name

-in the upper right zone are located a number of fields and checkboxes which are used to set the process
parameters: open or closed system, set flow process, observed process (these two notions are used for
controlling the automatic recalculation engine. Their precise meaning is explained below in the section
devoted to this topic).

- in the left side appear the inlet and outlet points, their main state variables being displayed. To connect
the inlet point, double-click in the inlet point field, and choose from among the list of points which is
proposed in a combo box. Do similarly to connect the outlet point.

- the type of energy (useful, purchased or other) corresponding to the process can be modified by double-
clicking in the energy type field).

- the mass flow-rate value can be entered in the upper zone. By default it is set to 1. The unit is not
indicated purposely, so that the user may consider mg/s, g/s or kg/s depending on the problem studied
while keeping a good display accuracy. It is obvious that the calculation results concerning enthalpies
and energies depend on the flow rate unit and may be expressed in mJ (mW), J (W) or kJ (kW). If you
check the "set flow" box, the value you enter will be set. Otherwise, it will be automatically changed by
THERMOPTIM if there is only one process connected at the inlet (refer to the recalculation engine
section for more details).

- the parameters which are process-type specific are shown in the right part of the screen.

- the "links" button allows one to display the link browser frame.

- finally a text field allows one to enter a description of the process.

COMPRESSION 12* AND EXPANSION %}

The screen displayed is about the same for both processes.

process |HF' turhine | fype |EXpansion | < || > | Save
| Suppress | Close
energy type useful [[] set flow
) closed system [1 obhserved
flow rate (kg/'s) |1
inlet point % open system
3 di=play m Ah (KW} -417.47 Calculate
TC) 580 a 0
P (bar) 165
® adiabatic  non adiabatic
h(kJkg) |3453.61
@ isentropic reference i polytropic reference
fuality 1
isentropic eff. 0.84s
outlet point P—
polytropic exponent .
13 | display
expansion ratio (== 1) @ calculated
T(°C) 3 8.67
65 ) set
P (bar) 30
h(kJkg) |3.042.14 Set the efficiency and calculate the process ®
fuality 1 Calculate the efficiency, the outlet point being known

[] mechanically balanced with |0

For compression and expansion, possible choices are the following:

- calculations can be made either for an open system, in which case they focus on the pressure and the
enthalpy, or for a closed system, in which case it is for the specific volume and internal energy.

- the compression ratio p can be set, in which case the pressure (or the specific volume) of the outlet
point is determined from that of the inlet point and the value of p chosen, or calculated, in which
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case the value of p is evaluated from pressures or volumes of inlet and outlet points, considered as
data. In all cases, be it for a compression or an expansion, p is superior or equal to 1.

- the process can be adiabatic or polytropic. Accordingly, it is characterized by an isentropic or
polytropic efficiency, between 0 and 1.

When it is adiabatic (checkbox "non adiabatic compression™ or "non adiabatic expansion” unchecked), it
is characterized by an isentropic or polytropic efficiency, in the range 0 to 1. In this case the polytropic

exponent n of law pv" = Cste is calculated by Thermoptim.

When it is non adiabatic, the process is polytropic and characterized by its polytropic exponent n, and its
polytropic efficiency (for a compression, it is the ratio between the reversible work and the real work, for
an expansion the inverse). In this case the heat Q exchanged with the surroundings is calculated by
Thermoptim and displayed in the field located below the compression or expansion work Delta H or
Delta U.

One should make sure not to confuse the polytropic efficiency Mp with the polytropic exponent n. For a

poytropic expansion in open system, these two values are related by equation: nTl =Np yy_l .

Two complementary calculation modes are accessible on this screen:

- "Set the efficiency and calculate the process™ initiates the calculation of the outlet point state, from
that of the inlet point and of the compression or the expansion characteristics.

- "Calculate the efficiency, the outlet point being known™ allows one to identify the value of the
compression or expansion efficiency corresponding to the outlet state.

HEAT EXCHANGES ™ [#

The screen is similar to the previous one, just a little simpler, as the options are less numerous:

process |refrigeration effect | type exchange | < || = | Save
| sSuppress | Close
energy type useful [] set flow
) closed system [1 observed
flow rate |1
inlet point ) open system
4 di=play m Ah |1 32,44 | Calculate
T(*C}) -26.37
P (har) 1
h(kJky) |258.39
fuality 0.42817 minimum pinch 0
_ [¥] pinch method fluid
outlet point
1 | display
T(*C}) -16.37
P {bar) 1
h{kJkg) |390.84
® Calculate m AH, the outlet point being known
fuality 1

1 Set m AH and modify the outlet point

An « exchange » process serves to calculate the heating or the cooling of a fluid between two states
represented by inlet and outlet points. Two «exchange » processes can be matched to form a heat
exchanger.
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In the right, appears a field that allows one to define the minimum pinch for this fluid. This parameter
can be used for the design of heat exchangers. A checkbox (selected by default) allows to select this
process as one of the fluids to take into account when running the pinch optimization method (refer to the
Optimization method section for more details.

The two checkboxes in the lower right frame are settings for the calculation method:

- «Calculate Delta H, the outlet point being known » evaluates the enthalpy involved in the process

- «Set Delta H and modify the outlet point» calculates the outlet point temperature so that the enthalpy
involved in the process is equal to the value entered in the Delta H field.

VOLUMETRIC AND MOLAR FLOW RATES

In version 1.5, it is possible to display or hide the volumetric and molar flow rates. To display them,
select the option “Display volumetric and molar flow rates” from the global preferences screen (Help
menu).

You can then enter the set flow rates in volumetric and molar values in all of the process-points and
exchange processes, which can be useful in a number of instances.

To allow users to input volumetric and molar flow rates, the “exchange” process and process-point
screens have been changed

process |cooler | fype exchange | < || > | Save
| Suppress | Close
enerqgy type other [v] set flow
i1 closed system [_] ohserved
flow rate |10
inlet point i@ open system
air inlet display | m &h l135.37 | R
T (°C}) 20.85
P (har} 1 [ setvolume flow inlet volume flow |E.44EIEIEEISE1 2
hikJkgy [-4.01 [_] set molar flow mclar flow |D.34533053?51
quality 1 minimum pinch |1 A

) [¥] pinch method fluid
outlet point

Screen of an exchange process with volumetric and molar flow rates and the units for flow and power

Two fields and two options have been added. You can enter either the volumetric flow rate or the molar
flow rate (by default the mass flow rate is used). In all cases, the two non-specified flow rates are
calculated based on the third.

In order to avoid conflict with the automatic flow rate propagation system, you can only choose the set
volumetric flow rate or set molar flow rate options in processes with set flow rates. If you select one of
these two options and the flow rate of the process is not yet set, a message will appear asking you to
check that the set flow rate option is consistent with your model, then the flow rate is set and you cannot
change this choice, unless you deselect the set volumetric flow rate or set molar flow rate options.

“Exchange” processes can also be made isobaric. To do so, first select the
“Isobaric exchange processes” option on the global preferences screen (by
default it is not selected). Once this option is selected, the “exchange” ] set molar flow
processes screen displays an isobaric option, checked by default when a
process is created, and saved in accordance with the user’s choice. When this vl iso-pressure
option is visible and checked, the pressure of the upstream point is
automatically propagated to the downstream point. Otherwise, nothing is
done.

[C] set volume flow
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THROTTLING =

The Throttling screen is among the simplest, as the only calculation which can be made consists of
determining the temperature, the quality and the entropy of the outlet point knowing that the throttling is
isenthalpic.

throttling

CoMBUSTION B2

The combustion screen is the most complex, as the options are numerous.
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process |combustion 1 | fype  |combustion | < || > | Save
| Suppress | Close
energytype  |purchased [] set flow
1 closed system [_] observed
flow rate |1.017393
inlet point ® open system
2 his display m Ah TE5.89 Calculate
W I
T(°C) G10.47
Pibar) |16 L fuel m
hikJkay |B17.23 [_] CHa type
(uality 1 [_] pre-mixed
[¥| dissociation  dissociation degree 0.05
outlet point

quenching temp. (°C) 1,450
3 display
‘4 097328

combustion eff.

T(°C) 1,200 chamber efficiency 0.95

P (bar) 16
h{kJkgy |[1,359.47

® Calculate lambda lambda |3.5174
i Calculate T T(°C) 1,200
) Set the fuel flow rate

quality 1
set pressure

@ by the inlet point
) by the user

Fuel declaration

When air is in excess, the complete non stoichiometric combustion reaction of the fuel CH,4 with air can
be written as function of the air factor A:

CHg+ 2 (1+ a/4) (Og+3,76 Np) — COp + a/2 HyO + (L -1) (1 +a/4) Op + 3,76 % (1 + a/4) N

THERMOPTIM uses a generalized equation of this kind, where the oxidizer can be any compound gas
containing oxygen, and the fuel can be either given under the form CHa, or declared as a substance
included in the database.

fuel fuel

[_] CHatype yidisplay

The fuel definition is made in the upper right of the screen:
If it is a substance included in the database, the fuel is a pure or compound gas containing any of the
following reactants: Hp, CO, H2S, ChHmSpOq, n, m, p and q being decimal less than 100. Inert

gases taken in account are: Ar, CO2, H20, N2, SO». To connect the fuel, double-click in the fuel
field, and choose from among the list of processes which is proposed in a JComboBox.

The fuel and oxidizer both can be composed of reactants, oxygen and inert gases, even if usually the fuel
does not have any oxygen, nor the oxidizer any fuel. It is thus possible to study complex combustions,
such as vaporized mixes made before they are introduced to the combustion chamber.

The reaction products are the following: CO2, H20, SO2, as well as CO and Ha if there is dissociation,
and fuel if the reaction is not complete.
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The software analyzes chemical component formulae of the fuel and the oxidizer, and deduces the
reaction that takes place. Calculations can then be executed. For the time being, chemical formulae are
obtained by analyzing substance names.

When the fuel is a substance included in THERMOPTIM, the name that appears on the screen (here
«fuel») has to be that of a process (for example a process-point); this allows one to specify its flow rate.
This process is itself connected to a point specifying the name and the state of the substance (pressure,
temperature).

The example below is taken from the Getting Started example n°® 2 «gas turbine ». It relates to the
natural gas available at the LNG terminal of Gaz de France at Montoir de Bretagne (France) and
illustrates how to declare a fuel whose composition is the following:

E%Eas composzition Montoir natural gas =1 E

The first figure column from the left selects the input walues from among molar and mass fradions

component name | malar fraction | mass fraction
CH4 "~ methane 0.871 0.758965
C2ZHG "~ ethane 0.0gg 01437278
C3HE " propane 0.0z25 0.05927 759
C4H10 " n-butane 0.002 002525591
NZ 0.008 001217253

Each constituent, except for the nitrogen, is a fuel, whose chemical formula appears in first part of the
name that sometimes is followed by a comment, separated from the formula by the character « ~ ». By
analyzing the chemical formula of each constituent and its molar fraction, THERMOPTIM completely
characterizes the fuel.

This substance is associated to a point, allowing specification of its temperature, which is taken into
account for the calculation of the outlet gas temperature. The flow rate is associated with a process-point,
whose name serves as parameter for the combustion.

When the fuel is given in the form CHa, it is necessary to enter the values of a, and of its enthalpy of
formation hf0 (relative to the formulation CHa). It is then impossible to specify the flow rate.

Open systems and closed systems

It is necessary to specify if the combustion takes place in an open or closed system. For open systems, the
pressure must be set to a certain value. It can be done either «by the user», which means that this value
will be that of the outlet, or «by the inlet point», which corresponds to a constant pressure combustion
equal to that of the inlet oxidizer.

For closed systems, one can choose between three possibilities: set the volume, set the pressure, or
constant temperature combustion. For the two first cases, two different modes of setting the volume or
the pressure exist: «by the user» or «by the inlet point». In the third case, the combustion temperature is
constant and equal to that of the inlet oxidizer.

In the two last cases (set pressure and constant temperature), the volume varies with combustion, so that a
part of the energy liberated by the combustion transforms directly into mechanical energy due to the
expansion of the volume.

The first law of thermodynamics indicates indeed that internal energy variation (du) is the algebraic sum
of the heat (dQ n¢pst Nth) and the work (dW = - pdv) received by the system.

THERMOPTIM calculates the W value and displays it just below the value of the energy liberated in the
combustion. This value is subsequently taken into account as a useful energy when the cycle balance is
calculated. One can refer, for more understanding of this subject, to the example n° 4 on diesel and spark
ignition engines presented in the User’s Guide.

Setting the combustion
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The dissociation of CO2 in CO can be taken in account by clicking on the appropriate button, and by
entering the corresponding dissociation degree. In the case of air, the combustion reaction becomes :

CHa + A (1+ a/4) (Op+ 3,76 No) — (1-kq) COp+ k1 CO+ (1-kp) a/2 HyO + ko a/2 HoO
[(A-1) (1 +a/d) +Kkq/2 + ko a/4] Oo + 3,76 A (1 + a/4) No

The dissociation of CO2 is given by equation : CO2 +H»p < CO + Ho0O

This equilibrium does not depend on the pressure: it is a function of temperature only. With the
hypothesis that combustion kinetics are fast enough for equilibrium to be reached, the mass action law
gives:

Kp = [CO] [H201/([ CO2] [H2]) = k(1 - ko)l ka(1 - k) = f(Tg)

THERMOPTIM calculates the dissociation using a similar but generalized approach.
In case of dissociation, a field is displayed in which must be entered the dissociation degree kq and the

guenching temperature Tq which are used in the calculation of the constant Kp.

e to take into account possible thermal losses of the combustion chamber, which may be non adiabatic,
one introduces a thermal efficiency n, whose default value is set to 1 (left to the center of the

screen). This efficiency differs from the combustion efficiency ncpst, Calculated by the software as
function of the dissociation degree and the quenching temperature.

In the lower left part of the screen appear two enterable fields, corresponding on the one hand to the air
factor A, and on the other hand to the outlet gas temperature Tgo. It is possible to set either of these
values, and calculate the other. The air factor can be greater or smaller than 1. If it is smaller than 1, the
software will assume that it represents an air default combustion forming carbon monoxide CO. If the air
factor is too small for all available carbon to be oxidized in CO, a message warns the user.

Calculation options

o the checkbox «Calculate T» determines the outlet gas temperature Tgo, from the value set for A. If the
fuel is included in THERMOPTIM, the mass flow rate of the process « fuel » is adjusted in order that
the relationship between the volume flow rates of oxidizer and fuel is equal to the air factor. The mass
flow rate of the combustion process is set equal to the sum of fuel and oxidizer flow rates, which
means that the combustion process behaves, at the hydraulic level, as a flow rate mixer.

o the checkbox «Calculate lambda» determines A (>1), from the value of Tgo set. Flow rate calculation
rules are analogous to those of the preceding button.

When the combustion is calculated, values of the combustion efficiency and of the fuel LHV are also
determined. The chamber efficiency is used to take into account the non adiabaticity of the combustion
chamber. In order to make sure that the energy conservation law applies to the combustion,
THERMOPTIM multiplies the heat liberated by the combustion by the chamber efficiency for calculating
the outlet gas temperature Tgo (which therefore differs from the adiabatic flame temperature)

Particular case of pre-mixed reactants
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there is no longer a need to
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[¥l| pre-mixed
[v| dissociation

Figure 2

[¥| Calculate T

dissociation degree
gquenching temp. ...
combustion eff.

chamber efficiency

ksi

T(*C)

n.or

1,773.14

0.81

0.75

1,8826178

present in the oxidizer. In order that the software knows that this is the case, it is necessary to choose the
option « type CHa », and set the values of a and hf0 to zero. Note: this is what had been implemented in
the 4D version, but it could be preferable to add a special checkbox for pre-mixed reactants).

As it is clear in this case that the notion of air factor A loses its meaning, this parameter is used to
represent the burnt fraction of the reactants &. If £ < 1, one assumes that only a fraction & of the mix has
reacted, and that (1- &) has not reacted. Combustion gases are then considered as a dual gas mixture: one
the reaction products, including inert gases, and two the fraction of the initial mix that has not reacted.
This allows one to start from a given mix, and to separate its combustion in several phases, for example
constant volume, then constant pressure, then constant temperature. One can refer, for more
understanding of this subject, to the example on spark ignition engines.
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NODE SCREENS

A node screen is roughly divided in three parts:

- the upper left one displays information relative to the node main process (the outlet one for a mixer,
and the inlet one for a divider or a separator). To connect it, double-click in the main process field,
and choose from among the list of processes which is proposed in a combo box.

- the lower left one shows the branches of the node

- the right part shows the actions which can be taken for building the node

MIXER 2=
node |mi}{er | type  |mixer < | = |
Duplicate Save
main process display m global |2.48318
; Suppress Close
IP rmix
hglobal |323.06
[¥] iso-pressure Calculate
Tglobal |5.04
process name m abs T(°C) | H add a branch
IP compressor 1 2363 418.99
HF throttling 1.4832 5.04 25834

delete a branch

In a mixer, you can either add or remove branches. When the node is built, the "Calculate™ button allows
one to make the mass and enthalpy balance and calculate the outlet temperature. The inlet point of the

process connected at the outlet of the mixer is recalculated.

DIVIDER £

The divider screen shows an additional button labeled "flow setting”. This feature allows one to define
the flow factor which will be taken into account for calculating the flow distribution between the

branches.
node  |extraction | type |divider < | = |
Duplicate Save
main process di=play m global |1
4 Suppress Close
HF turhine
hoglobal  |3,041.82915953
[¥] iso-pressure Calculate
set flow T global  |318.53986483
[rOCESS Name m abs m rel | T2 | H add a branch
reheat 0.85 0.85 38.54 3,041.83
extraction 0145 014 318.54 3,041.83 | |

The basic idea is the following: as a divider must conserve the mass flow rate, it is not possible to set the
value in the different branches if that of the main branch varies. Therefore the user defines in each branch
a "flow factor" which represents the share of the given branch in the global flow rate.
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THERMOPTIM then adds the different flow factors and distributes the main flow-rate between the
branches proportionally to their "flow-rate factors". In the example presented above, 25 % of the flow
rate goes to the extraction process, and 75 % to the resuperheating one.

There is however an exception: it is possible to set the flow rate in a process at the outlet of a divider,
provided that this node has two branches, that with the set flow rate, and another one. In this case the
flow rate of the second process is set equal to the flow rate of the main vein, minus that of the branch
with the set flow rate, and the flow-rate factors are recalculated accordingly. In this case (as in the
previous example) the message "set flow" is displayed in red below the name of the main vein.

SEPARATOR (DRYER) &=

node |separamr | type  |separator < | > |
Duplicate Save
main process di=play m global |2.48318

: Suppress Close
IP mix

hglobal [323.06

[l iso-pressure

effectiveness |1 T global [5.04

Calculate

Process name | m abs | T"C) | H add a branch
HF compressor 1.4832 504 401.41
IP throttling 1.0 504 206.87

delete a branch

As its name indicates, its role is to separate a fluid in a liquid-vapor equilibrium, characterized by its
temperature, pressure and quality. This is done by dividing its flow rate into two parts, liquid and vapor.
It is therefore a type of divider.

To create a separator, select the process that represents the diphasic fluid. The outlet point of this process
has to be diphasic, which means that its quality has to be strictly between 0 and 1. If this is not the case,
the separator cannot be calculated and a message warns the user.

Select then the two outlet processes, which must have inlet points whose substance is the same as that of
the main process outlet point. Furthermore one of these two processes must have its inlet point quality set
to 0 so that THERMOPTIM may identify it as being the liquid vein.

You may set a separator effectiveness which must be in the range 0 to 1. It is defined as the ratio of the
real liquid flow rate to the maximum theoretical one, and thus represents a drying effectiveness. If it is
lower than one, the value of the quality of the vapor exiting the separator is less than 1.
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HEAT EXCHANGER SCREENS

The heat exchanger calculation screen has in its central zone two parts, the one on the left for the hot
fluid, and the one on the right for the cold fluid. Besides values of temperatures, flow rates, specific heats
and enthalpies involved, there appear constraints on temperatures and flow rates that serve to guide heat
exchanger calculations by allowing one to distinguish from among the problem variables those that are
set and those that have to be calculated.

name |regeneratnr | type counterfow | < | > | Save
links ‘ ‘ Suppress Close
hot fluid cold fluid
. set A set
Thi(*C) 81546262708 8 calculated Tci(°C)  228.9909745 g calculated
2 set o set
Tho (*C) 421214450776 8 calculated Tco(*C) FEGEB.B4519857 8 calculated
set set
mh 1.02324309 8 calculated i 1 8 calculated
Cph 117882643 Cpc 1.08115906
m &Hh -475 8523316 m AHc 47555237714
UA 282406108 | @ design
) unconstrained ]
R 0.896315413 i) off-design
) minimum pinch DTmin 16 NTU 261207826

LMTD 168.3924369
(@) set effectiveness epsilon 0.75000058245

The following are possible types of heat exchangers: counter-flow, parallel-flow, crossed flows, mixed or
unmixed Cpmin or Cpmax, and (p-n).

In the lower left corner, appear:

e three checkboxes allowing one to specify the absence or presence of implicit constraints on
temperatures (see below).

o A field for entering and/or displaying the value of the effectiveness

In the lower right corner, appear:

e two checkboxes for setting the heat exchanger calculation mode: either "design” or "off-design".

To connect the hot or the cold fluid, double-click in the corresponding field and choose from among the
list of exchange processes which are proposed.

DESIGN OF SIMPLE HEAT EXCHANGERS

A heat exchanger connects two « exchange » processes. One of them is a hot fluid which corresponds to
a substance that gets colder, while the other is a cold fluid that gets hotter.

Once the coupling of the processes is made, the design problem is the following: it is necessary on one
hand to conserve enthalpy in the heat exchanger, and on the other hand to respect some temperatures
constraints.

Given that there are four temperatures (two for each fluid) and two flow rates, the problem has five
degrees of freedom once the enthalpy is conserved. One can furthermore show that at least one of the two
flow rates has to be set, otherwise the problem is indeterminable.
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For temperatures, one can either set explicit constraints (for example temperatures of the inlet fluids), or
implicit constraints (the value of the heat exchanger effectiveness, or the pinch minimal value).

To set a value to the effectiveness, enter the value in the ¢ field, and click on the button «set
effectiveness». To set a «minimal pinch», click on the corresponding button. The minimal pinch value is
initialized, when the heat exchanger is created, or when one double-clicks in this field, with a value equal
to the half sum of the minimum pinches defined in both hot and cold processes. The user can thus either
keep this value or enter another one. When the heat exchanger is calculated, the pinch is set equal to the
value which appears in this field.

For the problem to have a solution, it is necessary to set a total of five constraints, among which there is a
flow rate. If one of them is implicit (effectiveness or minimal pinch), four have to be explicit (3
temperatures and 1 flow rate, or 2 temperatures and 2 flow rates), or otherwise all five have to be explicit
(a single flow rate or a single temperature is free).

These conditions are necessary, but non sufficient. This is why THERMOPTIM analyzes all the
constraints proposed. If there is a solution, it will be found. Otherwise, a message tells the user that the
calculation is impossible.

One can note that the design of heat exchangers is always made with the implicit hypothesis that
thermophysical properties of the fluids remain constant in the heat exchanger, but this hypothesis is not
made during the calculation of the processes. Therefore, when one recalculates a temperature on the basis
on heat exchanger equations, slight differences may exist between the values displayed on the heat
exchanger screen and that of the corresponding processes, or between the values of the enthalpies
involved in both hot and cold fluids. If a high accuracy is required, one may have to make first a heat
exchanger design calculation, and then iterate. Convergence is obtained fast.

When a heat exchanger is designed, one of the flow rates being calculated, that of the exchange process is
recalculated, as well as those of the processes located upstream as long as they are straightly connected.
The propagation stops when a node or a combustion process is encountered.

GENERIC LIQUID

Let us recall that a particular substance called «generic liquid» exists in the database. It is a liquid at
atmospheric pressure, whose specific heat is equal to 1 kJ/ kg/ K. It can be used to simulate any liquid not
included in THERMOPTIM that one wants to use in a heat exchanger.

Indeed, in the energy equations used for calculating heat exchangers, the flow rate m and the specific heat
Cp always appear as their product mCp, sometimes called the calorific flow rate. Therefore, if Cp is set
equal to 1, the value which is displayed in the flow rate field of the heat exchanger form is that of the
product mCp.

Instead of entering in the database a large number of different liquids, it is thus possible to make use of a
single one: the generic liquid.

Suppose that you want to study a liquid whose specific heat is Cpljg.

If the liquid flow rate is set to mjjg, enter in the exchange process flow rate field the value (mjjg.Cplig)-
Set the other constraints and calculate the heat exchanger.

If the liquid flow rate is to be calculated, set the other constraints and calculate the heat exchanger. The
value of the liquid flow rate will be equal to the value returned by THERMOPTIM in the flow rate field,
divided by Cpliq:

SOLVING NON NOMINAL OPERATION FOR HEAT EXCHANGERS

THERMOPTIM allows one to calculate non nominal operation of the heat exchanger by the NTU
method if at least two temperatures are known.

For automatic recalculation, causality rules imply that the inlet temperatures and the mass flow-rates of
the hot and cold fluid be known, and THERMOPTIM sets them from their processes (see the
recalculation engine section for more details). Step by step calculation offers more flexibility in this
regard.
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All non nominal operation procedures apply to the study of a pre-designed heat exchanger. One notes
that, to use the NTU method, one implicitly makes the hypothesis that the thermophysical properties of
the fluids remain constant in the heat exchanger.

The procedure updates inlet bounds of the module, starting from the processes, then calculates the outlet
temperatures, and balances the heat exchanger at the enthalpy level. Points and processes associated to
the module are updated as a function of the results.

For the time being, no correction is made on exchange coefficients when flow rates are non nominal.
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WATER VAPOR / GAS MIXTURES

From now on, we call "humid gas" or "moist gas" a substance that is composed of one or several pure
gases and water vapor which may condense. In these conditions, the compaosition of the mix can evolve
even in simple cooling processes. Therefore, as explained below, the processes generally defined in
THERMOPTIM do not always allow one to determine the thermodynamic properties of humid gases.

In practice, the most frequent case is obviously that of moist air at atmospheric pressure, and
THERMOPTIM allows one to solve many air conditioning problems. But more generally, it allows for
study of any water vapor / gas mixture such as combustion flue gases.

A hypothesis however must always be made: the gaseous water is supposed to behave as an ideal gas,
which means that its partial pressure remains inferior to a pressure level of a few bars; this is almost
always the case.

To calculate thermodynamic properties (essentially enthalpy) of a humid gas, it is practical to apply the
Dalton’s Law knowing that it concerns a two constituent mix: the dry gas (possibly a mix of gas itself),
and the gaseous water.

Furthermore, in THERMOPTIM the zero level, or reference state for calculations of gas enthalpies is
standard, chosen at 298 K. However, air conditioning engineers have chosen that the saturated-liquid
state is at 0 °C for steam, and 0 °C for dry air. This leads to a difference between the humid gas enthalpy
as calculated in THERMOPTIM and that used in psychrometric charts. This difference varies according
to the specific humidity.

Another point has should be noted: in THERMOPTIM, point thermodynamic properties are expressed in
mass units for intensive values.

However, in most of water vapor / gas processes, the total mass of the gaseous phase does not remain
constant, due to the variation of the water content of the mix. The single invariant in these conditions is
the dry gas mass, to which it is customary to relate the point properties. The qualifying of "specific"
means that expressed values pertain to 1 kg of dry gas, when considering humid gases.

Finally, the enthalpies that will be considered later can be related to three different references:

e mass enthalpy of the dry gas hgs (hgs =0at T =298 K)
e mass enthalpy of the humid gas hgh (hgh=0at T =298 K)
o specific enthalpy of the humid gas g’ (g’=0at T=0 °C, liquid water)

With usual notations, w being the specific humidity of the gas, these three enthalpies are connected by
the following equations:

q’(tw) = hgs(t) - hgs(0 °C) + w (hH20(t) - hH20(0 °C)) + W Lowater
q’(tw) = (hgh(t) - hgh(0 °C)) (1 + w) +w Lowater

hH20(t) being the enthalpy of the gaseous H20 as calculated by THERMOPTIM, and Lg water the heat
of vaporization of water at 0 °C.

One can therefore represent a humid gas in THERMOPTIM in two equivalent ways: either directly as a
substance composed of at least two constituents: H20O and another gas, pure or compound, or as a dry
gas whose specific humidity is known. The first manner presents the advantage that the composition of
the humid gas is accessible at any time. The drawback is that, for a given dry gas, one has to create a new
humid substance for each value of the relative humidity. Furthermore the second representation is far
more concise, as the only substance required is that of the invariant gas.

Let us finally note that water can be present three states, solid, liquid, or gas, according to the
temperature and the humidity of the gas considered. However, for practical reasons, the lowest
temperature of water vapor / gas mixtures has been set to - 123 °C or 150 K in THERMOPTIM.
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POINT SCREEN

The water vapor / gas mixture screen gives access to procedures for analyzing humid gases. When the
gas is represented by a humid substance, it could have been mixed in a mixer, generated from a dry gas

and a specific humidity, or again directly defined by the user, in which case the water has to be entered as
a gas (H20).

For example, let the humid air have the following composition:

component rame | malar fraction | mass fraction
H2O 004237005 002678529
Ay 0003618017 001203254
o2 02011024 022558373
M2 0.7479095 0.7352916

Build a point using this substance, at the pressure of 1 atmosphere and a temperature of 35 °C, calculate it
and click on the tab "water vapor / gas mixtures". The following screen appears:

- - | links
point |mnlst paint |
- Duplicate Save
substance |wet air || display |
Suppress Quit
rOpen system (T,p,h) rCIused system (T v,u) rWater vaporigas mixtures
at of epsi
sE " R specific values (relative to 1 kg of dry gas)
=et the ga= humidity
q 0
W 0.027525657
W I}
epsi 0
condensation |0 t* {°C}) 1]
p 1.01325 tr (°C) I
T 308.15 |

The specific humidity w of the point considered appears. As the gas is a moist gas, Thermoptim
automatically calculates it and displays it on the screen.

Specific values (i.e. related to 1 dry gas kg) of enthalpy and volume are also shown, as well as the humid
characteristics: possible condensation, humid temperature t', dew point temperature tr..

When this screen is displayed, values of the relative humidity epsi, condensation, dew point temperature,
specific enthalpy and volume are put to zero.

Humid characteristic calculations

To calculate all the humid characteristics of the point, click on the button "set w". The following results
are displayed:

|/0pen system (T,p,h) rCIused system (Tvu) rwmer vaporigas mixtures

et v " e specific values (relative to 1 Ky of dry gas)
=et the ga=s humidity
(i 105.7252
w 0.027525657
v 09117361
epsi 0763692891
condensation |0 t' {°C) 3a1.1894
n 1.01325 tr (*C) 30211
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Setting the relative humidity

It is possible to set the relative humidity to a particular value, by entering the value in the corresponding
field, and then by clicking on the button "set epsi”. In this case, the water content of the humid gas is
modified to obtain the desired value and the humid characteristics are updated.

Suppose now that one sets a relative humidity equal to 0.5:

|/0pen system (T,p.h) rCIused system (T,vu) rWater vaporigas mixtures |

et " set epsi specific values (relative to 1 kg of dry gas)
set the ga=s huridity
i 806335
w 00177502451
1) 08980663
epsi 0.5
condensation |0 t' ("C) 261364
1] 1.01325 tr (°C) 23.018

By clicking on "set the gas humidity” you can change the gas composition and obtain the following
result:

component narme | malar fraction | mass fraction
H20 0.02774027 0.01 744067
Ar 0.005749675 0.01215559
o2 0.2041747 02280064
M2 0.7593354 0.742354

If the quantity of water present in the mix exceeds the saturation content, the relative humidity has the
value 1, the specific humidity becomes equal to the saturation humidity, and the quantity of water in
excess appears in the field titled "condensation".

In the Thermoptim 4™ Dimension version existed two ways of representing the gas, either as a moist gas
or as a dry gas. In the Java version, all humid calculations are made on the basis of the dry gas properties
and it is not any more necessary to distinguish between both cases.

For instance, if you select the gas "air" instead of "wet air" and enter the same value for w as in the first
example, you obtain the following result:

- i Duplicate Save
substance |a|r ” display |
Suppress Quit
r()pen system (T,p,h) |/Clused system (T,v,u) rWater vapor/gas mixtures
== I il specific values (relative to 1 Ky of dry gas)
set the gas humidity
q 105.7252
w 0.027425657
1] 0.9117859
epsi 0.7TE3693084
condensation (0 t' (°C) 31.1854
p 1.01325 tr (*C}) 30.211

The values obtained with the dry gas are the same as with the moist gas.
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WATER VAPOR / GAS MIXTURES PROCESS SCREENS

"Water vapor / gas mixtures" processes correspond to six different processes that distinguish by their
category. The water vapor / gas mixtures process screens are as follows ; they vary slightly according to
the category chosen:

process [supply |t‘_||,rpe water vaporgas mixures | < || = | Save
| links | ‘ Suppress | Quit
energy type |other [] set flove
[[] closed system
dry gas mass flow rate (11.93322
inlet point [¥| open system
indoor air display Delta Q" -164 28 Calculate
T 29714 type  supply
B 1.0133
sensiblefotal heat ratio 07462647
H -0.852
water load -0.01BREEET
w 0.00929
thermal load -162.6
outlet point
SuUpply | display
T 28714
1] 1.0133
H -10.87
w 0007299163 Calculate the supply conditions, the dry gas flow rate being known (¥

Calculate the supphy conditions, the supply temperature being known [_|

This is for when a "supply" process is involved. It calculates supply conditions for maintaining a desired
ambiance and considers water and thermal loads.

Before explaining how to use this screen, let us specify some general issues pertaining to the water vapor
/ gas mixtures processes.

First of all, THERMOPTIM calculates processes between humid points on the basis of their dry gas
properties. As stated before, the reason is simple: this mode of representation avoids introducing a new
humid substance for each value of the relative humidity.

Secondly, values are expressed preferably in specific units. Flow rates that appear on the processes are
dry gas flow rates and enthalpy variations Delta Q' relate to specific enthalpy.

Efficiencies are often used to qualify the real processes in comparison to the theoretical or ideal
processes. In practice, they generally correspond to evolutions whose final state is saturated (complete
humidification, cooling until saturation).

The right and upper sides of the screen display general characteristics of the process, while the left side
displays inlet and outlet points, their specific humidity w being displayed. In the right are given values of
the "sensible/total heat ratio”, and of the total enthalpy involved in the process (on the basis of the
specific enthalpies), as well as the settings of the different categories of water vapor / gas mixtures
processes, and in the lower part the calculation options.
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supply process

The supply process connects the point describing the known internal ambiance (inlet point) to the point
corresponding to the supply conditions sought out (outlet point).

The enterable fields allow one to enter the thermal load and water load to remove, in KW and kg/s
respectively, which defines the supply line. One makes the hypothesis that the water load has to be
removed at the inlet point temperature.

The two possible options are in this case:

- to determine the temperature and the specific humidity of the supply point when the dry gas flow rate
is known.

- to set the supply temperature, so that THERMOPTIM determines the specific humidity of the supply
point, as well as the dry gas flow rate required.

cooling process

The cooling process allows one to study humid gas cooling in a cooling coil, with or without
condensation.

HOCcess |l:l:n:||ing | fype  water vaporgas mixtures | < || = | Save
| Suppress | Close
energy type other [ set flow
0 closed system [ ohserved
dry gas mass flow rate |0.987165
inlet point ® open system
mixed air displ=ny m AQ" - 26 96 Calculate
T{?C) 88 type cooling
P {bar) 1.0133
sensibletotal heat ratio 0532809
h{kJ¥g) |0.952
water invohed -0.006035735
w ko kg 0.01300203
effectiveness 0.7a08891487
outlet point surface temperature °C 7
cooled air ‘ display
T{°C) 11.73
P (bar) 1.0133
hikJky) |-13.15
W (kgkg) |0.007300814 Calculate the process, the cooling coil efficiency being known ®

Calculate the process, the outlet point’s humidity being known

Cooling conditions are specified in the right of the screen: surface temperature and effectiveness of the
cooling coil, if they are both known. If the effectiveness is not known, the outlet point humidity allows
for the calculation of the process.

The two possible options are in this case:

e to set the effectiveness, in which case THERMOPTIM calculates the specific humidity of the outlet
point. In case of anticipated condensation (the case when the line connecting the inlet point to the
point of the saturation curve at the surface temperature cuts the saturation curve twice), the outlet
point is located on the saturation curve and its enthalpy is calculated from the effectiveness of the
coil.

e to set the specific humidity of the outlet point, in which case THERMOPTIM calculates the coil
effectiveness. In the case of anticipated condensation (see above), the outlet point is located on the
saturation curve, at the desired specific humidity.
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vapor or water / adiabatic humidification process

This process allows one to study either water or vapor humidification or adiabatic humidification.

Process |humidiﬂcat0r | type  waterwaporigas mixtures

|<||>| Save

Suppress | Close

energy type ather [_] set flow

1 closed system [[] observed
dry gas mass flow rate |1

inlet point @ open system

mixed air display m AQY n.oo1T

T(°C) 17.01 type | adiabatic humidificatar
P {bar) 1.0133

h {kJkg) [7.86

w (kgkg) 0.0003460982

sensibletotal heat ratio
water involved

effectiveness

Calculate

-1,289.5935124

0.000877213

0.256734811

outlet point

maist air ‘ display

T{"C) 14.81

P (bar) 1.0133

h{kJkg) [-10.06

w {kokg) |0.004338195 Calculate the process, the humidifier efficiency being known

Calculate the process, the outlet point’s humidity being known

Humidification conditions are specified in the enterable fields: water or vapor temperature and pressure,
and humidifier effectiveness, if it is known. If the effectiveness is not known, the value of the specific

humidity of the outlet point allows for the calculation of the process.

The two possible options are in this case:

o if the effectiveness is set, THERMOPTIM calculates the humidity of the outlet point. In case of
anticipated condensation (see above), the outlet point is located on the saturation curve and its

enthalpy is calculated from the humidifier effectiveness.

o if you set the specific humidity of the outlet point, THERMOPTIM calculates the effectiveness of the
humidifier. In case of anticipated condensation (see above), the outlet point is located on the

saturation curve at the desired specific humidity..
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desiccation process
The desiccation process allows one to study dehumidification by desiccation or the regeneration of a

desiccant material. Different types of desiccant materials are presented. Their name and their sorption
heat value are displayed in the right part, the latter being enterable by the user.

process |dessication | Iype water vaporigas mixtures | < || = | Save
| links | | Suppress | Quit
energy type |other [] set flow
[_] closed system
dry gas mass flow rate (11.956
inlet point [¥] open system
supply display Delta O 16.45 Calculate
T 28715 type | desiccation
p 1.0133
sensibletotal heat ratio T.2TTBAT
H -10.87
substance microporous silicagel
w 0.007899164
sorbed water -0.04128212
outlet point sorption heat 2,900
indoor air | display
T 715
p 1.0133
H -0.852
w 000929 Calculate the process, the outlet point's temperature being known (v

Calculate the process, the outlet point's humidity being known [_|

The two possible options are in this case:

o if the outlet point temperature is known, THERMOPTIM calculates its humidity.

o if you set the specific humidity of the outlet point, THERMOPTIM calculates the outlet point
temperature.

One should note that the same process calculates the desiccation as well as the regeneration of the
desiccant, according to relative values of the inlet and outlet points. For regeneration, the software
unfortunately does not verify if the temperature is high enough.
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heating process

The heating process allows for different calculations of a humid gas. It connects two points whose water
contents may or not be the same.

process |heating | type  water vaporigas mixtures | < ” = | Save
| links | | Suppress | Quit
energy type |other ] set flow
["] closed system
dry gas mass flow rate |11.9564
inlet point [v] open system
cooled air displ=y Delta Q" 2733 Calculate
T 2848 type  heating
p 1.0133
sensiblefotal heat ratio 1.0
H -13.12
w 0.007292353 water imohed 0.00000372
outlet point
sUpply | display
T 28714
n 1.0133
H -10.87
w 0.007299164 Calculate the process, the outlet point being known [¥]

Calculate the outlet point, the Detta H and the water imvotved being known [_|

The two possible options are in this case:

o if the outlet point is set, THERMOPTIM calculates the Delta Q' and water involved.

o if you set the specific enthalpy variation Delta Q' and the water involved, THERMOPTIM calculates
the outlet point temperature.

MOIST MIXERS

The moist mixer allows one to determine humid properties of a mixture of streams that may be composed
of various dry or humid gases with different water contents.

The moist gas mixer differs from regular mixer in the following way:

- first, it accepts as inlet branches both moist processes and other processes. As the moist process flow
rate relates to the dry gas whereas the other process flow rate does not, the moist gas mixer takes this
difference into account when it calculates the mix.

- second, its main vein must be a moist gas process. If it is not the case, a message warns the user and
the calculations are made as for a regular mixer.

The calculations are similar to those of a regular mixer. In addition, the moist gas mixer checks whether
the mix is oversaturated or not. In case of oversaturation, a message warns the user and THERMOPTIM
researches the mix point on the saturation curve, by conserving the enthalpy. The excess water is then
displayed above the branch table.
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node mixer | type moist gas mixer ‘ H | |
< - Save
main process m global |0.987225
SUppress Quit
coaling | ‘ |
hglobal |0.91
Calculate
water invohsed T global |298.91
process name| m ahs | m rel T H add a branch
indoor flow 0.69356 29715 -0.844
outdoor flow 029367 303145 5.05

suppress a branch

The global values which are displayed do not refer to specific values.

DIAGNOSIS TOOLS

Remember that in version 1.5 and later, the interface between the diagram editor and the simulator has
tools for identifying and deleting modeling errors.

By modeling errors, we basically mean inconsistencies between the two working environments:
- elements of the simulator absent from the diagram editor
- elements of the diagram editor absent from the simulator
- unconnected points present in the simulator
- unused substances

The “Diagnostic Tools” screen also facilitates model checking (in the Standard version and higher). It is
accessed from the Special menu of the main project window.

It is comprised of two tables. On the right part of the screen you may select a process search criterion
from a list (open or closed system, useful, purchased or other energy type, direct or inverse calculation,
set flow rate). Once a criterion is selected, clicking the button "Show selected processes” loads the table
located in the lower right part of the screen.

The list on the left side is similar. It allows you to display the points corresponding to the selected
criterion (without any prerequisite other than the associated substance or a pressure setting, open system,
p and T or p and h being known, closed system, v and T or v and u being known, set saturation pressure
or temperature). If the point pressure is set, the pressure setting name appears in the right column of the
table.

Both tables are double-clickable : if you double-click in one of them, the corresponding point or process
is displayed.

If you click on button "Export" the list of the points or processes is written in file "output.txt".

Thermoptim reference manual volume 2 February 2014



E%Diagnnsis tools

39

=10l x|

Show selected points

Close

Show selected processes

1 without prerequisite

' multiple prerequisite

® P and T known

3 P and h known

i wand T known

v and u known

' set the saturation pressure

) set the saturation temperature

) open system

i) closed system

® useful energy

) purchased energy
i) other energy

i) pressure analysis
i direct calculation

) inverse calculation

' uncennected i) set flow

narme | set pressure | narme type
1 E compression 1 compression
2 cormpression 2 COMmpression
2 his gxpansion 1 BXpansion
fuel gxpansion 2 expansion
1a
1i
coaled air |
3
3a
Ji =
A

For points, the search options are as follows:

- no prerequisites other than the substance that is linked to them or a set pressure: theoretically, these
points are never modified, unless the composition of the linked substance changes or if the set
pressure is changed.

- multiple prerequisites: if a point has more than one prerequisite, it means that it can be modified by
more than one component. This is generally because, during modeling, it was incorrectly connected
either to the outlet of two different transformers, or to the outlet of one transformer and the inlet of
the main transformer of a mixer.

- calculated in open system with either p and T or p and h known.

- calculated in closed system with either v and T or v and u known;

- with a set saturation pressure or a set saturation temperature;

- not connected to a process: these points are not used and can generally be deleted.

For processes, the search options are as follows:

- open or closed system;

- type of energy: useful, purchased or other;

- pressure analysis: in Thermoptim, the pressures are initialized by default at 1 bar, then the user
must set the values, since the software does it in only a very few instances. If the user forgets to do
so or makes an error, convergence problems may appear. This search option covers on the one hand
all of the processes other than compression, expansion and throttling in which the outlet pressure is
either greater than the input pressure (physical impossibility except for certain external processes), or
less than 80% of the inlet pressure (excessive pressure drop), and on the other hand all of the nodes
through which the pressure increases (physical impossibility except for certain external nodes).

- direct or reverse calculation;

- set flow rate: this option facilitates checking of flow rate propagation consistency in complex
projects.
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You can double-click on the two tables. If you double click on one of the lines, the corresponding
components are displayed. By clicking on “Export”, you print the list of points or processes to the file
“output.txt”.

In the screen shot above, there is 1 point with multiple prerequisites, and the right part of the screen
shows the result of a pressure analysis.

Point with multiple prerequisites

Double click on the line [E3COLD RH / PointCorps =10l x|
of the point “COLD RH”
to display its screen and
access the ||nkS WmeW nom / type COLD RH i FPointCorps |
(see  the  paragraph

Eléments prérequis

“Links Browser” in the | | | l Elément amont|
H nom type validé |calcula.] code nom tyne
neXt SeCtlon)' HF TURBIMNE Expansi... true true nrocess
FROM HP TURBIME & GAS ... |Mixer true true hode

By looking at the
prerequisite elements, we
see that that “COLD

i X Eléments subordonnés Eléments aval
RH” is defined both as ,
. narmm | type | valide calculable nam | fype
an outlet point of the IF STEAM HEA...|Exchange frue true
“HP TURBINE?” turbine IP RH Exchange true true

and as an inlet point of
the main process of the

mixer “FROM HP Fermer

TURBINE & GAS...”,

which is a modeling

Links browser

error that would have
been difficult to detect without the diagnostic tool.

Pressure analysis:

The pressure analysis has identified six components that may have incorrect parameter settings. Double
click on the table on the right to display their screens. For the first three, the outlet pressure was rounded
up, and the error is negligible.

The next two components are external processes corresponding to a non-adiabatic compressor and a non-
adiabatic turbine, so it is perfectly normal for the first component’s downstream pressure to be greater
than its upstream pressure, and for the second component’s downstream pressure to be less than 80% of
its upstream pressure.

As for mixer “M1X2”, the pressure upstream of its main process is greater than the downstream pressure
of its branches, which is clearly an error in parameter setting.

Thus, the diagnostic tool identified three negligible errors, two normal pressure changes in external
processes, and one parameter setting error at the outlet of a mixer. Since the project involves sixty or so
points and processes as well as fifteen or so nodes, identifying these errors would have been difficult
without this tool.

AUTOMATIC RECALCULATION ENGINE

INTRODUCTION

Thermoptim allows for the calculation of complex thermodynamical systems. As we saw it above, an
analysis of the main different energy technologies shows that it is possible to model most of them using a
limited list of basic functional elements which are called primitive types and will sometimes be referred
to as "types" in this document. Thermoptim is precisely built on such a primitive type set:

fluid properties are represented by two kinds of substances, ideal gases and vapors
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the full state (pressure, temperature, enthalpy, entropy, volume,...) of a substance can be calculated
within a point, when two state variables are known.

fluids undergo changes in the different elements of thermodynamical machines, which are called
processes (compressions, expansions, exchanges, combustions, throttles, moist gas processes...).
Processes connect together at least an inlet and an outlet points.

fluids flow in the machine elements through a more or less complex network of ducts. Processes
represent simple ducts arrangements. For more complex ones it is necessary to introduce nodes:
mixers, dividers and separators.

when two fluids (exchange processes) interact mutually exchanging heat, they constitute a heat
exchanger, whose processes cannot be calculated independently.

In order to describe his problem, the user has to model it using these primitive types. Although their
physical sense is rather straight, this analysis is not always obvious, but it is a necessary step, whatever
calculation software is used. In fact, an asset of Thermoptim is that its primitive type set helps the user in
making the systemic analysis of his problem.

Once this analysis is made, the user enters the different elements describing his problem, through the
existing interface. In practice, he first creates the points, sets their characteristics, then connects them
with processes, sets their characteristics, and finally, if necessary, connects the processes with nodes or
heat exchangers.

This description includes all the information pertaining to the system configuration: calculation
characteristics of the types, logical connections between them... It is therefore quite rich, even if it is
difficult to handle.

Once his problem is adequately described, the user can solve it in two ways, either step by step,
calculating the different elements in turn, or automatically, if the software is able to derive from the
previous description the right calculation sequence which may vary for a given problem depending on the
data.

Thermoptim 4D versions do not provide a validated automatic calculation process. Therefore the user has
to calculate his problem step by step. As he does not have to write any line of code or to solve any
equation by himself, these versions of Thermoptim are already quite useful: the user is confident of
quickly getting realistic results without any risk of programming error. The Java version makes use of the
system description for enabling at least partial automatic calculation, or providing the user with
assistance for accelerating the calculation process. This section presents the main concepts used in this
context. As it is usual that a user first calculates step by step his or her model, in order to check the
consistency of the problem description, the automatic calculation scheme is also related below as the
recalculation engine.

Finding an appropriate automatic calculation scheme is difficult for a number of reasons:

each type may be calculated in different ways, depending on its characteristics. In particular the
processes can undergo direct or inverse calculation. In a direct calculation, the outlet point is modified
by the process, whereas in an inverse calculation, the outlet point is supposed to be set and the
process is calculated accordingly. This means that the causality (the order in which the calculations
must be performed) may differ depending on the type characteristics. In addition, an outlet point may
be considered at the same time as a data and as a calculation result : in a compression or an
expansion, it is usual to consider that the outlet point pressure is set and to recalculate the other outlet
point state variables from the process.

when a given point is at the same time at the outlet and at the inlet of two and only two processes, the
mass flow rate through the two processes is the same (mass conservation law). In such a case, it may
be interesting to automatically propagate the flow rate value from the upstream process to the
downstream one. However in practice the flow rate propagation scheme is far from being obvious. It
is sometimes necessary to set the flow-rate in one or more processes in order to guarantee the
convergence of the recalculation scheme. In order to do so a special checkbox has been introduced in
all processes.

when the duct network is closed, the system is comprised of loops. Automatic calculation with loops
requires thorough implementation, or else may lead to different problems.
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as it is frequent that a set of connected points should be at the same pressure, it is convenient to enable
the user to automatically change the value of that pressure in all these points. This feature already existed
in Thermoptim version 1.1, and was called variable control. However, as the recalculation scheme was
not validated, it had to be used cautiously. In the version under development, the pressure setting model
has been much improved.

lastly, even if it is possible to find the general rules governing the different type calculation
requirements, there are always exceptions, which must be handled with care and ask for particular
treatment. For instance, as a mixer is connected to a downstream process, the point modified when it
is calculated is the inlet point of that process, whereas generally only outlet points may be modified.
A combustion type may be connected to a fuel process, which makes it behave as a special mixer

type...

BASIC CONCEPTS AND PRINCIPLES

The recalculation engine is based on the following concepts :

1.

Each primitive type can be calculable or not. It is calculable if all the information which is
necessary to calculate it is known. This information consists of two kinds: its own characteristics
and that coming from its causal links with other primitive types.

Each primitive type can be validated or invalidated . It is validated if it was calculable and has
been calculated. It becomes invalidated when part of the information which is necessary to
calculate it changes.

Each primitive type has prerequisites and/or subordinates. Its prerequisites are the other
primitive types which contain part of the information its calculation depends on, and therefore
must be validated for it to become calculable. Its subordinates are the other primitive types
whose prerequisites it belongs to.

A type becomes thus invalidated in two cases: either when one of its characteristics is changed,
or when at least one of its prerequisites is invalidated. It is calculable when all its prerequisites
are validated. Substances have no prerequisites, and some types have no subordinates.

Each primitive type keeps track of existing links with its prerequisites and subordinates. When a
type is recalculated, it invalidates its subordinates, which means that they must recalculate when
all their prerequisites are valid. In turn, its subordinates invalidate theirs, and so on.

Link browsers have been created in order to analyze the logical links which exist between the
different elements of a project.

Each project keeps track of all invalidated types. When the Recalculate button of the project
frame is activated, all the invalidated types which are calculable are calculated.
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RECALCULATION ENGINE ELEMENTS

The recalculation engine makes use of the following elements:

Flow rate control

Flow rate control is extremely important in practice. In Thermoptim, it is done by the nodes and the
process connections.

The reader should refer to the node presentation for more detailed information, the present paragraph
being but a summary of the node flow calculation scheme. In mixers and separators, the flow rate
propagation is rather simple: in a mixer the main vein flow rate is the sum of all branch flow rates, and in
a separator it depends on the quality of the two phase fluid entering the node and on the node
effectiveness. In a divider, the distribution of the main vein flow rate in the different branches is made
proportionally to their flow factors.

In a divider the distribution of the flow rate of the main vein between the branches is generally made
proportionally to their flow-rate factors. There is however an exception: it is possible to set the flow rate
in a process at the outlet of a divider, provided that this node has two branches, that with the set flow rate,
and another one. In this case the flow rate of the second process is set equal to the flow rate of the main
vein, minus that of the branch with the set flow rate, and the flow-rate factors are recalculated
accordingly. In this case (as in the previous example) the message "set flow" is displayed in red below
the name of the main vein.

Flow rate can also be automatically propagated between two processes when the following rules are met:

- first, it is necessary to ensure that the two processes are connected together and with no other type. If
a point is connected to but one process as an inlet point and to but one process as an outlet point, it is
considered as straightly connected. This information can be retrieved from logical connections
between the types.

- second, the automatic flow rate propagation scheme has to be enabled by checking the "autoflow"
checkbox which is located close to the "Recalculate” button of the main project frame

- third, one may wish at the same time to enable the automatic flow rate propagation in most processes
and to disable it in some of them. This is particularly useful when there are loops in the process
networks. It can be done by checking or unchecking the "set flow" checkbox which appears in each
process frame close to the "Delta H" field. When the "set flow" checkbox of a process is on, its flow
rate remains unchanged, except if it is connected to a node.

- itis also possible to retrieve information on connections between processes from the diagram editor
as explained below in the section entitled "Flow rate propagation in complex cycles".

To summarize, when two processes are straightly connected, the flow rate of the upstream process is
automatically propagated to the downstream one, provided the autoflow is on and the latter's flow rate is
not set.

Flow rate propagation in complex cycles

For complex projects, the links between Thermoptim and the diagram editor are not biunivocal: as soon
as some points are shared by several types, possible links are more numerous than valid ones. This is
why, after having made a transfer from Thermoptim to the diagram editor, some links have to be
removed from the network obtained, as they have no physical meaning, and that operation cannot be
made automatically. By doing this selection one puts non equivocal information in the diagram on flow
rate propagation links. This means that if one works without a diagram he/she must be very cautious in
order to enable the recalculation engine to find its way without ambiguity, whereas if one makes use of a
diagram, its very structure contains this information.

The existence of the diagram editor thus allows to address the flow rate propagation question from a new
standpoint, and provides solutions to problems which were beforehand hard to solve.
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The automatic recalculation management has been slightly modified to make profit of these possibilities.
Two options could be considered in order to extract existing connection information from the diagram
editor :

- either do it each time a component is recalculated,
- or do it once for all for the whole set of components chosen.

The latter solution being much less costly in terms of calculation time, it has been selected. Each time a
process type component is transferred or updated from the diagram editor to Thermoptim, the
corresponding Thermoptim saves information on its upstream and downstream links. Then the
recalculation engine uses them as a priority to manage the flow rate propagation. Furthermore when a
process has the same point at the inlet and outlet (process-point), it is not recalculated, in order to avoid
an invalidation deadlock.

In practice, if you want to make use of this new capability to recalculate an existing project, you should
operate as follows:

- open the project file in Thermoptim

- open the diagram file in the editor

- open the diagram editor / Thermoptim interface
- update the element table

- update Thermoptim from the diagram

Once these operations are done, the recalculation engine takes into account the information on
connections included in the diagram. This information is subsequently saved in the project file when the
project is saved.

Link browsers

As indicated above, link browsers have been created in order to analyze the logical links which exist
between the different elements of a project. They display four tables which summarize the logical links of
a given type with the others. In order to show them, press the "links" button of any type.

For instance, the point 3a of the two stage refrigeration cycle example has the following link browser
frame :
e Its prerequisite is a HP pressure setting
e lIts subordinate elements are two exchange processes : desuperheating and condensor (actually it
is connected at the outlet of the first one and the outlet of the second)
e The upstream elements to which it is straightly connected are the desuperheating and HP
compressor processes, themselves connected to point 2
e The downstream elements to which it is straightly connected are the condensor and HP throttling
processes, themselves connected to point 3

name | type |38IF‘0intCurps | ’T
inks

Prerequisite elements
upstream elements

naim type | type | validated calculable| code name | type
HF PresSetval... frue true pressure HF compressor |Compressian
2 FaintCoarps

desuperheating |Exchange

Subordinate elements downstream elements

nom type | type | validated calculable name | type
desuperheating |Exchange true true condensar Exchange
condensar Exchange true true 3 FPointCorps

HF throttling Throttle
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Thanks to this browser it is possible to easily navigate through the network which connects the different
project elements, by simply double-clicking on any of the lines which are shown on the frame. It is thus
possible to check the consistency of the system description and/or understand its logic.

Recalculating
Multiple Selections

In version 1.5 and later, a
special method is used to
facilitate work on multiple
component selections. It is
accessible from the Special
menu of the diagram editor.

When a multiple selection is
done, it can be loaded in this
screen by clicking on the
button “Update the selection
from the editor”.

The list of elements selected
(points, processes, nodes, heat
exchangers) appears in a table.

Balarice

‘ 300 MW simple Rankine cyele

[

Multiple Selection

The order of these components can be changed using the scroll buttons located in the lower right part of
the screen, and elements can be deleted.

The list of elements selected (note: for the time being, the points are not selected when the file is re-read)
can be saved in a file in the “res” directory. This list can be reloaded by clicking on the button “Load a

multiple selection from a file”.

Once the selection has
been made, various
functions can be activated

£ Multiple selection manager

=10l

from the diagram editor:

hame

element type

tpe

- F5launches an

econamiser

process

exchange

Load a multiple selection from a file |

evaporator

process

exchange

automatic

superheater

process

exchange

feedwater pump

process

COMpression

Update the selection from the editor |

recalculation in

2a

paint

the simulator;

3h

point

B

point

Save ‘

purmp

process

compressian

- F6 updates the

mixer

node

multiple selection
management
screen by loading
the current
selection;

Suppress ‘

- F7 recalculates
the different
elements in the

Multiple selection management screen

selection, in the order in which they appear on the multiple selection management screen. The
values of the points selected will be updated if the values are displayed.

- F8 selectively displays or hides the values of the points on the multiple selection management
screen. To display the values, type F6, then F3 twice (the first time selects all, and the second
the multiple selection). Then, each time you recalculate using F7, the values displayed are

updated.

These buttons are accessible from the Edit menu of the diagram editor:
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File | Edit | Special Components Help
k Selection b Select all Ctil- ¢ a | &

Copy the selection Select next

E Paste the selection Select previous
Flip vertical F1 Invert selection
Show properties F4 Nudge b
Rename CHl-R Multiple selection #| Recalculate the project F5
Erase the diagram Update the selection F&
Display separated branches in nodes rz & ST AT o
Delete from diagram Supprimer -+ Display the selection's values r=

i I

Pressure control
It is possible to define the pressure settings by associating a name and a value in the frame which can be
displayed by double-clicking in the headband of the "Pressure settings" table located in the upper right
part of the project frame (e.g. "HP", 165 for High Pressure and 165 bar):

[&2 pressure setting [_ (O]

(Open system (T,nh) | Closed system (Ty,

p 181.7
links | | e |
[v] set p controlled

narme HP
Suppress HF

correction factor 0.98

value 1648 ‘ Set the pressure

Then, the points which must be at that pressure are connected with this pressure setting. This is done in
the point frame by selecting "pressure controlled” and choosing "HP" from among the pressure setting
list.

In the point screen, it is possible to define a pressure correction factor, by which the pressing setting
value is multiplied to calculate the pressure. It is thus possible to automatically take into account pressure
drops. In the example shown above, the pressure setting value is 165 bar ; as the correction factor is 0.98
(2% pressure drop), the point pressure is set to 161.7 bar.

When the pressure of a point is set in such a manner, we shall say that it is "externally set”. Changing the
values of the point pressures which are controlled by a given pressure setting is simply made by clicking
on the "Set the pressure™ button on the corresponding setting frame.

Heat Exchangers
For heat exchanger automatic recalculation, causality rules imply that the inlet temperatures and the mass

flow-rates of the hot and cold fluid be known, and THERMOPTIM sets them from their processes (see
the section on heat exchangers for more details).

Main project screen controls

The recalculation engine is controlled from the main project screen which displays the following
information:
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efficiency 0.3184
useful energy 1565225
purchased energy |43,845.02

¥| auto flow
Recalculate | locked

invalidated types |10
calculable types |5

Above the "Recalculate™ button and the "autoflow" checkbox are displayed three indicators whose sense
must be recalled, as their labels may be misleading. Every process can be characterized, among others, by
its "energy type", which can take three values : "useful”, "purchased" or "other". The values which are
displayed in the fields shown above are the following: "useful energy" is the absolute value of the
algebraic sum of all Delta H values in the processes of the "useful" energy type. Similarly "purchased
energy" is the algebraic sum of all Delta H values in the processes of the " purchased " energy type.
Lastly, "effectiveness" is the ratio of the "useful energy" and the "purchased energy".

In general, this energy type is used to compute a classical thermodynamical cycle effectiveness. But it is
also quite possible to use them to keep track of the sum of the enthalpies involved in two types of
processes. You just have to characterize the corresponding processes as being either of the "useful” or the
"purchased" energy type, the others being of the "other" type.

When you use the automatic recalculation engine, these values can thus be used as indicators of the
recalculation process, as will be explained below.

The checkbox "locked" can be used to stop the automatic invalidation process when the system under
investigation is comprised of loops.

Below the "Recalculate™ button are shown the number of invalidated and calculable types. If you are
interested in knowing which types are invalidated, this information is given in the link browser frames.

Automatic recalculation tools

In order to facilitate the diagnosis of the model generated and the use of the automatic recalculation
engine, a new window called "Automatic recalculation tools™ has been introduced. It can be displayed

[} Automatic recalculation tools =13
Show processes to be ohserved Show invalidated types
name [rOCEeSS flowy rate Delta H name | type | calculable
turbine expansion  [1.2774 -1,081.37 3 point [v]
cambustion [combustion |1.2779 1,320.51 turhine expansion [
4 noint [
name | type | calculable
cambustion comhbustion [¥]
ary 2014
’Z auto flove efficiency 0.477042
imzalidated types |1 _| locked
useful energy G329.94
calculable types |1 Recalculate purchased energy |1,320.51 Close
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from menu Special of the main project window, or by directly typing Ctrl R.

The concept of "observed” process allows one to better follow the calculation steps : a process is
"observed" by selecting a checkbox located in the upper right part of its frame. In the automatic
recalculation screen, all "observed" processes are listed in the upper left table, with their name, type, flow
rate and enthalpy or internal energy involved. When the calculation is made, this table is updated,
allowing one to follow the variations of these two key parameters.

Both tables in the right display invalidated and calculable elements for two successive recalculation steps:
the last one appears in the lower part and the previous one above. Only the lower one is double-clickable,
allowing one to display invalidated types. It is useful to follow the step by step invalidation propagation
in order to check that recalculation is made adequately. Displaying the invalidated types is made either
thanks to the corresponding button located in the upper right part of the screen, or automatically during
the recalculation process. The recalculation engine can be activated from this screen or from the main
project window.

The fields located in the lower part of the screen are the same as those dedicated to the recalculation
engine in the main project frame.

USING THE RECALCULATION ENGINE

Once a project is created or loaded, you should begin by calculating its different elements step by step, to
make sure that all the necessary settings are appropriately selected.

You should also check the logical connections between the elements either by navigating from one type
frame to those to which it is connected, or by using the Link browsers presented above, which give a
comprehensive display of all the links.

If you want to use the automatic flow rate propagation, make sure that the "autoflow" checkbox is on,
and that any process whose flow rate is set has its "set flow" checkbox on.

Once you have checked the connections between the elements, press the "Recalculate” button if the
number of recalculable types is not null. Otherwise you have first to calculate an element connected at the
inlet of the system in order to initialize the process.

When you click on the "Recalculate" button, the recalculation proceeds, the different calculable
invalidated types being recalculated in turn, possibly in parallel. Obviously, as soon as a type is
calculated, it invalidates all its subordinates and the process is iterative. When all the types which were
initially calculable have been recalculated, the overall balance is made and the indicators updated.
Generally, new types have been invalidated. Iterate until the indicator values converge (generally 5 to 10
iterations are enough). | intend to automate this iteration later, but this is not done currently because the
recalculation engine is still under development.

If the recalculation does not converge, there is most probably a problem in the interconnections or in the
flow-rate propagation process: you may have to set the flow in a few processes by selecting "set flow"
and entering an appropriate value.

If you select "locked" on the project screen, the invalidation process is locked, which means that when an
element is recalculated, it remains validated, even if one of its prerequisite types becomes invalidated.
Generally the invalidation process comes to an end in a few iterations. If you want to restart it, unlock the
project if it is still locked, recalculate a type and iterate...
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SENSITIVITY ANALYSES

A specific frame allows one to make simple sensitivity analyses:

E%’,i' Sensitivity analyses

Show mutable elements exchange | steam injection
name trpe fMlow rate | initial value ; 0.1
3 paint
fuel paoint minimum value ]
stn.aa.m pcu!nt maximum value 0.25
oxidizer point
oxidizer exchange incremert 0.05
steamm injection gxchange
maximum number of recalculations 10
test value 0.01

SEMSITIVITY AMALYSIS

project STIG gas turbine

August 28, 2000 9:32:28 o'clock AM PDT

exchange | steam injection

flosy rate useful purchased iterations accuracy

i 9352 ada14 2 i

0.0a 368.87 q42 61 2 1]

01 4347 1037.09 2 i

01a an0.72 1131.56 2 1]

0z a66.72 1226.04 2 1]

0.24 F3Z.88 132041 2 i

lterate Close

A table located in the upper left part allows one to display the three following types of elements and to
modify the variables indicated between brackets:

- pressure settings (pressure)
- points without prerequisite (temperature)
- set flow rate processes (flow rate)

When you click button "Show mutable elements"”, the list of the corresponding elements of the project is
displayed. To select one of them, double-click on its line, which opens its frame.

The type and the name of the element selected are displayed in blue in the upper right part of the
sensitivity tool screen, and the name and the initial value of the variable appears just below.

The three fields located below allow you to define the minimum and maximum value as well as the
increment to be used during the sensitivity analysis.

It should be noted that no consistency test is made on the sensitivity analysis parameter setting. The user
should make sure that they are realistic.
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Just below, two fields allow you to define the maximum number of recalculations and the accuracy
requested. The accuracy test is made on the sum Delta of the absolute values of the differences between
the useful and purchased energies obtained at two successive recalculation steps. If Delta is lower than
the accuracy entered, the recalculation is stopped.

Once these parameters indicated, you start the sensitivity analysis by clicking the "lterate” button. The
results are summarized in the text field located in the central part, as a table giving the value of the
variable, the useful and purchased energies, the number of iterations and the Delta value.

All these values are also written in file "sensi.txt" of sub-directory "res".

In this example, one has studied the influence of the steam injection flow rate on the output and
efficiency of a steam injection gas turbine.

The above displayed example corresponds to the study of the influence of the steam injection flow rate
on the behavior of a steam injection gas turbine.

The reasons which lead to the choice of the variables selected are the following: pressure settings
(pressure), points without prerequisite (temperature), set flow rate processes (flow rate).
Pressure settings allow one to simultaneously make vary the pressure in a cycle part. A sensitivity study

on these pressures is often requested.

Points without prerequisite will stay unchanged, except if the associated substance composition varies.
To be able to make sensitivity analyses on their temperature may be interesting.

For the same reason, it is interesting to be able to modify the flow rate of set flow rate processes, which
would otherwise not be modified.
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QUICK REFERENCE

The Quick Reference is a summary of Thermoptim manual giving basic information on the menus and

the main concepts which are referred to in the software.

It is comprised of a frame containing tabs which can be selected by clicking on them. When you select

one of the tabs, the corresponding information is displayed under the form of a short text.

E"g% Quick Reference O] =]

Processes rMudes |/Heat exchangers rBaIancE |

Project files Result files | Special | Substances | Points

Thermoptim calculations are structured around projects.

You can create a new project or open {load) an existing project.
YWhen you have defined the different elements which comprise
your project, you can save it by selecting "Save.." or "Save
as.."

The list of existing projects can be obtained by selecting
“Project library™. By double-clicking a line of the project library
table, you can open it.

The list of existing examples can be obtained by selecting
"Example librany™. Examples can be loaded and saved in your
project directory.

F
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INTERACTIVE CHARTS

PRESENTATION OF THE CHARTS

Existing thermodynamic charts are presented in the form of paper abacus. Whatever care is taken by
editors in the choice of color sets for distinguishing the various curves shown, it is always difficult to
read them, and interpolation may lead to significant errors. THERMOPTIM interactive charts allow one,
by a simple mouse click, to display all relevant thermodynamical properties of the fluid, providing thus a
better accuracy and productivity gains.

Using the interactive charts is quite simple: position the crosshair cursor at the point whose
thermodynamic properties you wish to get, and click so that they may be displayed on the screen. For the
vapor charts these properties are: pressure (bar), temperature (K or °C), enthalpy (kJ/kg), entropy
(kJ/kg/K), mass volume (m®/kg) and quality (dimensionless ratio of the mass of the gaseous phase to the
total mass).

As the cursor positioning accuracy is a function of the screen resolution and is generally not very high, it
is possible to make more precise calculations either by moving a target with the keyboard arrows, or by
creating and editing points (named cycle points as a set of points usually represents a thermodynamical
cycle).

THERMOPTIM interactive charts make use of a user friendly property editor to specify the input
variables used when a point is calculated: the two first number columns from the left are considered by
the software as designing the known state variables from which the other thermodynamic properties are
calculated.

The different functions offered by the Interactive Charts are presented in details in their manuals or are
presented in a Quick Reference frame which can be accessed to from the menu "Help".

Today, the following charts are available:

- vapor charts, which cover, either in temperature/entropy (T,s) or in enthalpy/pressure (h,p)
coordinates, the liquid, liquid-vapor equilibrium and vapor zones, for fourteen pure substances,
including steam.

E%THERMDPTIM INTERACTIVE CHART. Copyright 1998 R. GICQUEL ==

File Chart Cycle Substance Temperature [nfo  Click onthe chartto show the values

enthalpy : h=2,458.48 kJkg, pressure:p=12.796 har, temperature:T=190.88°C,
entropy : s = 5.7 kJ/kg/K, wolume :v=01282 m3kg, quality: x= 08346

pressure p (h,p) chart for water
1 f [ = BRI (2,
o f A7 [ F AT = r
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- psychrometric charts in which one can modify either the pressure or the dry gas composition (for air
as well as pure or compound gases, such as combustion flue gases).

F2% THERMOPTIM INTERACTIVE CHART. Copyright 1998 R GICQUEL H= B
File GChart Cycle GasEditor Info Click on the chartto show the values

spec. hum. : w = 0.01311 kg/kg, rel. hum. : epsi = 0.533, part. press. : 2,092 Pa
spec. enth. : g'= 62.23 kJ/kg, spec.vol.:v'=0.8732 m3/kg
dry bulb temp. : t = 28.67 °C, dew point temp. : t = 18.25 °C, wet bulb temp. : t' = 2148 °C

specific hurmidity Psychrometric Chart : air, pressure : 1.01325 bar
0.04 screen background
: = saturation
- = cFturation
/ = =psi :gg
0.025 et
—psi =60
i —psi =50
— apii =40
003 = hi-m

5L

N
o B D~

|
-10 1} 10 20 30 40
dry bulb temperature

- ldeal gas temperature/entropy (T,s) or enthalpy/pressure (h,p) charts, similar to the vapor charts

enthalpy : h=311.31 kJ/kg, pressure:p=20.6492 bar, temperature: T =328.76 °C,
entropy : s = 0.01038 kJkg/K, volume :v=0.08369 m3kg,
specific heat : Cp= 1.055 kJ/kg,

temperature T ("Ch Thermodynarmic Chart air

RN /;/ VY
A
VAN

7

176.95 / P / -y = 01365
) / 7 / V / / / -y = 006342
w— = 003429
] — v =0pi7is
/ / oy = 0003613
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-1 -0.75 -0.5 -0.248 1] 0.24 0.4a 075 1

entrapy s

- external mixture charts that can represent a simplified mixture of vapors calculated by a thermodynamic
properties server other than Thermoptim (see Volume 3 of the reference manual). The new charts are
simplified compared to the others in that they show only the bubble and dew curves, as well as a single
set of isovalues, i.e. the isobars for the entropy chart, and the isotherms for the (h, P) chart.

The preparation of the chart background can be made thanks to a special external class called
CreateMixtureCharts.java which it is not necessary to present here.
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These charts being a variation of
vapor charts, their use is explained | """ TEPUY mixtures R4I0A (R52 - 0,700, K125 - 0,301

100 sorean background

in the documentation of these. | /////////// -
CONNECTING THE ] // /// // = pom
SIMULATOR AND  THE | = — o
CHARTS 1 _——.l( ////// - p= 194l

40 } —p = 0
The Interactive Charts can be ] Y% //// [ — e
either used independently of . A\/ / S
THERMOPTIM, or  directly -

accessed in the software thanks to 1 — e
the following frame: ’

T T T T T T
06 0.8 1 12 14 1.6 18 2
entropy s
(kK

The Interface  between the
Simulator and the Interactive Chart | R410A entropy chart

frame is comprised of several fields and buttons and a main table showing the different points which
either exist in the simulator or have been defined as cycle points in the chart.

The two first column show the names and the substance of the points. When a point is in the simulator, a
"X" appears in the third column, and when it is part of the Chart cycle points, a "X" appears in the fourth
one.

Egj Interactive Charts Hi=]
Chart Wapars Close
pointname | substance simulator Chart | selected

1 water S [v]

z water A L] Update the point table

3 water e [v]

la water b [v]

3h water e [¥]

Kls vyater s [+] Update the chart from the simulator
4 water b [v]

4a wiater s [v]

A water i [¥] .

Update the simulator from the chart

B water Ed [v] >

The last table column titled "selected" shows the point status: if a "X" appears, the point is selected for
being taken into account in the transfers between the simulator and the charts, otherwise not. To change a
point status, double-click on the corresponding line.

Above this table is the field indicating the chart selected. When you double-click on it, a combo-box
presenting the different charts available is presented. The one you select is then displayed.

On the right of the table are three buttons:

- "Update the point table" browses through the project points and those which have been defined as
cycle points in the chart, and lists them in the table, indicating the point substance and a "X" in the
"simulator" and/or "chart" column depending on where the point comes from. In the example shown
above, there are six points created in the simulator, and none in the chart.

- "Update the chart from the simulator" transfers selected point values from the simulator to the charts.
Existing chart cycle points are updated and non existing ones are created. This button therefore
enables one to plot on an interactive chart a cycle defined in the simulator. As the points are
transferred in the order in which they have been created in the simulator, it may be necessary to
reorder them to get a nice connected plot. This can be done thanks to the cycle point editor of the
chart.
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- "Update the simulator from the chart" transfers selected point values from the charts to the simulator.
Existing project points are updated and non existing ones are created.

DARK COLORING OF THE CENTRAL ISOVALUE

In the Demonstration and Education versions, the chart interactivity has been suppressed. In such
conditions it is no more possible to know to which values correspond the various iso-curves which are
displayed for temperature, enthalpy, quality.... In order to facilitate chart reading, the central curve
(generally the fifth one), is now colored in dark, so that it can be easily identified. Deducing the other iso-
curve values is then much easier.

Methodology for constructing and verifying models

Thanks to their powerful modeling environments, simulators like Thermoptim can be used to quickly
design models of highly complex energy systems. Simulators can result in considerable productivity
gains, provided that they are used wisely. Although they appear easy to use, there are a number of hidden
traps that must be avoided.

To truly benefit from their potential, we must take a few precautions, or in other words, we must use the
right methodology for constructing and verifying the models. The objective of this note is to provide
Thermoptim users with advice based on past experience.

THINK BEFORE STARTING TO BUILD THE MODEL

One of the most common errors made by first-time users is to start making their model before thinking
through what they want to do. They open the software and start building a diagram without really
knowing where they are going with it.

It is extremely important to start by having a good understanding of the problem at hand: What is the
problem, what results are we looking for, what information do we already have, what information are we
missing, what thermodynamic components must we use, what global architecture, what fluids are we
working with, are there any state changes or chemical reactions (combustion, etc.), will the components
of Thermoptim basic set be able to represent the fluid changes? At this point it is often necessary to
reformulate or even transform the initial problem statement, and a sheet of paper or a whiteboard can
come in handy.

Once the problem is defined, we can try to make it less complex by breaking it down into simpler parts,
then rough out a solution using simplistic hypotheses to analyze each of the parts (perfect gas), and
perform dimensional analyses, in order to get an idea of the orders of magnitudes of the flow rates and
energy involved.

BUILD THE MODEL IN SEVERAL STEPS, AND PERFORM THE CALCULATIONS ONE BY
ONE

Only after this preliminary work can you begin to build the model in Thermoptim, if possible proceeding
by iterations: resolve the sub-problems identified beforehand and check the consistency of the results for
each one (especially the mass and energy balances), if necessary build external components, then
assemble the full model and check for validity.

When building the model, we recommend saving the different versions of the project and diagram in
separate files, to safeguard against data loss due to an input error, software error or computer error, and
also so you can go back to a previous version if necessary.

It is also important to document the model as thoroughly as possible, both globally and in detail. In the
different primitive types of Thermoptim, except the substances, there is a comment field where you can
provide information on the meaning of a parameter setting, or the role of a point or a process. In the
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diagram editor, you can easily add text to distinguish the main groups of components representing the
parts of the model. The documentation work is always easier to do when the model has just been built,
rather than several months later. It’s also much easier to work with a documented model that provides
information on the choices made than to try to remember why you did what you did at some later date.

Until your model has been checked (next step), it is better not to use the automatic recalculation engine,
but rather to perform the calculations one by one, component after component, following the flow logic
of the fluids used. In this way, you will not automatically spread errors that may skew all of your
parameter settings.

RESTART THERMOPTIM AFTER BUILDING A COMPLEX MODEL

Despite all precautions taken in developing the software, experience has shown that the simulator can
behave oddly, especially when performing automatic recalculations, when you build a model for the first
time. These problems disappear when you restart the program.

So get in the habit of saving your work, i.e. the project and diagram files, and then exit Thermoptim,
whenever you create a new model, especially if you start from an existing model and add or delete
components or if you rename a file. Re-open and reload your model. This will eliminate any problems
that arise when working with a new model.

RENAMING ELEMENTS OF AN EXISTING PROJECT

It can be very economical to start from an existing model and modify it, but certain precautions must be
taken to avoid spending hours testing the new model. In particular, it is necessary to be very careful when
renaming substances, points and components. We strongly recommend using the “Rename” function
(Ctrl R) accessible from the substance manager (see below) for substances, and the diagram editor for the
others, because it changes the name not only in the primitive type selected, but also in all those that are
logically connected to it.

TEST THE MODEL THOROUGHLY BEFORE USING IT

If the model contains a large number of components, there are numerous possibilities for error:
- errors in representation of the global architecture

- errors in connection of the points to the processes

- errors in the logical or thermodynamic parameter settings of the components

Consequently it is necessary to thoroughly test the model by checking that its structure is correct and the
results are consistent, specifically with the orders of magnitude identified during your initial reflections.
Thermoptim already performs various checks during the input phase, and displays messages when it
detects a problem, but there are many errors that only the model designer can identify.

To facilitate this difficult step, the software provides the user with various functions (Diagram/Simulator
interface, substance manager, interactive charts) and also has diagnostic tools in the standard version,
accessible from the Special menu from the main project window.

IDENTIFYING MODELING ERRORS

In order to identify differences between the diagram editor and the simulator, version 1.5 of the interface
includes two red buttons that can be used to search for modeling errors, and to delete selected problems
(last column checkbox checked).

Modeling errors include:
- elements of the simulator absent from the diagram editor
- elements of the diagram editor absent from the simulator
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- unconnected points present in the simulator
- unused substances

These new functions are used like the others: click on the button “Search for errors” to display all of the
potentially incorrect elements. Click on the button “Delete the errors” to delete only the selected

elements.

i Interface Diagram ;/ Simulator

=0l >

Diagram / Simulator Interface in version 1.5

| Export | | Quit |
camponent type simulatar Ciagram selected | Uncheck all elements |
reheat process H v] -
eraction _{pracess A L Update the element table
aump process kS v
BCONOMISEr (process LS v]
evaporator  |process H v Update the diagram from the simulator
superheater |process H v
HF turbine _jprocess i v Update the simulator from the diagram
condenser  |process H ] L
LP turbine  |process ® v]
feedwater p..|process H v Locate the component selected
natural gas  |process-po.. H v
Compressi.. [compression H V]
Expansion |expansion H V]
axidizar BIOCESS-PO... W v Look for discrepancies
injection w... |process-po.. H v -
gas oullel  |pracess-po.. b Ld Suppress discrepancies
Caombustion [combustion kS v —
cwtraetic [atutn =1 e il

Once certain elements are deleted, new errors may appear, such as unconnected points that were
previously connected or unused substances that were used before the points were deleted. It may be
necessary to repeat the process in order to delete all of the errors.

To prevent unwanted operations, the simulator and diagram editor update buttons are disabled when you
click on the search for errors button, and the delete errors button is disabled when you are using the
interface in the usual mode.
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SUBSTANCE MANAGER

The Substance Manager, accessible from
the Special menu of the simulator (except
in the demo version) displays all of the
substances used by the project. If you
click on one of the lines, the points
linked to this substance are displayed in
the table below. This makes it easy to
check the substances used in the projects
and the points linked to them.

If a substance is not linked to any point,
it can be deleted. If a line is selected and
you click on “Display substance
properties”, its composition is displayed
if it is a gas, and its typical parameters
are displayed if it is a vapor.

You can also replace a substance
throughout the project, for example to
test the effect of a substance change. For
example, by considering the influence of
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4. Substance manager

Show the substances

name tvpe

burnt gas nas

burnt_nas EE

=10 %]

air yas

Montoir natural gas yas

‘ Show the substance properties

Points associated to substance : burnt_gas

name T{C) p (bar)
3 1150 1

Suppress ‘

=

215.46 1

bl 421.21 1

Substance Manager

Replace the substance ‘

Rename

Cp variation with temperature for ideal gases, you may obtain analytical results.

You can only rename a substance if it is not a vapor. Obviously, the new name must not be the name of a

pure or protected gas or a vapor.

INTERACTIVE CHARTS

Plotting a cycle on several interactive charts can be a very effective way to check the parameter settings
of the different transformations involved: errors in pressures or temperatures show up as unusual plots,

indicating a problem.

DIAGNOSTIC TOOLS

We recommend starting the tests by using these tools to check for point or process parameter errors that
may have occurred if you inadvertently clicked in the wrong place. Look closely at the calculation modes
(direct, reverse, open or closed system, etc.), the energy types that determine the balance, etc.

For the points, the search options are as follows:

- no prerequisite other than the substance that is associated to them or a pressure setting:

theoretically, these points are never modified by the software, unless the composition of the
associated substance changes or if the pressure setting is changed. They are initial parameters of a
model.

multiple prerequisites: if a point has more than one prerequisite, it means that it can be modified by
more than one component. This is generally because, during modeling, it was incorrectly connected
either to the outlet of two different processes, or to the outlet of one process and the inlet of the main
process of a mixer. Additional explanations are provided below.

calculated in open system with either p and T or p and h known.

calculated in closed system with either v and T or v and u known;

with a saturation pressure setting or a saturation temperature setting;

not connected to a process: these points are not used and generally should be deleted. Note that
when a process is deleted, the points are conserved to avoid losing their settings and so they can be
used with other processes.
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For the processes, the search options are as follows:

- open or closed system;
type of energy: useful, purchased or other;

pressure analysis: in Thermoptim, the pressures are initialized by default at 1 bar, then the user
must set the values, since the software does it in only a very few cases. If the user forgets to do so or
makes an error, convergence problems may appear. This search option covers on the one hand all
of the processes other than compression, expansion and throttling in which the outlet pressure is
greater than the input pressure (physical impossibility except for certain external processes), or is
less than 80% of the inlet pressure (excessive pressure drop), and on the other hand all of the
nodes through which the pressure increases (physical impossibility except for certain external
nodes).

direct or reverse calculation;

set flow rate: this option facilitates checking of flow rate propagation consistency in complex
projects.

For example, in the screen shot above, there is 1 point with multiple prerequisites, and the right part of
the screen shows the result of a pressure analysis.

Point with multiple prerequisites

Double click on the line of the point “COLD RH” in the following figure to display its screen and access
the links window.

The links browsers were created to analyze the logical links existing between the different elements of a
project. They display four tables that show the links between a given type and the others. Access these
tables by clicking on the “links” button of the primitive type.
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analysis: Links browser

There are six components in the pressure analyses that may have incorrect parameter settings. Double
click on the table on the right to display their screens. For the first three, the outlet pressure was rounded
up, and the error is negligible.

The next two components are external processes corresponding to a non-adiabatic compressor and a
turbine, so it is perfectly normal for the pressure downstream of the first to be greater than the upstream
pressure, and for the downstream pressure of the second to be less than 80% of its upstream pressure.

As for mixer “MIX2”, the pressure upstream of its main process is greater than the downstream pressure
of its branches, which is clearly an error in parameter setting.

Thus, the diagnostic tool identified three negligible errors, two normal pressure changes in external
processes, and one parameter setting error at the outlet of a mixer. Since the project involves sixty or so
points and processes as well as fifteen or so nodes, identifying these errors would have been difficult
without this tool.

TEST THE AUTOMATIC RECALCULATION.

If everything looks good after these checks, save your model, then test it in automatic recalculation mode.
As we said before, this step must not be performed too early, on a model that has not been tested as
described above. However, an error-free model will be recalculated without difficulty, and the
recalculation engine will perform various sensitivity analyses that are extremely valuable for judging the
validity of the model.

If you want the flow rates to be propagated automatically, make sure that the option “auto flow rate” is
selected, that the processes with preset flow rates are specified, and test the consistency of your model
using the diagnostic tools.

Once you have checked the model thoroughly, open the recalculation tools screen and click on the
“Recalculate” button if the number of calculable types is not zero. Otherwise, you first have to calculate
an element located upstream of the system.

When you use the automatic recalculation engine, the calculable invalidated types are calculated as well,
in parallel as the case may be. As soon as a type is calculated, it invalidates its subordinates, rendering the
process iterative. When all the types that were initially calculable have been recalculated, the global
balance is performed and the values of the indicators are updated. In most cases, new types have been
invalidated. Iterate until the indicator values stabilize (5 to 10 iterations are usually enough).
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If the processes do not converge, it is probably because there is a problem in the interconnections or the
flow rate propagation: It may be necessary to set the flow rate of one of the processes, especially in the
different loops.

In the Professional version, you can make the repeated recalculation automatic from the optimization
method screen, with stop criteria based on the convergence of the model.

If you select the “locked” option, the invalidation system is disabled, which means that when an element
is recalculated, it remains validated, even if one of its prerequisites is invalidated. This makes it possible
to finish the recalculation process in just a few iterations.

If difficulties appear during the automatic recalculations, in most cases the thermodynamic parameter
settings are incorrect, or the model itself must be revised.

CONTROLLING THE FLOW RATE

In practice, it is very important to be able to control the flow rate. In Thermoptim, this control is
performed by the nodes and the connections between processes.

In the mixers and the separators, the flow rate propagation is quite simple: in a mixer the flow rate of the
main vein is the sum of all branch flow rates, and in a separator, it depends on the quality of the vapor
entering the node and the drying effectiveness.

In a divider, the flow rate of the main vein is generally distributed among the different branches
proportionally to their flow rate factors. There is one exception however: it is possible to set the flow rate
in a process at the outlet of a divider, provided that this node has two branches, namely the one with the
set flow rate and another one. In this case the flow rate of the second process is set equal to the flow rate
of the main vein, minus that of the branch with the set flow rate, and the flow-rate factors are recalculated
accordingly.

Flow rate can be automatically propagated between two processes when the following rules are met:

- First, the two processes must be directly connected. If the point connecting them is also connected to
the third process, the problem becomes much more complex, and cannot be solved unless there is a
diagram in which the valid connection is the only one (this issue is discussed in more detail later in
the manual).

- Second, the automatic flow rate propagation system must be enabled by selecting the “autoflow”
checkbox located next to the “recalculate’ button.

- Third, one may wish to simultaneously enable the automatic flow rate propagation in most processes
and disable it in some of them. This is particularly useful when there are loops in the process
networks. It can be done by checking or unchecking the "set flow" checkbox that appears in each
process frame close to the "Delta H" field. When the "set flow" checkbox of a process is checked, its
flow rate remains unchanged, except if it is connected to a node (except for the divider with a set
flow mentioned above).
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