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Abstract
AEROSPACE PROPULSION SIMULATION SOFTWARE COMPARISON
BETWEEN NPSS AND PROOSIS
Angelos Mexis

Aerospace industry is continuously advancing to new technologies, hence
scientists need appropriate tools in their effort to pioneer and push forward the frontiers of
technology. PROOSIS and NPSS are two simulation software with vast abilities and a wide
area of application, especially in the fields of gas turbine engines and are the dominant
programs currently used by large engine manufacturers. NPSS has been developed by
NASA and is mainly used by companies in U.S.A., whereas PROOSIS is developed and
used in Europe. However, companies commonly operate one of the two programs, whereas
there are cases where companies that are part of both consortiums are obliged to use both
software simultaneously. This imposes great complications in collaborative projects where
each company uses a different modelling tool. Thus, it would be of high interest to find a
way to interface these powerful tools and facilitate the development process of aerospace
engines. This report serves as the first step in the interfacing process, presents the main
differences between the programs as well as an analytic comparison between the
simulation results of the two, focusing however in NPSS since PROOSIS is already used
as the main tool of the Laboratory of Thermal Turbomachines at NTUA, Athens. An initial
overview of NPSS and PROOSIS is presented, followed by individual component and
complete engine model generation in an attempt to better understand the modeling
philosophy and the programming differences between the two. Then, a comparison of the
thermodynamic simulation results will be presented and finally, some ideas on interfacing
these programs will be discussed.
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1 INTRODUCTION

The implementation of new technologies in the aerospace propulsion industry is
becoming progressively expensive, as it requires real-size experimental tests and
certifications to capture the complex interactions among the multiple components and
disciplines present in complex systems such as gas turbine engines.

Numerical simulation software has provided engineers the ability to create various
system models and components, especially of gas turbine engines, and evaluate new
concepts early in the design phase. It has also allowed for rapid assessment of operational
problems through computational simulations, especially in cases where problems were
encountered in conditions that would be difficult to simulate experimentally. These
programs have reduced significantly the development and evaluation costs that once were
required through repeated testing and re-designing of large scale products [1].

The frantic progress taking place in computational engineering the past years in
conjunction with the rapid increase in computing power and parallel computing has
rendered these models ever so powerful and has enriched their capabilities, their fidelity
and their correlation between simulated and real life operating conditions.

The dominant commercial gas turbine engine simulation software currently used,
among others, by large engine manufacturers, is PROOSIS and NPSS.

PROOSIS is mainly used in Europe and is the main tool of the Laboratory of
Thermal Turbomachines, whereas NPSS, developed by NASA, is used in U.S.A. as well
as in other countries. Considering the fact that NPSS is a new program for the laboratory,
this report will emphasize on the abilities and modeling philosophy of NPSS.

NPSS has been used in a large number of projects either as the main tool or not.
For example it has been used for Nuclear Thermal Rocket (NTR) simulations [2], which is
a technology concerning manned missions on Mars. NPSS has also been used for various
space propulsion modeling [3], modeling boundary layer ingestion [4] and optimization of
inlet shape design of a N2B hybrid wing body configuration [5]. Moreover, it has been
used as a scramjet combustor flow solver [6], where the flow in the combustion chamber
is supersonic and for the development of an open rotor cycle model as well [7]. In recent
years, extensive studies for the development of hybrid electric propulsion [8],[9] and
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electrified aircraft propulsion (EAP) [10] have been conducted using NPSS. New
technologies, such as propulsion systems for vertical lift aircraft [11],[12],[13] and
electrical power system sizing [14] have been developed using NPSS. Finally, moving
towards electrification, electrical ports and elements have been developed [15], whereas
battery models will be developed soon.

It now is clear that NPSS is a very strong tool used in a wide field of applications
and is always at the forefront of technological advancements, likewise PROOSIS is.
However, the majority of companies operate one or even both programs when they are
members of both consortiums. This is very critical in collaborative projects where different
companies contribute in different parts of an engine, as it is not currently possible for
PROOSIS files to be processed on NPSS and vice versa.

This report serves as the first step of a possible interface and attempts to evaluate
differences between the two programs as far as calculations and thermodynamic packages
are concerned as well as differences in model generation and simulation.

turbofans with }_J 3500 hp tail-cone
2000 hp motor thruster
generators

/ |

[
S ——\\

| \ |
\¥ Electrical power \j
"\ transmission cables

Arroyer

Figure 1.1 NPSS applications



2 SOFTWARE DESCRIPTION

In the present chapter a quick presentation of the software used for the purpose of
this project will be given. At first we will give a brief word about the history of the
programs. In addition, we will discuss about their abilities, the tools they provide and the
fields in which they are currently used. Finally, we will present how each program
generates a model of a gas turbine engine and performs a simulation. It is however
important, to mention that PROOSIS 3.10.0 and NPSS 2.8 student version were used for
the purpose of this comparison.

2.1 PROOSIS

PROOSIS (Propulsion Object Oriented Simulation Software) is a standalone,
flexible and extendible object-oriented simulation environment for modelling aeronautical
gas turbine engines and other systems (control, electrical, thermal, hydraulic, mechanical,
etc.). It was originally developed within the integrated European project VIVACE (Value
Improvement through a Virtual Aeronautical Collaborative Enterprise) by a consortium of
European universities, research institutes and corporate companies. It is based on
EcosimPro, a simulation tool developed by Empresarios Agrupados Internacional S.A., the
European Space Agency’s preferred tool for rocket propulsion, environmental control and
life support systems, among others. PROOSIS has all the capabilities of EcosimPro, plus
some additional capabilities required for simulating aeronautical gas turbines, such as
performance maps handling, multipoint design tools, design with constraints, etc. In
addition, it provides the TURBO toolkit with typical components for modeling any type of
gas turbine engine.

More about PROOSIS
PROOQOSIS is capable of steady state and transient simulations as well as customer
deck generation. Different types of calculations can be performed (single or multipoint,
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design, off-design, test analysis, sensitivity, parametric and optimization studies, mission
analysis, diagnostics, control system design and test, etc.).

PROOSIS is also capable of performing multi-fidelity, multi-disciplinary and
distributed simulations. These are greatly facilitated by its open architecture, which allows
it to connect to external commercial or company specific tools (Excel, MATLAB, CFD,
FEA) and link with codes written in C, C++ and FORTRAN.

These features make PROOSIS a useful tool for all phases of the engine life cycle,
from preliminary and detailed design to post-certification and in-service support, and allow
it to serve as a common framework in multi-partner collaborative engine projects providing
common standards and methodologies.

Lastly, PROOSIS provides a multi-domain simulation platform for the simulation
of gas turbines, engine/aircraft systems and power plants.

PROOSIS has an advanced Graphical User Interface and uses a high level, object
oriented language (EL) for modelling engine systems and state-of-the-art technologies in
areas such as numerical solvers, non-causal modelling of reusable libraries, XML file
formats, map handling etc. Using EL, users can also create new components and libraries,
or extend the existing ones [16],[17],[18],[19].
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Figure 2.1 Typical PROOSIS interface structure

Any gas turbine engine configuration or system can be created graphically in the
new schematic window, using components from the included libraries.

The Component contains a mathematical description of the corresponding real-
world component such as compressor, turbine, burner, nozzle, shaft, etc. Components
communicate with each other via their Ports. Ports define the set of variables to be
conveyed between the connected components (e.g., mass flow rate, pressure and
temperature in a Fluid Port, rotational speed and torque in a Mechanical Port).
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Components and Ports are stored in the reusable included libraries and regarding
gas turbine engines, they are located in the TURBO library.

Using the existing libraries and its components, a user can generate a model
graphically by “dragging-and-dropping” the required component symbols from the
included libraries to the schematic window, connecting the components through the
appropriate ports and editing their attributes. A model can be a simple compressor
component, a sub-assembly or a complete engine with its subsystems. Finally, a model can
be consisted of components from different libraries, provided they share the same ports.

2.2 NPSS

NPSS (Numerical Propulsion System Simulation) is an object oriented, multi-
physics, engineering design and simulation environment which enables development,
collaboration and seamless integration of system models. Primary application areas for
NPSS include aerospace systems (i.e. engine performance models for aircraft propulsion),
thermodynamic system analysis such as Rankine and Brayton cycles, various rocket
propulsion cycles, and industry standardization for model sharing and integration [20],[21].
It was originally developed by NASA Glenn Research Center in collaboration with the
U.S. Government, aerospace industry and universities aiming to create an advanced
multidisciplinary and multifidelity solver to be as generic as possible [22]. Later, NASA
signed over control, maintenance and development of the code to an industrial consortium.
Finally, in 2013, the responsibility of the code was transferred solely to Southwest
Research Institute (SWRI).

More about NPSS

Since the program is fundamentally a flow-network solver, it has also been applied
to a variety of other fluid/thermal subjects such as multi-phase heat transfer systems,
refrigeration cycles, variations of common power cycles (i.e. Brayton), and overall vehicle
emission analyses.

NPSS provides users with a wide range of solution modes, such as design, off-
design, transient, parametric, mission analysis and test data matching.

The interface of the program is conducted through a command window, where
various input files and simulations can be launched.
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[z~ Administrator: NPSS 2.8 EMI 12.0.0

C:“NPSS.EMI.12.8.8>

Figure 2.2 NPSS interface

Generation of a model can be completed using any programming text editor that
supports coloring and auto-complete features. NPSS is a C++ based tool, which facilitates
the readability of a model through most text editors.

Any engine model can be generated using a text editor and the included
thermodynamic property databases and standard component libraries of the program. The
user can create a gas turbine engine model using components (referred to as “elements”)
and defining the technical data which describe their individual performance. Following
element specification, the user must link together the elements through the linkPorts
commands.

NPSS is flexible, providing access to the code of each element, allowing users to
define new elements or even modify/customize the included elements.

Once the model is developed, the user can set up the problem, specify one of the
included thermodynamic packages, define the solution goals and constraints and use the
auto-solver setup that the code provides or even use custom solver settings.

In simple models, engineers can completely define an entire simulation in a single
file. In larger models and more complicated systems, however, it is useful to organize the
simulation using a variety of file types, which are then linked together to form a complete
simulation [23]. A typical simulation contains the following types of files:

.run: the main file of the problem setup which point to all the other files and specifies the
desired thermodynamic package to be used for fluid properties and initializes data output
files.

.mdl: contains all the elements and linkages required to represent the desired fluid/thermal
system.
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.int or .dll: contains the engineering methods for each of the elements used in the model
(i.e. Compressor, Turbine).

.nc: contains other items needed for organization of the overall simulation, such as an
include file for the solver settings.

.fnc: contains user defined functions to perform custom operations.
.view: defines viewers used to extract data and send to formatted output files.

Finally, output data can be displayed on the screen of the command window or
stored to an output file designated in the problem setup. The data can be presented in a

column or a row view, using specific commands or, most commonly, a view file can be
utilized to achieve the desired output data layout.



3 MODEL GENERATION

In this chapter a generic methodology of model generation will be given for each
program. This will be the standard process to follow in order to create any model
simulation, however it is important to note that the two programs have very different
modeling structures, however the philosophy is very similar.

3.1 PROOSIS modeling

In order to create any model simulation in the PROOSIS environment, a new
library and a new schematic must be at first generated as presented below:
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Figure 3.2 Creating a new schematic in PROOSIS
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In the new schematic users can easily create a model of any gas turbine engine by
dragging-and-dropping the required component symbols from the TURBO library, which
simulate different parts of the engine. In addition, the General and Atmosphere symbols
must be inserted as well to include the atmospheric conditions if needed.

Finally, the schematic of a simple Turbojet model is presented in the following
picture:

Figure 3.3 Schematic of a simple Turbojet model in PROOSIS

At this point one can edit the attributes of each component simply by right clicking
on the desired component and selecting the “edit attributes™ option. Next step is to create
a new partition and a new experiment, where the required setup for the simulation, takes
place. Finally, to run the model, simply click the Simulate or the Simulate in Monitor option
to print the results of the simulation on the monitor window.
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Figure 3.4 Typical layout of the monitor window in PROOSIS

The previous steps of the experiment setup and simulation will be discussed
thoroughly in Chapters 7 and 8.
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3.2 NPSS modeling

As mentioned above, creating a component and thus a complete engine model in
NPSS differs from PROOSIS. Aside from the absence of the graphical interface in NPSS,
the coding and instantiation process of a model is different between the software. In this
instance the generation and instantiation of a component is accomplished through specific
programming commands in a text editor. Finally, compilation and execution of the model
is conducted in the command window. The process is fairly simple and is presented below.

A simple Inlet Duct component will be used as an example to describe the
generation process in NPSS. Users must follow the steps presented below:

1. Open a new text file in a text editor that supports C++ language.
2. Specify the thermodynamic package desired for the fluid properties, as follows:

setThermoPackage("allFuel™);

Other thermodynamic options include GasTbl, Janaf, CEA, FPT and REFPROP.

3. Create and instantiate the necessary elements:

Firstly, we will need an atmosphere element where the atmospheric conditions are
defined and will be input to the Inlet element:

Element Ambient Amb {
switchMode ="ALDTMN";
alt in=0;
dTs_ in=0,;

MN_in =0.8;

}

The code requires a very simple syntax in a block as seen above. The statements
constituting a block must always be enclosed within curly braces. These blocks represent
each component (i.e. Element) of the model.

The first line instantiates the Ambient which is of Element type included in the
library, named Amb. The naming of an element is solely defined by the user, thus it should
be unique to distinguish between multiple instances of that particular Element type in a
model. For example, in a turbofan engine model the compressor element can be used to
model both HPC and LPC or Fan.

The first statement appearing in the block defines which variables will be used to
instantiate the element. A number of different options for the switch are available to use.
In this case the option ALTDTMN refers to altitude, dT and Mach number which will define
the inlet conditions. Note that every statement must be terminated by a semi-colon.
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Furthermore, we will create the InletStart element which defines the starting
conditions for a flow into a downstream inlet. In this element we will define the name of

the ambient component for obtaining reference variables in the first statement of the block
and the inlet air mass flow in the second statement.

Element InletStart InletStart {
AmbientName = "Amb";
W_in =100;

In the next step follows the creation of the Inlet element, similarly to the foresaid:

Element Inlet InEng {
PgP_in = 0.995;

The only statement used in this case will define the input pressure recovery.

Having finished now with the generation of all necessary elements it is important
to terminate the flow stream originally started at the InletStart element as follows:

Element FlowEnd FeAir;

4. The following step is to establish the linkages between the elements as shown:

linkPorts( "InletStart.FI_O™,  "InEng.FI_I", "F1");
linkPorts( "InEng.FI_O", "FeAir.FL_I", "F2");

Each link statement creates a station and connects one output port to one input port.
The user can assign the desired name of each station in the third argument. The naming
usually follows the numbering of the engine (i.e. output from a compressor would be
named F3 or F30). Link ports can be either of fluid type, fuel type or mechanical.

Mechanical linkages require the instantiation of a shaft element beforehand which will be
discussed in the following chapters.

5. Finally, to execute the solution the following statement must be included:

run();
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6. Results can be either displayed on the screen through the cout command or exported
into a file. To display results on the screen one has to program the following:

cout <<"W="<< F1.W<<"" << F1.W.units << endl;
cout << "Ptin =" << F2.Pt << " " << F2.Pt.units << endl;
cout << "Ttin =" << F2.Tt << " " << F2.Tt.units << endl;

Notice that the results are exported by stating the names of the ports the user
defined during the element linking.

To facilitate data readability and storage users can export the results into a file using
the following commands:

OutFileStream results {
filename = "res.txt";
}

The block above is similar to element generation presented in previous steps and
must therefore be created before the run command. In order for the results to be printed to
the file instead of the screen one has simply to replace the cout command with results.

Otherwise, users can utilize the Data Viewers that NPSS provides to simplify
formatting and organize outputs. Several types of viewers are provided by the program
such as:

VarDumpViewer (alphabetical list of specified variables)
CaseColumnViewer (each row is a model variable, each column is a case)
CaseRowViewer (each column is a model variable, each row is a case)
PageViewer (single page of values formatted by the user)

In this case a view file should be created and instead of the results block, users must
issue the following command:

#include “Results.view”

This command should be issued at the beginning of the code, after the declaration
of the thermodynamic package.

After the run command issue the following

rowSheet.uptdate();
rowSheet.display();

Viewers are basically separate files which contain the desired formatting of the
output data and are called and used by the main program with the include command.
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7. Execute the code.

As mentioned earlier, the compilation and the execution of the model is conducted
in the command window, using the command runnpss filename.run.

[z+.] Administrator: NPS5 2.8 EMI 12.0.0 -0 =l

C:wNPSS.EMI.12.8.8>runnpss Turbojet.run

Figure 3.5 Running a model in NPSS

Note that the file to be executed must have the .run extension and must be located
in the same folder that the NPSS program is installed. In case the file is located in a
subfolder within the installation folder, one can simply change the path in the command
window (i.e. cd /path/.../) before execution is performed.

Change Run the
the folder _» model

28 Burner.run

Model |
Output | Mg

C:wHWPESE.EHI .12 .8.0nBurnerExanple

Figure 3.6 Running a model in a subfolder and printing results

In case there is a single or multiple errors in the compilation of the file, it will be
displayed on the screen informing users where the error in the code is located. Usually
fixing the first error statement is sufficient to compile successfully the model.

More details about the coding of different types of Elements will be discussed in
the following chapters.



4 THE NPSS SOLVER, SUBELEMENTS
AND PORTS

Before presenting the models created for the purpose of this project and the
simulation results, it is important to mention a few words about the solver of NPSS and its
structure to better understand the modeling commands that will be used in the following
chapters.

As mentioned in the first chapter, NPSS was originally created to be an advanced
multidisciplinary solver. However, the intention of the creators was to produce a generic
code as well, which established the foundations of the program.

The default NPSS solver uses Newton-Raphson methods with Broyden updates
and it varies the system independents until all dependents are satisfied and a converged
state is reached.

4.1 Dependent and Independent variables

When programming in NPSS, users can opt to use the default system dependents
and independents, or define custom variables. NPSS facilitates the solver setup by
providing the autoSolverSetup option. When this option is executed, it searches the code
for objects that have the autoSetup option set to TRUE and adds them along with the default
dependents and independents to the solver. Custom dependent and independent variables
can be set as seen in the following example:

Independent BrnWFuel {
varName = "BrnPri.Wfuel™; //variable to be varied by the solver
autoSetup = TRUE; //set this to add this object to the solver when
/fautoSolvreSetup is executed
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Dependent NetThrust {
eq_lhs = "Perf.Fn™; //model value
eq_rhs = "22500"; //target value

solver.addindependent("BrnWfuel™); //add this variable to the solver
solver.addDependent("NetThrust™); //add this variable to the solver

Note that the solver must have an equal amount of active Independents and
Dependents. Theses variables will be active as long as the user wishes and can be removed
or set inactive with the command removelndependent/Dependent.

4.1.1 Constraints

The NPSS solver has the ability to solve constrained problems using special
Dependents called Constraints.

Users simply define the min and max values that some variables can have. These
constraints are associated and applied to a Dependent variable. When the min/max limit is
reached, Dependent left and right hand solution terms are removed from the Solver and are
replaced by those defined by the Constraint. This can be seen in the excerpt of the code
presented below:

Solver Constraints

real Fn_req = ; // 1bf, reguested net thrust. Used in solver dependent dep Fn
real Nmech max = ; // rpm, max allowable shaft speed. Use in off-design constraint.
f/{ Declare a solver dependent variable that targets a specified engine net thrust, Perf.Fn
Dependent dep Fn {
eq_lhs = "Perf.Fn"; // model value
eg_rhs = "Fn_req"; // target value
}
S Declare a solver dependent that limits the shaft speed
Dependent dep MNmech max {
eg_lhs = ; [/ wvariable to be constrained
eg_rhs = "I f/ set maximum allowable wvalue
}
/{ Rpply the dep Nmech max constraint to the dep Fn dependent and set the constraint as an upper limit (MAX)
dep_Fn.addConstraint( "dep Nm ' ! )

/f Hote: By default constraints are

f/{ Use dep Fn.useConstraints = FALSE (or TRUE)} turn constrains off/on

Figure 4.1 Defining constraints in NPSS

Note that it is possible to apply multiple constraints to specific Dependent (i.e. limit
Tt4 and Nmech applied to dep_Fn).
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4.2 Elements, Subelements and Sockets

Elements, subelements and sockets are extensively used during the programming
of the NPSS models.

Elements are the building blocks of the model and provide a way to model the top
level calculations of a component. Elements contain variables, also called attributes. These
represent quantities such as physical characteristics, scale factors and gas properties. Some
element variables may be option variables, which can be assigned the “DESIGN” and
“OFFDESIGN” values and along with the switches are typically used to control the
behavior of the element [p4 NPSS user’s guide]. As stated in the first chapter these
elements were created in order to be as generic as possible. This is facilitated through the
implementation of Subelements.

Subelements enhance the Elements so that they are more detailed in their
performance analysis (i.e. compressor performance maps) and can be used to model
different types of compressors. This is the reason why there is only one Compressor and
one Turbine element to simulate all different types of compressors, fans and turbines
respectively. Consequently, the program uses the same Compressor element to model the
High and Low pressure compressors; however, the distinction between the two is made
possible with different subelements, in this case with different performance map files.
These Subelements contain calculations, tables and functions that are specific to a certain
type of compressor or turbine. Finally, it is important to note that a subelement can be a
map or even a file containing the results of a CFD analysis.

This architecture of a generic Element code with the Subelements is of great
importance, as it gives flexibility and allows for customization on a component as well as
it minimizes the code and divides it in different files. For example, every compressor’s
performance is calculated using the fluid inlet conditions and a known efficiency and
pressure ratio, which allows every compressor to use the same source code; however, off-
design efficiency and pressure ratio result from a Subelement. In addition, in most cases
where custom calculations or modifications are needed, they can be implemented through
the use of a subelement. This architecture reduces the need to access the code of the element
and provides a way to customize the calculations independently, instead of having
everything in a single file and trying to locate the specific segment that needs modification
each time.

Sockets are essentially channels that facilitate communication between Elements
and Subelements.

In the following image readers can see the typical compressor element with all
ports and sockets available:
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Figure 4.2 NPSS typical compressor element schematic, [25]

At this point it would be important to present the full schematic of a typical
compressor element with an RlineMap subelement plugged in the proper socket. The map
subelement contains all necessary tables and functions of the specific compressor.

N

[—

Compressor %

RlineMap
Sh_O el (Subelement) ] E—

it

(Element) il% ;E

Figure 4.3 NPSS typical compressor schematic with map subelement, [25]

The RlineMap subelement plugs into the Compressor S_map socket and reads eff,
WCc and PR maps, calculates maps scalars during design mode and finally sets effBase,
PRbase, Wcbase, SMW (stall margin at constant flow) and SMN (stall margin at constant
speed) in the parent compressor element.

When the map subelement is plugged into a compressor element the default solver
Independent is ind_RlineMap, which varies the RlineMap value during off-design whereas
the default Dependent is dep_errWc, which ensures flow continuity during the off-design
mode.
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4.3 Design and Off-Design Variables

In this paragraph a quick presentation of the default NPSS dependent and
independent variables of the various components and engines will be presented [25].

4.3.1 InletStart

The InletStart element initiates the flow and sets the inlet pressure and temperature
of the engine. As already shown in the previous chapter, this element grabs flight
conditions from the Ambient element that is specified by the user.

e During Design mode: user inputs W_in (air flow rate)

e During Off-Design mode: the solver varies the air flow rate

4.3.2 Compressor
The following refer to the standard Compressor element and CompressorRlineMap
subelement.

e During Design mode
e User inputs PRdes and effDes
e The S_map socket (Compressor map subelement) uses the provided maps, PRdes,
effDes and Wc to calculate map scalars
e During Off-Design mode
e Nc (corrected speed), Rline (map parameter) and alpha (stator vane angle) are used
to read compressor performance from the map
e The solver determines the required value for the Rline such that Wc returned from
the map matches Wc entering the compressor, ensuring mass flow continuity

through the compressor

4.3.3 Turbine

The following refer to the standard Turbine element and TurbinePRmap
subelement.

e During Design mode

e User inputs effDes and an initial guess for the pressure ratio in the Turbine element
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e The solver determines the required turbine pressure ratio (PRbase) to balance the
cycle

e The S_map socket uses the provided maps, PRdes, effDes and Wp to calculate map
scalars

e During Off-Design mode

e Np (corrected speed) and PRbase (pressure ratio) are used to read turbine
performance from the map

e The solver determines the required value for the map PR such that Wp returned
from the map matches Wp entering the turbine, ensuring mass flow continuity

through the turbine

4.3.4 Shaft

The shaft element provides a mechanical connection between the compressor and
the turbine or any other element attached to it.

e During Design mode
e User inputs shaft RPM (Nmech)
e A solver dependent ensures that the torque on the shaft is zero (i.e. compressor
torque equals turbine torque)
e During Off-Design mode
e A solver independent varies shaft RPM (Nmech)

e A solver dependent ensures that the net torque on the shaft is zero

4.3.5 Nozzle

The nozzle calculates engine exhaust conditions and gross thrust. Downstream
static pressure is input, usually obtained from the Ambient element.

e During Design mode
e If convergent nozzle, the exit area (same as throat area) is calculated such that the
flow is choked (if nozzle pressure ratio is high enough) or exit static pressure equals
the ambient one (if nozzle pressure ratio below that which would cause choked

flow)
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e If convergent-divergent nozzle, the nozzle throat area is calculated such that the
flow is choked. If the nozzle pressure ratio is too low to produce choked flow, then
anerror is shown. The exit area is calculated such that the exit static pressure equals
ambient static pressure

During Off-Design mode

e If convergent nozzle, the exit area is fixed (calculated from design point) and a
solver dependent ensures that the exit condition is either choked flow (if nozzle
pressure ratio is high enough) or exit static pressure equals ambient (if nozzle
pressure ratio below that which would cause choked flow)

e If convergent-divergent nozzle, the throat area is fixed (from design point) and the
exit area is recalculated such that the exit static pressure equals ambient static

pressure. A solver dependent ensures that the nozzle is choked

4.3.6 Turbojet

During Design mode

e User inputs the desired design point values

e The solver varies turbine PR to drive shaft net torque to zero (automatic)

e The solver varies fuel flow rate to achieve the desired turbine inlet temperature
(user created)

e The solver varies air flow to achieve the desired net thrust (use created)

Table 4.1 Turbojet independent variables at design point

Solver Independents
Solver Variable Model Variable
Automatic Trb.S_map.ind_PRbase Trb.PRbase
User created ind_Wfuel FusEng.Wfuel
User created ind_Wair FSEng.W_in

Table 4.2 Turbojet dependent variables at Design point

Solver Dependents
Solver Variable Left Hand Side Right Hand Side

Automatic Sh.integrate_Nmech Sh.trqNet 0.0
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User created | dep_T4 FO4.Tt T4 req
User created | dep_Fn Perf.Fn Fn_req

As mentioned before, during Design mode several values are set by the user, such
as:

e Engine air flow rate (or an initial guess in case it is used as an independent variable)
e Altitude and Mach number

e Shaft RPM

e Compressor PR and eff

e Turbine eff

e Fuel flow rate (or an initial guess when added as an independent variable)

e Requested net thrust (for user created dependent)

e Requested turbine inlet temperature, Tt4 (for user created dependent)

On the contrary, during Design mode several values are calculated by the solver,
such as:

e Fluid properties at each flow station (links between the components)
e Map scalars for the Compressor and Turbine elements

e Turbine PR (automatic solver variable)

e Engine air flow rate (when set as an independent variable)

e Fuel flow rate (when set as an independent variable)

e Nozzle throat/exit area (when using a convergent nozzle)

e Nozzle gross thrust

e Ramdrag (inlet element)

e Engine net thrust and SFC

e During Off-Design mode
e User inputs the desired off-design operating values

e Define the dependent and independent variables and setup the Solver balances
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Table 4.3 Turbojet independent variables at Off-Design

Solver Independents
Solver Variable Model Variable
Automatic Trb.S_map.ind_PRbase Trb.PRbase
Automatic Cmp.S_map.ind_RlineMap Cmp.S_map.RlineMap
Automatic Sh.ind_Nmech Sh.Nmech
Automatic FsEng.ind_W FsEng.W
User created ind_Wfuel FusEng.Wfuel
Table 4.4 Turbojet dependent variables at Off-Design
Solver Dependents
Solver Variable Left Hand Side Right Hand Side
Automatic | Trb.S_map.dep_errWp Trb.Wp Trb.WpCalc
Automatic | Cmp.S_map.dep_errWc | Cmp.Wc Cmp.WcCalc
Automatic | Sh.integrate_Nmech Sh.trqNet 0.0
Automatic NozPri.dep_Area NozPri.WgAe NozPri.WgAEdem
User created | dep_Fn Perf.Fn Fn_req

As mentioned above, during Off-Design mode, only a few values are set by the

user, such as:

e Altitude and Mach number

e Requested net thrust (when set by the user)

On the other hand, during Off-Design mode, several values are calculated by the

user, such as:

e Fluid properties at each flow station (links between the components)

e Engine air flow rate (automatic Solver variable)

e Shaft RPM (automatic solver variable)

o Fuel flow rate (automatic solver variable)

e Compressor and Turbine performance (PR and eff obtained from the scaled maps)

e Nozzle thrust

e Ramdrag

e Engine net thrust and SFC
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4.3.7 Turbofan

The following refer to a simple twin spool turbofan engine model [26]. Here, an
additional splitter element is used which will be thoroughly discussed in the following
chapters.

e During Design mode
e User inputs the desired design point values

e The solver varies the high and low pressure turbine PR to drive the high and low

pressure shaft net torque to zero respectively (automatic)

e The solver varies fuel flow rate to achieve the desired turbine inlet temperature
(user created)

e The solver varies air flow to achieve the desired net thrust (use created)

Table 4.5 Turbofan independent variables at Design point

Solver Independents
Solver Variable Model Variable
Automatic TrbL.S_map.ind_PRbase TrbL.PRbase
Automatic TrbH.S_map.ind_PRbase TrbH.PRbase
User created ind_Wfuel FusEng.Wfuel
User created ind_Wair FSEng.W _in

Table 4.6 Turbofan dependent variables at Design point

Solver Dependents
Solver Variable Left Hand Side Right Hand Side
Automatic ShL.integrate_ Nmech ShL.trgNet 0.0
Automatic ShH.integrate_ Nmech ShH.trqNet 0.0
User created | dep_T4 FO4.Tt T4 req
User created | dep_Fn Perf.Fn Fn_req

e During Off-Design mode
e User inputs the desired off-design operating values

e Define the dependent and independent variables and setup the Solver balances
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Table 4.7 Turbofan independent variables at Off-Design

Solver Independents

Solver Variable

Model Variable

Automatic TrbL.S_map.ind_PRbase TrbL.PRbase
Automatic TrbH.S_map.ind_PRbase TrbH.PRbase
Automatic CmpL.S_map.ind_RlineMap CmpL.S_map.RlineMap
Automatic CmpH.S_map.ind_RlineMap CmpH.S_map.RlineMap
Automatic CmpFan.S_map.ind_RlineMap CmpFan.S_map.RlineMap
Automatic ShL.ind_Nmech ShL.Nmech
Automatic ShH.ind_Nmech ShH.Nmech
Automatic Slpit.ind_BPR Split.BPR
Automatic FsEng.ind_W FsEng.W
User created ind_Wfuel FusEng.Wfuel

Table 4.8 Turbofan dependent variables at Off-Design

Solver Dependents
Solver Variable Left Hand Side Right Hand Side

Automatic | TrbL.S_map.dep_errWp TrbL.Wp TrbL.WpCalc
Automatic | TrbH.S_map.dep_errWp TrbH.Wp TrbH.WpCalc
Automatic | CmpL.S_map.dep_errWc CmpL.Wc CmpL.WcCalc
Automatic | CmpH.S_map.dep_errwWc | CmpH.Wc CmpH.WccCalc
Automatic | CmpFan.S_map.dep_errWc | CmpFan.Wc CmpFan.WcCalc
Automatic | ShL.integrate_Nmech ShL.trgNet 0.0
Automatic | ShH.integrate_ Nmech ShH.trgNet 0.0
Automatic | NozPri.dep_Area NozPri.WgAe NozPri.WgAEdem
Automatic | NozSec.dep_Area NozSec.WgAe NozSec.WgAEdem
User created | dep_Fn Perf.Fn Fn_req

A turbofan engine is essentially an evolution of a turbojet engine. Any new
automatic dependent and independent variable depends on the additional components that
the engine model consists of.

4.3.8 Turboshaft

As mentioned above, the additional dependent and independent variables depend
on the various components of the engine and the user’s will. Similarly, for the Turboshaft,
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an evolution of the Turbojet engine as well, the dependent and independent variables are
presented in the following tables:

Table 4.9 Turboshaft independent variables at Design point

Solver Independents
Solver Variable Model Variable
Automatic TrbL.S_map.ind_PRbase TrbL.PRbase
Automatic TrbH.S_map.ind_PRbase TrbH.PRbase

Table 4.10 Turboshaft dependent variables at Design point

Solver Dependents
Solver Variable Left Hand Side Right Hand Side
Automatic ShL.integrate_ Nmech ShL.trgNet 0.0
Automatic ShH.integrate_ Nmech ShH.trqNet 0.0

Table 4.11 Turboshaft independent variables at Off-Design

Solver Independents

Solver Variable Model Variable
Automatic TrbFP.S_map.ind_PRbase TrbFP.PRbase
Automatic TrbH.S_map.ind_PRbase TrbH.PRbase
Automatic CmpH.S_map.ind_RlineMap CmpH.S_map.RlineMap
Automatic ShFP.ind_Nmech ShFP.Nmech
Automatic ShH.ind_Nmech ShH.Nmech
User created Brn.ind_FAR Brn.FAR
User created ShFP.ind_SHP ShFP.HPX

Table 4.12 Turboshaft dependent variables at Off-Design

Solver Dependents

Solver Variable Left Hand Side Right Hand Side
Automatic | TrbFP.S_map.dep_errWp | TrbFP.Wp TrbFP.WpCalc
Automatic | TrbH.S_map.dep_errWp | TroH.Wp TrbH.WpCalc
Automatic | CmpH.S_map.dep_errWc | CmpH.Wc CmpH.WccCalc
Automatic | ShFP.integrate_ Nmech ShFP.trgNet 0.0
Automatic | ShH.integrate_Nmech ShH.trgNet 0.0
Automatic | NozPri.dep_Area NozPri.WgAe NozPri. WgAEdem
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User created | dep_Np ShFP.Nmech NP_dmd
User created | dep_SHP Perf.SHP SHP_dmd
44  Ports

Keeping in mind that the ultimate purpose of this report is to form the first step of
a possible interface between PROOSIS and NPSS, we will present the differences between
the two as far as the ports are concerned. Knowing the kind of information transferred
through the ports is very important in order to interface the programs. Each program has
different philosophy and demands different values to be transferred through the ports [32].
In the following tables we will present the variables that are transferred through each type
of port in each program, discussing the differences between the programs as well.

Table 4.13 Fluid port variables comparison

FLUID PORT
NPSS PROOSIS
Tt W
Pt Tt
ht Enthalpy based on total conditions Pt
ut Internal energy based on total| FARB
conditions
Cpt Specific heat (constant pressure) FARU
Cwvt Specific heat (constant volume) WAR
gamt Ratio of specific heats Ang
S Entropy
rhot Density
mut Viscosity
kt Conductivity
Rt Gas constant
wW
FAR
WAR
MN
V
A
Ts
Ps




4.14 CHAPTER 4

hs

us
Cps
Cvs
gams
rhos
mus
ks
Rs
Cd

Table 4.14 Fuel port variables comparison

FUEL PORT

NPSS PROOSIS
Wiuel W
Tfuel T
Pfuel P
fuelType
LHV
hFuel
Tref
hRef
Carbon
Hydrogen
Nitrogen2
Oxygen

Table 4.15 Mechanical port variables comparison

MECHANICAL PORT
NPSS PROOSIS
Nmech Nmech

pwr trq

trq inertia

inertia inertia_tot
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As seen in the tables above, PROOSIS and NPSS transfer different information
through their ports. This is of high importance, especially for the interfacing process, as
special attention should be given in order to ensure that the same type of ports convey the
same variables. Especially in the case of the fluid port, one can observe that NPSS transfers
a large amount of information compared to PROOSIS.

An important difference between the programs, is that PROOSIS transfers only the
main parameters and calculates anything else needed (i.e. enthalpy, entropy) inside of each
component. On the contrary, NPSS passes all the information seen above through every
element without the need to perform additional calculations in each element. This is a
fundamental modeling difference between the programs, that someone must take into
consideration when choosing to interface the software, either by creating the corresponding
NPSS elements and integrating them into the PROQOSIS library, or by establishing a direct
communication channel between the two.

Moreover, NPSS supports some functions to be executed in the ports, such as the
setTotal or setStatic which set the properties of a flow as a function of temperature and
pressure or any other supported combination (i.e. h and P, S and P, h and S), copyFlow
which copies the information of a flow and burn function which simulates a burner
component. This is something that must also be taken into consideration when interfacing
the programs.



5 NPSS MAP INTEGRATION IN
PROOSIS

Prior to simulating and exporting results from the two programs it is important to
ensure that the exact same parameters are set in both cases. Besides the input data, this
includes the maps used from the compressor and turbine components. Maps define the
performance of each element, thus it is vital to use the same map files in both simulations.
Subsequently, we opted to integrate the NPSS compressor and turbine maps into PROOSIS
in order to utilize the graphical environment.

Map files used in NPSS simulations are named **RlineMap_EEE_**.map (i.e.
CompressorRIlineMap_EEE_fan.map for the fan map). EEE refers to the Energy Efficient
Engine program funded by NASA at 1978 to develop technologies suitable for more
efficient high by-pass Turbofan engines. The program’s goal was to improve thrust-
specific fuel consumption by 12% compared to a GE CF6-50C engine, reduce operating
costs by 5% of the same engine on an equivalent aircraft, reduce noise levels, comply with
the EPA 1981 emission standards for new engines and finally achieve a minimum of 50%
reduction in the rate of performance deterioration in service compared to the engine named
above. Large aerospace manufacturers, such as Boeing, General Electric and Pratt &
Whitney, contributed in the program and provided aircrafts and Turbofans required for
testing respectively. P&W built a 9-stage high pressure compressor, whereas GE
developed a 23:1 ratio, 10-stage high pressure compressor. All companies benefited from
this project, especially GE who used their EEE HPC in the GE9O and GEnx engines later
produced for the Boeing 777 and 777X aircrafts respectively [24].

5.1 Compressor R-line map

In the beginning of each compressor R-line map file the following variables, that
are specific to the map, are defined: the stator vane angle (alphaMapDes = 0.0), the
corrected speed (NcMapDes = 1.0), the R-line parameter (RlineMapDes = 2.0) at the
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unscaled map Design Point, as well as the R-line parameter (RlineStall = 1.0) at the stall

line. Each map line is defined by the stator vane angle, the corrected speed, the R-line value

and the corrected flow. For each stator vane angle (ALPHA) value (0, 1) the following are
defined:

e Fan: for a number of corrected speed (SPED) values, several corrected flow (FLOW)
values are given, each one corresponding to a specific R-line (R) value. R-line
parameter varies from 1.0 to 2.5. The exact same philosophy is followed for the
efficiency (EFF) and pressure ratio (PR) lines. However, in the case of the Fan map,
the R-line parameter is given fewer values for the first three speed points
(corresponding to the lower part of the map), meaning it varies from 1.0 to 2.0 for these
three and from 1.0 to 2.5 for the rest speed values as it can be seen in the following
picture. On the contrary, the HPC and LPC R-line parameters vary from 1.0 to 2.5
throughout every speed value.

ff Fan OD corrected flow V5. stator angle, fraction of design speed, and RE-line

/f Hote: this map has ALPHA = 0 and ALPHA = 1, but both submaps are identical
g'['able TE Wc(real RLPHA, real SFED, real R) {

ALFHR = i
SFED = i
R =1 ' ' r ’ 1
FLOW = { : : ' . }
r }
= SFED = i
R =1 ' ' r ’ 1
FLOW = { ' ’ ’ ' }
r }
= SFED = i
R =1 ' ' r ’ 1
FLOW = { ' ’ ’ ' }
r }
= SFED = i
R =1 ' ' r ’ ’ ’ }
FLOW = { : : : . ' ' }
r }
= SFED = i
R =1 }
FLOW = { }
e 1
= SFED = i
R =1 }
FLOW = { }
e 1
= SFED = i
R =1 }
FLOW = {
e 1

Figure 5.1 Excerpt of the Fan R-line map file

e LPC and HPC: as mentioned above the same apply for the Compressor maps,
however the R-line parameter varies from 1.0 to 2.5 for all points and different speed
variation is noticed as well.

For intermediate points of the map, interpolation and extrapolation is used. More
specifically, for the corrected speed and R-line values a 3™ degree Lagrange polynomial



Turbine PR map 5.3

interpolation and a linear extrapolation are used, whereas for the stator vane angle a linear
interpolation and extrapolation is used by default. As for the intermediate PR points no
specific method is used.

5.2  Turbine PR map

Turbine PR map files are very similar to the ones used for the Compressor
components. In the beginning, the map specific variables PRmapDes and NpMapDes are
assigned the values 4.975 and 100.0 respectively. Then, each map line is defined by the
corrected speed (SPED), pressure ratio (PR) and corrected flow (FLOW), as in the
Compressor map file:

e LPT and HPT: in both map files for each corrected speed value a set of the pressure
ratio and corrected flow values are defined. However, in Turbine maps the PR
parameter is handled similarly to the R-line parameter found in Compressor map files,
PR = 6.0 corresponds to surge, whereas PR = 2.0 corresponds to the lowest flow rate.

For the intermediate points of the map interpolation and extrapolation is used as in
the case of Compressor maps. In this instance however, a 2™ degree Lagrange polynomial
interpolation is used for the speed and a 3" degree for the pressure ratio, whereas
extrapolation is not set to be used in either of the two.

5.3 NPSS map integration process

The main difference between NPSS and PROOSIS map files is that the later uses
BETA and ZETA maps, whereas the former uses R-line and PR maps for the Compressor
and the Turbine respectively.

BETA and ZETA maps in PROOSIS are consisted of BETA and ZETA lines.
These lines are defined by the BETA parameter, corrected speed, pressure ratio, corrected
flow and isentropic efficiency in the Compressor and the ZETA parameter, corrected
speed, corrected flow and efficiency in the Turbine.

In the beginning of each BET A map, values of the corrected flow and pressure ratio
that define the surge line are given. The surge line is defined by the points that correspond
to the lowest corrected flow for every corrected speed value. Then a table of values for
each variable is defined, similarly to the NPSS maps. It is notable that the number of lines
of the corrected flow, efficiency and pressure ratio is equal to the number of the corrected
speed values in each case, whereas the number of columns of the table is equal to the
number of BETA parameter values. Turbine ZETA maps are modeled similarly to the
BETA maps.
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A notable difference between the R-line and BETA parameter is not only the
different range but the state of the engine at the parameter limits as well. The BETA
parameter ranges from 0 (choke) to 1.0 (surge), whereas the R-line parameter ranges from
2.5 (choke) to 1.0 (surge).

In order to integrate NPSS maps in PROOSIS format we modified the BETA and
ZET A maps using the corresponding tables found in the NPSS maps, following the process
that will be described below.

Since each program uses different lines to define its maps, it was decided to handle
the R-lines similarly to the BETA lines. This means we replaced the BETA values with the
R-line values, defining a correlation between the two and adjusting the range limits
accordingly. However, it is important to mention again that in the NPSS fan map file there
are fewer points for the first three corrected speed values. In order to diminish the need to
increase the number of points through interpolation, as the PROOSIS maps require the
same point number allocation throughout each the map file, we integrated the PROOSIS
map file in NPSS instead. The ultimate goal is to ensure that both software use the same
maps in order to evaluate any differences in the simulations.

Finally, in both programs linear interpolations were set. Moreover, in order for the
units to be compatible between the programs a modification to the units of corrected flow
was made to convert Ibm/sec to kg/s and the points were inserted reversely, as the R-line
value that refers to choked flow is 2.5 (range 1+2.5) while the BETA value is 0 (range
0+1). The exact same process is followed for each Compressor map (i.e. LPC, HPC) and
each Turbine map as well (i.e. LPT and HPT), whereas the reverse process is followed for
the fan map file as mentioned above.

It is important at this point, however, to mention that differences in the range of the
map parameters can cause differences as far as the positioning of design and off-design
points on the maps is concerned. Small differences between the corresponding maps
parameters can cause small deviation in the position of operating points on the maps.
Consequently, this creates small differences in the performance of the related components,
especially in the cases of the engine models, as it will be presented in the following
chapters.



6 NPSS FLUID MODEL INTEGRATION
IN PROOSIS

Having ensured that both programs will use the same performance map files, it is
important to mention that another source of differences is the fluid model. Consequently,
the next step is to make sure that in both cases the same fluid model is used. Since there is
no immediate correlation between the fluid model options between the programs, we
decided to insert the NPSS fluid model in PROOSIS. As mentioned before, the allFuel
thermodynamic package was used in NPSS, which provides users with a variety of
different fuel options. As mentioned in NPSS thermo guide [27], the different fuel types
are “JP”, “OLJP”, “H2”, “GAS”, “CH4”, “WBH4” and “UNIV”, however only the JP and
CH4 options are recommended. “OLJP” stands for OLD JP and has an H-C ratio of 2:1
but with Keenan and Keyes air composition, with no CO2. “H2” stands for pure hydrogen
gas with the 1962 atmosphere air composition. “GAS” is a methane model with the 1945
Keenan and Keyes air composition. “CH4” is the current methane model with the 1962
atmosphere air composition and is a GE standard. “WBH2” is a pure hydrogen fuel with
pure oxygen rather than air as the working fluid. “UNIV” is a more complex option to
address arbitrary fuel composition of H-C-O-N-A atoms with the 1962 atmosphere air
composition and it can not be used without additional information and guidance. Finally,
“JP” is designed to produce properties for the combustion products of fuel, water and air,
where the fuel H-C ratio is 2:1. This model applies a 1962 atmosphere (with 0.03% CO2)
and is a GE current standard. It is also important to mention that allFuel is a simple (fast)
“burned properties only” thermo package. It does not keep track of the Cp, SG, rho, etc.
properties of unburned fuels. Therefore, it does not need to distinguish between JP4, JP7,
JP8, AvGas, Kerosene, etc.. The 2:1 H-C ratio value is close for all of these JP fuels. An
important note is that the zero enthalpy datum is at zero degrees Rankine/Kelvin.

It would be beneficial at this point to present the fluid models differences.
Therefore, in order to so, the JP option was selected from the NPSS allFuel thermo
package, whereas the closest fuel option that PROOSIS has to offer is the JP4_noDiss.
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Obtaining the fluid properties from PROOSIS was easy, since we had access to the
corresponding fluid model file with containing the fluid properties tables. As far as NPSS
is concerned, a simple program was created in order to obtain the fluid properties of the
specified fuel. For a number of different temperature and FAR values we extracted the
enthalpy, entropy and the isentropic coefficient values. The NPSS program is presented
below:

setThermoPackage("allFuel);
FlowStation fs;
fs.switchFuelType = "JP";
#include "ThermoView.view"

Select the desired thermo package, specify the fuel and a viewer file to print the
results in a customized format. Then, create new variables for pressure, temperature and
temperature step.

real Pt; // pressure, psia
real Tt; // temperature, Rankine
real dT; // temperature, Rankine

fs.FAR = 0.000;
fs.WAR = 0.000;
do {

Pt = 101325*getUnitsFactor("Pa", "psia™); // psia
Tt = 200*getUnitsFactor("dK", "dR"); // Rankine
dT = 50*getUnitsFactor("dK", "dR");

cout <<"FAR =" << fs.FAR << " " <<endl;

do {
fs.setTotal TP(Tt, Pt);
run();
CASE++;
rowSheet.update();
Tt=Tt+dT;

} while (Tt<=5400);

fs.FAR = fs.FAR + 0.010;
rowSheet.display();
} while (fs.FAR<=0.040);
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Note that since NPSS uses the imperial unit system, pressure is given in psia and
temperature in Rankine. The getUnitsFactor command returns a factor and serves in unit
conversion. The simulations were executed for a temperature range of 200 to 3000 K by
50 K increments and for fuel-to-air ratio of 0.0 to 0.04 by 0.01 increments. The comparison
between the fluid models of each program is presented in the following figures. Note that
only data of FAR = 0.0 are plotted in the following figures, as similar curves are observed

for the rest FAR values. Finally, it is also important to mention that a reference temperture
of 200 K was assumed for the delta increase in both cases.
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Figure 6.1 Comparison of NPSS and PROOSIS fluid model enthalpy
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Figure 6.2 NPSS and PROOSIS fluid model enthalpy percentage differences
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We can clearly see that as the temperature increases so do the enthalpy differences
between the fluid models. For temperatures up to 1250 K differences are below 0.1%. For
1300-1900 K differences are lower than 1% and the maximum difference is at 3000 K
equal to 16.3%. However, for typical jet engines temperatures of 1200-1600 K an average
difference of 0.2% is observed. It is also important to mention that as the FAR increases,
similarly differences increase. More specifically, the maximum difference for FAR = 0.01
is 20%, for FAR = 0.02 is 23.5% and for FAR = 0.04 is 28.4%. Similarly, the entropy
function comparison is presented below:
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Figure 6.3 Comparison of NPSS and PROOSIS fluid model entropy
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Figure 6.4 NPSS and PROOSIS fluid model entropy percentage differences
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For temperatures up to 2150 K differences in entropy are below 0.1%, whereas the
maximu difference is 6.9% at 3000 K. For FAR = 0.01 the maximum difference is 8%, for
FAR = 0.02 is 8.8% and for FAR 0.04 is 10%. Finally, differences of the isentropic
coefficient (y) between the programs is presented in the following figures:
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Figure 6.5 Comparison of NPSS and PROOSIS fluid model isentropic coefficient
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Figure 6.6 NPSS and PROOSIS fluid model isentropic coefficient percentage differences

The maximum difference observed for the isentropic coefficient across the
considered temperature range is 115% for FAR = 0.0. For FAR = 0.01 the maximum
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difference is 108.4%, for FAR = 0.02 it is 102% and finally for FAR = 0.04 it is 97.8%.
The refernce temperature, as in previous cases, is considered at 200 K.

Having seen the differences in the fluid models between the programs, the next
step is to insert the NPSS allFuel JP fluid model in PROOSIS. Doing so will diminish any
differences due to the fluid model differences and will reveal any possible differences in
the thermodynamic calculations. In order to integrate the NPSS fluid model in PROOSIS,
the default JP4_noDiss fuel file was modified and the tables of enthalpy, entropy and gas
constant were inserted.



7 COMPONENT LEVEL COMPARISON

As mentioned in the introduction the goal of this project is to compare results from
PROOSIS and NPSS. Consequently, component level as well as engine level comparison
are necessary. In this chapter we will discuss the process of creating individual component
models, in each of the two programs, and finally evaluate the results. The results will be
presented in the form of tables and graphs. Additionally, it is important to mention that for
every calculation in this chapter standard day assumptions are made. Finally, it isimportant
to mention at this point that only minor differences are expected since the same fluid model
and maps are used.

7.1 Inlet

7.1.1 PROOQSIS

As stated in the previous chapter, creating a new library and schematic is a standard
procedure. In this case we drag-and-drop the InletAtm component symbol from the
TURBO library to the schematic window, which simulates the Inlet duct of an engine and
receives the atmospheric conditions as an input. In addition, we insert the General and
Atmosphere symbols from the TURBO library, required for the instantiation of the inlet
duct component.



7.2 CHAPTER 7

Gen

Amb

InEng

Figure 7.1 Inlet schematic diagram in PROOSIS environment

For the instantiation of the component only the pressure loss of the duct is required
to be specified. This can be done by right clicking on the Inlet symbol on the schematic
window and selecting edit attributes.
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Figure 7.2 Editing attributes of the Inlet component in PROOSIS

Once the setup is complete we can compile the model by pressing F7 to ensure the
schematic is correct and then generate a new default partition followed by a new wizard
experiment on the left side of the workspace. Under the experiment we can add a Standard
Case where we subsequently add a parametric calculation as pictured below:
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Figure 7.3 Creating a new experiment in PROOSIS

Furthermore, we edit the calculation accordingly. In our case we desire the Altitude
and Inlet mass flow to be constant, whereas only the Mach number to vary, allowing the
exit pressure of the inlet duct to be calculated. The parametric calculation is set by defining
the initial and the final value of each variable as well as the number of steps we desire.
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Figure 7.4 Setting-up the experiment in PROOSIS

Finally, to execute the solution and export the results of the simulation we can
select the option Simulate in Monitor by right clicking on the experiment that we previously
generated. In the monitor we can customize how the results, maps and plots are displayed:
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Figure 7.5 Monitor window in PROOSIS

In the end, we can run the simulation by clicking the play button located at the top
toolbar and evaluate the results.

This element simulates a simple pressure drop, so results are not expected to have
significant differences between the two programs.

7.1.2 NPSS

The generation of the Inlet element has been presented in a previous chapter. The
only difference however, between the code presented in the previous chapter with the one
used for the purpose of the comparison is that in this case metric system is used instead of
the imperial, which is the default option in NPSS. For example, the altitude in the Ambient
element and the inlet mass flow in the InletStart element are given in the metric system:

Element Ambient Amb {
switchMode = "ALDTMN";
alt_in =11000. "m";
dTs_in=0,
MN_in =0.8;

At switchMode option we select ALTDTMN. This refers to altitude, dT and Mach
number which will define the inlet conditions. The reason we choose the ALTDTMN option
is to ensure correlation between the two programs, as the exact option was selected in
PROOSIS as well. The values selected for the three variables are identical in both
programs.
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Element InletStart InletStart {
AmbientName = "Amb";
W_in = 100. "kg/sec";

Finally, in order to print results to screen, one has to issue the cout command as
previously stated. However, since we are using the metric system, we will need to print the
results in this system instead of the imperial. NPSS provides us with commands that can
easily convert results between the two systems. The command is the following:

getUnitsFactor("lbm/sec”,"kg/sec")

This command returns the factor required to convert lbm/sec to kg/sec. Thus, the
printing commands will be transformed in the following:

cout << "W =" << FL.W *getUnitsFactor("Ibm/sec", "kg/sec™) << ™" << "kg/sec" << endl;
cout << "Ptin =" << F2.Pt* getUnitsFactor(“psia”,"Pa") << " " << "Pa" << endl;
cout << "Ttin =" << F2.Tt*getUnitsFactor("dR","dK") << " " << "K" << endl;

As stated earlier, only the Mach number is varied during this comparison. The
value of a variable can be changed outside of each element block, at any part of the model
code, using proper strings (i.e. Amb.MN_in = new value to change the altitude).

Results from both programs have been exported to an Excel spreadsheet where
comparison is greatly facilitated.

7.1.3 Results Comparison

Using the models described above, two cases were simulated in both programs. In
each case an altitude of 11000m was set. The results are presented in the following table:

Table 7.1 PROOSIS-NPSS results comparison: Inlet component

PROOSIS Pt2 [kPa] | NPSS Pt2 [kPa] Difference [%0]
MN=0.8 34.161 34.161 8.84E-05
MN=2.0 175.468 175.480 0.007121

As expected, only minor differences are observed.
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7.2 Ambient

7.2.1 PROOSIS

To simulate ambient conditions only the symbols of General and Ambient were
used from the TURBO library. Then a simulation for a set of different Altitude, Mach
number and dT values was carried out.

O
Gen

Amb

Figure 7.6 Ambient schematic diagram in PROOSIS environment

7.2.2 NPSS

The model of the Ambient element in NPSS is generated similarly to the one
described above and consists of the Ambient, InletStart, Inlet and FlowEnd elements. Note
that the Inlet element is needed in order to establish the necessary port connections to run
the simulation.

7.2.3 Results Comparison

In both programs the same cases were simulated and are presented in the following
table:

Table 7.2 Ambient component simulation; considered flight conditions

AJ/A | Flight Altitude [m] | Mach Number [-] | Deviation from standard day [K]
1 300 0.2 0
2 9000 0.8 0
3 11500 0.85 0
4 300 0.2 10
5 9000 0.8 10
6 11500 0.85 10
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The results from the two calculations are presented in the following tables. Only
minor differences are observed (<0.02%).

Table 7.3 PROOSIS Ambient component simulation results

A/A Ambient Ambient Free stream total Free stream total True Air
Pressure Temperature pressure temperature Speed
[kPa] [K] [kPa] [K] [m/s]
1 97.772 286.20 100.537 288.49 67.83
2 30.742 229.65 46.868 259.11 243.12
3 20.916 216.65 33.551 248.04 250.91
4 97.772 296.2 100.537 298.57 69.00
5 30.742 239.65 46.869 270.38 248.35
6 20.916 226.65 33.551 259.47 256.62
Table 7.4 NPSS Ambient element simulation results
A/A Ambient Ambient Free stream total Free stream total True Air
Pressure Temperature pressure temperature Speed
[kPa] [K] [kPa] [K] [m/s]
1 97.772 286.20 100.538 288.49 67.82
2 30.742 229.65 46.872 259.11 243.12
3 20.916 216.65 33.554 248.04 250.90
4 97.772 296.20 100.537 298.57 68.99
5 30.742 239.65 46.873 270.38 248.35
6 20.916 226.65 33.554 259.47 256.62
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7.3 Duct

7.3.1 PROOSIS

In order to create the component of a Duct, users may follow the instructions
described previously. However, in this instance a complete model of the Duct component
from the TURBO_REF library has been used. Here, a parametric study is conducted where
the Mach number and dPgP (pressure drop) are varied. As previously, results are displayed
at performance monitor.

T es |re
—
Gen
D04

Figure 7.7 Duct schematic diagram in PROOSIS environment

7.3.2 NPSS

The generation of a model has been described in previous steps. However, it is
important to remind that the declaration of the thermodynamic package should be the first
statement in a code. Additionally, a view file will be included in order to print results in a
desired format.

An important distinction for the Duct element compared to the Inlet model
described above, is that in this case an Ambient element is not required as the flow of air
will be set using the FlowStart element. The FlowStart element can define manually the
properties of the incoming air flow.

#include "DuctView.view"

Element FlowStart FsAir {
Pt = 100000 "Pa"; // Pa
Tt =300 "K"; // K
W =10 "kg/sec"; // kgls
WAR = 0; // Water to Air ratio

Moreover, we instantiate the Duct element defining the switch for the pressure drop
as input:
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Element Duct D025{
switchDP="INPUT";
dPgP_in =0.0;

}

As previously stated, the termination of the flow must be defined, followed by the
element linkages, the execution command and the display/print commands:

Element FlowEnd FeAir;

linkPorts( "FsAir.Fl_O",  "DO25.FI_I",  "F2");
linkPorts("D025.FI_O",  “FeAir.FLI", “F3");

The next step is to program the parametric calculations and print results to a file.
This is presented in the code below:

D025.F_I.MN =0.4;
D025.FI_O.A =0.500 "m2";
D025.dPgP_in =0.0;

run();
rowSheet.update(); //prints results to the specified file
do {

D025.FI_O.A =DO025.FI_I.A;

run();

CASE++,;

rowSheet.update();

D025.dPgP_in = D025.dPgP_in + 0.01;
} while (D025.dPgP_in<=0.1);

D025.FI_I.MN =0.5;
D025.FI_O.A =0.500 "m2";
D025.dPgP_in =0.0;
run();
rowSheet.update();
do {
D025.FI_O.A =D025.FI_L.A;
run();
CASE++;
rowSheet.update();
D025.dPgP_in = D025.dPgP_in + 0.01;
} while (D025.dPgP_in<=0.1);

D025.FI_I.MN =0.6;
D025.FI_O.A =0.500 "m2";
D025.dPgP_in =0.0;

run();
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rowSheet.update();

do {
D025.FI_O.A = D025.FI_I.A;
run();
CASE++;
rowSheet.update();

D025.dPgP_in = D025.dPgP_in + 0.01;
} while (D025.dPgP_in<=0.1);
rowSheet.display();

7.3.3 Results Comparison

In both programs the inlet conditions were set the same: inlet total pressure 100
kPa, inlet total temperature 300 K, inlet mass flow rate 10 kg/s. Then, a parametric case
was set varying the inlet Mach number (0.4+0.6) and fractional pressure loss (0.0+0.1).
The duct area is derived to match the inlet Mach number for the considered mass flow rate,
inlet total pressure and temperature.

The results of PROOSIS and NPSS calculations displayed no major differences
(<0.03%) and are presented in Figure 7.8 and Figure 7.9, where respectively the exit Mach
number and fractional pressure loss are plotted against the dynamic head loss coefficient
dPL defined as:

Ptl - Ptz
Ptl - P51

dPL =

Equation 7.1 Dynamic head loss coefficient
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7.4  Compressor

7.4.1 PROOSIS

For the Compressor element a model was generated using the General and the
Compressor symbols from the TURBO library.

Gen

Cmp

Figure 7.10 Compressor schematic diagram in PROOSIS environment

An off-design analysis has been set varying the compressor pressure ratio and
mechanical speed.

7.4.2 NPSS

In order to simulate the compressor element in NPSS, one has to add custom
dependent and independent variables and avoid using the autoSolverSetup command. The
first set of custom variables is identical to the ones added by the default solver when the
autoSolverSetup option is executed (i.e. RlineMap set as independent and Wc as dependent
to achieve mass flow continuity through the component). Then a dependent variable is
added to achieve a specific power request along with an independent that varies the
incoming air flow. A parametric case is then set varying the power request and the
mechanical speed, setting the same values that resulted from the PROOSIS simulation.

It is appropriate at this point to present the code of this model and the instantiation
of the shaft and compressor elements used in the NPSS model as described below:

setThermoPackage("allFuel™);
FlowStation fs;
fs.switchFuelType = "JP";
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#include "CmpView.view";

/[ Start the flow of air
Element FlowStart FsAir {
Pt =101325 "Pa™; // Pa
Tt =288.15"K"; I/ K
W = 100. "kg/sec"; // kgls
WAR = 0; // Water to Air ratio

Element Compressor CmpH {
#include "hpcE3.map™;
PRdes =25;
effDes=0.9;

The first statement within the block ensures that the program will include and use
a file named hpcE3.map containing the compressor map which will be plugged into the
compressor element’s S _map socket. The quotation marks around the file name causes
NPSS to search for the file only in the current directory. The following statements of the
block define the technical data that describe the specific component at design point.

The shaft element is instantiated as follows:

Element Shaft ShH {
ShaftinputPort MeCmpH;
Nmech = 10000;

The first statement creates a new input port for the shaft element and assigns a
name to it. The rest of the statements describe the characteristics of this component. The
termination of the flow, port linkages and execution of the code have already been
described previously, however it would be beneficial to demonstrate the linking of the
mechanical ports.

Element FlowEnd FeAir;
linkPorts( "FsAir.Fl_O", "CmpH.FL_I", "F35");

linkPorts( "CmpH.FI_O", "FeAir.FI_I", "F40");
linkPorts( "CmpH.Sh_O", "ShH.MeCmpH", "MeCmpH");
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setOption("switchDes", "DESIGN");
run();

The command setOption specifies whether the model will run in design or in off-
design mode. At first, a design point is simulated to calculate map scalars, followed by an
off-design analysis. At this point, custom dependent and independent variables will be
created as follows:

setOption("switchDes", "OFFDESIGN");

Independent ind_Rline{
varName = "CmpH.S_map.RlineMap";

Dependent dep_Wec {
eq_lhs ="CmpH.Wc"; // model value
eq_rhs ="CmpH.WcCalc"; // target value

}

solver.addindependent("ind_Rline");
solver.addDependent("'dep_Wc");

real P = -48200.0774*getUnitsFactor("kW","hp™);

A new variable is created, that will specify the power demand in the corresponding
dependent variable. The getUnitsFactor command, returns a value that serves for unit
conversion (here we convert KW to hp, as the power is given in horsepower in NPSS).

Dependent dep_pwr {
eq_lhs = "MeCmpH.pwr"; // model value
eq_rhs ="P"; // target value

}

Independent ind_Wair{
varName = "FsAir.W";

solver.addDependent("dep_pwr");
solver.addindependent("ind_Wair");

run(); //run the first off-design point
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rowSheet.update(); //print results to the specified file

P = -45458.1367*getUnitsFactor("kW","hp");
ShH.Nmech = 9900;

run(); //run another off-design point
rowSheet.update();

Users, can add as many off-design points as they desire, setting a new value for the
power command and mechanical speed.

7.4.3 Results Comparison

The same inlet and design point conditions were set in both programs as well as
map files and can be seen in the following table. Then a parametric study was in each
program as mentioned above. The design point results, as expected, present minor
differences, lower than 0.03%.

Table 7.5 Input data for Compressor component comparison

Total inlet pressure [Pa] 101325
Total inlet temperature [K] 288.15
Inlet mass flow [kg/s] 100
Pressure ratio 25
Efficiency 0.9
Mechanical speed at design point [rpm] | 10000
BETA parameter at design point 0.33
R-line parameter at design point 2.0

Note that the default R-line at design point is set equal to 2.0. Consequently, the
corresponding BETA parameter value is equal to 0.33 as presented in the table above.

Comparisson between efficiency and pressure ratio during off-design analysis is
presented in Figure 7.11, where differences lower than 0.03% are observed as expected.
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Figure 7.11 Compressor off-design performance in PROOSIS and NPSS

7.4.4 Fan

A comparison between the fan components between the programs will not be
presented, as the NPSS uses the same compressor element to simulate the fan as well. As
mentioned earlier, the differentiation is possible with different map files. Since we have
ensured that the map files used in each program are identical, similar differences to the
compressor element are also expected in the case of the fan.

It is important however to mention an important difference between the
components of the two programs. PROOSIS fan component, is able to divide the incoming
flow into two streams, apply different pressure ratio on each stream and use different map
files as well. NPSS fan element on the other hand, cannot divide the flow and uses a single
map file as well, not allowing for different pressure ratio on each stream (this can be
achieved with different modeling solutions that will be presented in the following chapters
8.2). Consequently, in order for someone to compare the fan components between the
programs, 0 compressor component with the fan map would need to be used in PROOSIS.

7.5 Burner

7.5.1 PROOSIS

To simulate the Burner component in PROOSIS only the General and the Burner
symbols were used from the TUBRO library. Additionally, ambient conditions, the
pressure drop through the burner, the burner efficiency and the respective switches, the
lower heating value of the fuel and the fuel type were defined. Finally, a parametric study
has been conducted varying the fuel flow rate.
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Figure 7.12 Burner schematic diagram in PROOSIS environment

7.5.2 NPSS

For the Burner component after the definition of the thermodynamic package, it is
required to define the desired fuel type. This action is completed through the creation of a
flow station in which we can select the type of fuel through a range of different fuels that
are included in the program.

setThermoPackage("allFuel™);
FlowStation fs;
fs.switchFuelType = "JP";

Flow stations can be greatly useful, especially in large models, as they can
instantiate easily a flow of air or fuel.

The definition of the desired fuel is completed through the fuel switch of the flow
station. Note that NPSS allFuel station does not keep track of the properties of the unburnt
fuel; therefore, it does not distinguish JP4, JP7 and JP8. The only differentiation between
these fuels comes through their lower heating value.

As shown in previous models instantiation of the air flow is coded as follows:

Element FlowStart FsAir {
Pt = 101325 "Pa"; // Pa
Tt =600 "K"; // K
W =100 "kg/sec™; // kg/s
WAR = 0; // Water to Air ratio
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Moreover, we need to instantiate the flow of fuel and define the lower heating value
of the fuel with the FuelStart element:

Element FuelStart FusEng {
LHV = (4.3124*10**7)*getUnitsFactor("J/kg", "Btu/lbm");

Recall that the command getUnitsFactor returns a value that is used for unit
conversion and the LHV value is set equal to the one used in PROOSIS.

The Burner element is coded as follows:

Element Burner BrnPri {
dPgP_dmd = 0.05; // user input friction relative pressure drop (Pin - Pout)/Pin
effBase = 0.98; // user input burner adiabatic efficiency
switchBurn  ="FUEL",;
Wfuel = 0.2 "kg/sec™;

Inside the Burner block we assign the attributes needed to perform calculations.
The switchBurn option determines if burner is running to fuel flow, FAR or Tt4. For the
fuel flow there are two possible options, FUEL and WFUEL. The former expects the fuel
flow to be specified inside the burner block, whereas the later acquires the incoming fuel
flow that is specified in the FuelStart block. Finally, the last statement determines the fuel
flow rate. The rest of the code for the Burner model is similar to the models described
previously; therefore, it will not be presented.

7.5.3 Results Comparison

Identical conditions were set in both cases and are presented in the following table.
Then an experiment is simulated in which the fuel flow rate is set to vary from 1 to 4 kg/s
(the resulting fuel-to-air ratio varies from 0.01 to 0.04).

Table 7.6 Input data for Burner component comparison

Total inlet pressure [Pa] 101325
Total inlet temperature [K] 600

Inlet mass flow [kg/s] 100

Relative pressure drop 0.05
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Efficiency

0.9995

Fuel flow [kg/s]

The calculated burner exhaust temperature from PROOSIS and NPSS for the
examined operating conditions is shown in Table 7.7. The maximum absolute difference

15 0.012%.

Table 7.7 PROOSIS-NPSS result comparison: Burner component

PROOSIS Burner NPSS Burner Exhaust )
) ) Difference
A/A | Fuel to air ratio | Exhaust Temperature Temperature (%]
0
[K] [K]

1 0.01 977.44 977.49 -0.024
2 0.02 1312.80 1312.81 -0.096
3 0.03 1615.94 1615.73 -0.322
4 0.04 1889.69 1889.60 -0.754

In the following figure readers can observe graphically the results of the simulation

considered above.
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Figure 7.13 Burner exhaust temperature against fuel-to-air ratio

It would be beneficial at this point to present results at the burner component
between NPSS and one of PROOSIS included fluid models. Taking a closer look on the
results, it is easy to notice that for increasing temperature rise, the difference between the
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results is also increasing. The maximum difference is 1.8% at FAR = 0.05, which is
attributed to differences in the fluid models at high temperatures, as indicated in the
previous chapter. However, 0.05 is an extreme high value, used here only to emphasize the
difference between the default fluid models, whereas for the most common jet engine
operating conditions (FAR 0.02), differences drop to around 0.2%. In PROOSIS the JP4
fuel was selected whereas in NPSS the JP option. As mentioned before, in NPSS the JP
option is designed to produce properties for the combustion products of fuel, water and air,
where the fuel H-C atom ratio is 2:1. It does not keep track of the properties of unburned
fuels; therefore, it does not need to distinguish between JP4, JP7, JP8, where the H-C ratio
value is close for all these fuels.
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Figure 7.14 Burner exhaust temperature against fuel-to-air-ratio between the allFuel NPSS
thermodynamic package and PROOSIS JP4 fluid model

7.6 Turbine

7.6.1 PROOSIS

The schematic of the PROOSIS consists of the General and the Turbine
components. In the parametric case the pressure ratio and mechanical speed were varied as
it will be described in the following paragraph.
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Figure 7.15 Turbine schematic diagram in PROOSIS environment

7.6.2 NPSS

For the case of the Turbine element, we opted to use results from a simple turbojet
model in NPSS. This means that results of the turbine part were used as inputs for the
PROOSIS turbine model, ensuring the same component operating conditions as well. More
specifically inlet conditions, pressure ratio and mechanical speed were used as inputs in
the parametric study in PROOSIS.

The Turbojet model will not be presented here, as it will be described separately in
the following chapter.

7.6.3 Results Comparison

As mentioned above, PROOSIS Turbine component is compared against the NPSS
Turbine element results from the Turbojet model described in Chapter 8.1.2. The first step
is to scale the turbine map at design point conditions and then to simulate different off-
design cases varying the fuel flow rate.

Additionally, a turbine model is generated in PROOSIS, a new experiment is set
and the design point conditions from the NPSS simulation are set as boundary values.
Then, the off-design points are defined by setting the mechanical speed and pressure ratio
resulted from the turbine component in the Turbine model.

In the following table the design point values used in the PROOSIS turbine model
are presented.
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Table 7.8 PROOSIS Turbine component experiment boundaries

Total inlet Pressure [kPa] 742.387
Total inlet temperature [K] 1350.785
Inlet mass flow [kg/s] 102
Inlet FAR 0.02
Efficiency 0.91
Mechanical speed [rpm] 10000
Pressure ratio 3.766
ZETA parameter at design point 0.74
PR-line parameter at design point 4.96

0,9105 1075
0,91 4 975 /

0,9095 / 875 /
/ / o PSS
0,909 775
/ / ——PROOSIS
675

< /

eff
Tts [K]

0,9085

0,908 r . : , 575 ‘ : ; ‘
40 60 80 100 120 40 60 80 100 120
Win [kg/sec] Win [kg/sec]

Figure 7.16 Turbine off-design performance in PROOSIS and NPSS

Minor differences are observed, as expected, and the maximum absolute difference
in the off-design analysis is 0.013% for the total exit temperature (Tt5).

7.7 Nozzle

7.7.1 PROOSIS

A model of a converging Nozzle from the TURBO_REF library was used in this
case. The only symbols needed for the schematic are the General and the Nozzle.

In the parametric case the total inlet pressure is set to vary, whereas the ambient
conditions and the inlet conditions are assigned specific values.
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Figure 7.17 Nozzle schematic diagram in PROOSIS environment

7.7.2 NPSS

In the case of the Nozzle there is a big distinction not only in the instantiation
process between PROOSIS and NPSS, but in the nozzle coefficients as well. NPSS
requires different variables to be instantiated compared to PROOSIS. More specifically the
variables that are required to instantiate the Nozzle element in PROOSIS are the total inlet
pressure and temperature, the exit area, the mass flow and the ambient pressure. On the
contrary, the default NPSS nozzle solver requires the total inlet pressure and temperature,
mass flow and exit pressure as inputs in order to calculate the exit area. The exit pressure
can be either user-defined or set equal to the ambient pressure. Subsequently, we created a
new dependent (Aexit) and independent (Wair) variable in NPSS in order to produce the
same simulation in both software.

The code of the Nozzle model is presented below:

setThermoPackage("allFuel™);
Element FlowStart FsAir {

Pt = 30000 "Pa"; // Pa
Tt =1000. "K"; // K

W = 14.15"kg/sec"; // kg/s initital guess
WAR = 0; // Water to Air ratio

The Nozzle element is coded as shown:

Element Nozzle NozPri {
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switchType = "CONIC";
switchCfg = "CALCULATE ",
dPgP = 0.00;

PsExh = 22630 "Pa";

The switchType option specifies the type of nozzle geometry (i.e. convergent,
convergent-divergent, fixed). SwitchCfg option determines that correction to ideal gross
thrust is calculated and not defined. There is also a switchCoef option that determines the
type of coefficient that will be used, however it will be discussed in the following
paragraph. Every coefficient in each program was assigned a value of 1. The third
statement specifies that there is no pressure loss across the Nozzle. Finally, the fourth
statement defines the static outlet pressure of the Nozzle. Instead of the PsExh command,
one may use the PsExhName command, where the user must declare the element from
which the program will obtain the exit pressure for the Nozzle. It is common for users to
select the Ambient element so that the exit pressure of the Nozzle is set equal to the
atmospheric conditions (PsExhName = "Amb.Ps™;).

/I End the flow of air
Element FlowEnd FeAir;

/I SET ELEMENT LINKAGES
linkPorts( "FsAir.FI_O", "NozPri.FlI",  "F060");
linkPorts( "NozPri.FI_O" , "FeAir.FlLI",  "F090");

Define a new variable and set the custom dependent and independent variables in
order to achieve a specific exit area by varying the inlet mass flow. Firstly, run a design
point to calculate the nozzle properties and then run the desired off-design points.

real A {
value =0.; I0status = INPUT; units = NONE;
description = "Aexit";

Independent W_in {
varName = "FsAir.W"; // <-- the variable that this Indep. can vary

Dependent Target A {
eq_rhs = "NozPri.Aexit";
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eq_lhs ="A",

A = 655.806312; //0.4231 m2

setOption( "switchDes", "DESIGN");
autoSolverSetup();
solver.addDependent("Target A");
solver.addindependent("W_in");
run();

Independent Win { // new independent for the off-design
varName = "FsAir.W";

setOption( "switchDes", "OFFDESIGN™ );
solver.clear();

autoSolverSetup();
solver.addindependent(*"Win");

// run multiple off-design points varying the total inlet pressure

FsAir.Pt = 40000 "Pa";
run();

7.7.3 Nozzle coefficient comparison

Besides the default solver setup difference between the programs mentioned above,
the nozzle coefficients that each nozzle component is equipped with also differ. In the
following table the various coefficients that each program can use are presented:

Table 7.9 Nozzle coefficient comparison

PROOSIS NPSS
Cd Carh
Cx Cv
Crg Ctg
Cang
Caua
Chrixcorr
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PROOSIS Nozzle

e Cq4 = Discharge coefficient

e Used in the calculation of effective exit area, Aexitetf
e Cyx = Thrust coefficient

e Used in the calculation of gross thrust, Fq
e Cyg = Ideal thrust coefficient

e Iscalculated by the program

NPSS Nozzle

e Cqgrh = Throat discharge coefficient
e Used in the calculation of throat effective area
e Can be obtained from a subelement
e Can be calculated by the program
e C, = Exit velocity coefficient
e Used in the calculation of gross thrust
e Can be obtained from a subelement
e Can be calculated by the program
e Cysy = Gross thrust coefficient
e Used in the calculation of gross thrust, Fq
e Can be obtained from a subelement
e Can be calculated by the program
e Cang = Exit flow angle coefficient
e Used in the calculation of actual gross thrust and Vactual
e Used only when Cy is used
e Cqua = Throat thermal expansion coefficient
e Used in the calculation of throat effective area
e Chixcorr = Thrust correction due to partial mixing upstream or in the nozzle
e Used in the calculation of actual gross thrust and Vactual

e Used only when Cy is used

From the above, we can see that the first three coefficients of each program at Table
7.9, are identical. However, NPSS provides users with additional options giving us the
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ability to consider additional effects in the nozzle area, thus allowing for different fidelity
simulations.

7.7.4 Results Comparison

As mentioned previously, the nozzle component requires different instantiation in
each program. A big distinction between the two is that the default solver in NPSS demands
an exit pressure to be given in order for the code to calculate the exit area, whereas in
PROOSIS users can define a specific exit area. An additional difference is that each
program uses different coefficients. Subsequently, aiming for an analogous comparison,
only the Cfg (nozzle exit gross thrust coefficient) variable was used for comparison,
whereas the rest of the coefficients were set equal to 1. Finally, a parametric study was set
varying the nozzle inlet total pressure.

Differences are below 0.02% in all cases, as expected since the same fluid model
is used in both programs. In Table 7.10 input data used for instantiation are shown and in
Figure 7.18 a comparison between few performance parameters is presented.

Table 7.10 Input data for Nozzle component comparison

Inlet temperature [K] 1000
Inlet pressure [kPa] 30
Ambient pressure [kPa] | 22.63
Exit Area [m?] 0.4231
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Figure 7.18 Nozzle performance comparison in PROOSIS and NPSS



8 ENGINE LEVEL COMPARISON

Following individual component generation, in the present chapter complete
engine models and simulations will be presented. At first a simple Turbojet engine model
will be compared, followed by a Turbofan engine and finally a Turboshaft engine. As in
the case of individual component models, similarly in the case of a complete engine model,
the generation process of each program is different and will be presented in the following
pages. Finally, as mentioned in the previous chapter, standard day assumptions are made
and the same fluid model and performance maps are used for every calculation presented
in this chapter.

8.1 Turbojet

8.1.1 PROOQSIS

Component model generation has been described thoroughly in the previous
chapter. Therefore, it is now simple to create a complete model of a simple Turbojet engine
by linking all the different components of the engine mentioned before.

Following the same procedure as we did in each individual component we can now
start building a Turbojet model by dragging-and-dropping the included components from
the TURBO library in a new schematic window.

Firstly, the General and Atmosphere symbols are inserted which will provide the
input variables of the atmospheric conditions for the Inlet of the engine. Moreover, we
continue by adding the Inlet of the engine, followed by the high pressure compressor, a
duct to simulate a pressure loss, the burner, the high pressure turbine and finally a
convergent nozzle. In the next step the fluid ports of each component are linked
accordingly so as the outlet of one component is connected to the inlet of the next
component in order to transfer the necessary information through the engine. Then a shaft
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to connect the HPC and HPT is added, as well as the shaft_start and shaft_end components
to dictate the power flow through the engine. Shaft_start is connected to the HPT whereas
the shaft_end is connected to the HPC as power is generated in the Turbine and is
transferred through the shaft to the Compressor and rotates it. Finally, a Performance
Monitor is added which is connected to all necessary ports of each component and is used
to extract the results of the thermodynamic calculations.

The complete model of the Turbojet engine can be seen in the image below:
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Figure 8.1 Turbojet schematic in PROOSIS environment

Having now finished building our model we can Compile it by pressing F7 and
then continue setting-up the experiment. The first step is to define all necessary data and
run a Design point (Extended Steady calculation) to set the maps scalars and later run the
Off-Design points through a Parametric calculation. Finally, the simulation can be done
in the monitor where the results and maps are displayed in the desired format.

8.1.2 NPSS

As mentioned in the previous chapter, creating a component and thus a complete
engine model in NPSS differs from PROOSIS. Aside from the absence of the graphical
interface in NPSS, the coding and instantiation process of a model is different between the
software. In the following image we can see the corresponding block diagram of a simple
Turbojet engine. Note that since NPSS does not have a graphical interface, this diagram is
only for visualization of the layout and facilitation of the programming process.
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Figure 8.2 Turbojet schematic on NPSS, [26]

Model generation in NPSS is similar to the steps followed for each component,
only that in this case linking of the elements altogether is needed, keeping in mind the
layout of our model. Thus, the first step of the process is to define the thermodynamic
package as well as the type of fuel to be used in the simulation and the view file to be used
to export the results of the simulation:

setThermoPackage("allFuel™);
FlowStation fs;
fs.switchFuelType ="JP”;
#include "TurbojetView.view"

Then, the atmospheric conditions are set and the flow of air is initiated:

Element Ambient Amb {
switchMode = "ALDTMN";
alt in  =38000.;
dTs in =0,

MN_in  =0.8;

}

Element InletStart InletStart {
AmbientName = "Amb";
W_in = 100. "kg/sec";
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The Inlet duct, HPC and the duct connecting the compressor exit to the inlet of the
Burner follows:

Element Inlet InEng {

PgP_in =0.995;

Element Compressor CmpH {
#include "hpcE3.map™;

PRdes = 25;
effDes = 0.9;

}

Element Duct D035{
switchDP="INPUT";
dPgP_in=0.002;

}

Additionally, the initialization of the fuel is added as well as the fuel properties (i.e.
lower heating value), followed by the Burner element. It is important to note that the LHV
must be set equal in both NPSS and PROOSIS:

Element FuelStart FusEng {
LHV = (4.3124*10**7)*getUnitsFactor("J/kg", "Btu/lbm");

}

Element Burner BrnPri {
dPgP_dmd =0.05;
effBase =0.98;
switchBurn  ="FUEL";

Wfuel = 2 "kg/sec™; //initial guess

Burner is followed by the HPT and then the converging exit Nozzle:

Element Turbine TrbH {
#include "hptE3.map";
PRbase = 4; // pressure ratio initial guess
effDes = 0.91;
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Element Nozzle NozPri {
switchType = "CONIC";
switchCfg = "CALCULATE",;
dPgP = 0.00;
PsExhName = "Amb.Ps";

It is important to mention that during model generation in PROOSIS no pressure
ratio of the Turbine was needed to be given at any point; instead it was a variable that was
calculated from the program. On the contrary, on NPSS an initial guess of the pressure
ratio of the Turbine is needed for it to be calculated.

Next follows the shaft to connect the power flow between the HPC and HPT and
then the termination of the flow:

Element Shaft ShH {
ShaftinputPort MeCmpH, MeTrbH;
Nmech = 10000;

Element FlowEnd FeAir;

Afterwards, the EngPerf element must be added in order to extract results of the
overall engine performance such as OPR (overall pressure ratio):

Element EngPerf Perf {
}

Finally, linkgaes of the fluid, fuel and shaft ports of the elements is presented below:

linkPorts ( "InletStart.FI_O", "InEng.FL_1", "F010");
linkPorts ( "InEng.FI_O", "CmpH.FIL_I", "F020");
linkPorts ("CmpH.FI_O", "DO035.FL_I", "F030");
linkPorts ( "D035.FI_O", "BrnPri.FL_I", "FO31");
linkPorts ( "FusEng.Fu_O" , "BrnPri.Fu_I", "FU035");
linkPorts ( "BrnPri.FI_O", "TroH.FL_I", "F040");
linkPorts ("TrbH.FI_O" , "NozPri.FI_I", "F050™);
linkPorts ( "NozPri.FI_O", "FeAir.FlL_I", "F060");
linkPorts ("CmpH.Sh_O", "ShH.MeCmpH", "MeCmpH");

linkPorts (“TrbH.Sh_O" “ShH.MeTrbH", “MeTrbH" );
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It is important to mention that in both programs the Design point was set so that
the fuel flow is calculated such that a specific thrust is achieved. In order to set this
calculation in NPSS, custom dependent and independent variables have been added in the
solver. The additional code can be seen below:

real Fn_req = 15819.426727751; // Ibf, requested net thrust

Independent ind_Wfuel{
varName = "BrnPri.Wfuel™;

Dependent dep_Fn {
eq_lhs ="Perf.Fn"; // model value
eq_rhs ="Fn_req"; // target value

At this point the building process of the Turbojet model has been completed. Next
step is to run a simulation and evaluate the results. To run the Off-Design points, one has
first to run the Design point. NPSS does not need a file to store the results of Design point
simulation in order to use it later for the Off-Design, as PROOSIS does. Simply one has to
run the code in Design mode and thereupon run the code again but in Off-Design mode.
The program uses Design data automatically to calculate the Off-Design points, provided
a Design run has first been completed as previously mentioned.

Therefore, the commands required to simulate the Design and Off-Design points
can be seen below:

setOption( "switchDes", "DESIGN");

autoSolverSetup();

solver.addindependent("ind_Wfuel™);

solver.addDependent("dep_Fn");

run();

cout << "Solver converged (1 =yes, 0 =no) ? =" << solver.converged << endl;
cout << "lterations =" << solver.iterationCounter << endl;

rowSheet.update();

setOption( "switchDes", "OFFDESIGN" );
solver.debugLevel = "ITERATION_DETAILS";
solver.diagnosticFile = "solverOffDes.out";
solver.clear();

autoSolverSetup();
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solver.addindependent("ind_Wfuel™);
solver.addDependent(dep_Fn");

Fn_req = 0.95*15819.426727751; // run the first off-design point
run();

rowSheet.update();

Fn_req = 0.90*15819.426727751; //run another off design point
run();

rowSheet.update();

rowSheet.display();

Commands such as solver.debugLevel, solver.diagnosticFile, solver.converged
and solver.iterationCounter, simply provide users with more information about the
iterations and convergence of the code, whereas autoSolverSetup ensures that the default
setup of the selected simulation mode is set. As previously mentioned, this command sets
the default dependent and independent variables of the objects that have the attribute
autoSetup set to TRUE, ensures power equilibrium on the shaft and is often used when
different simulation modes take place in the same model, such as in our case where we
have a Design mode followed by an Off-Design mode.

Changing the requested thrust on Off-Design mode will generate a new Off-Design
operation point. Note that users can run multiple Off Design points simply by setting
different values to the desired variables. There are other ways to run multiple Off-Design
points as well. The simplest one would be to change manually the value of BrnPri.Wfuel
(or any desired variable) each time and then execute the code. However, when a large
number of Off-Design points are simulated this method is not suggested as it is very time
consuming. Usually, a do-while loop is used in cases such as this one and it is the fastest
and simplest way of exporting a large amount of data from different simulations. A possible
example is presented below:

BrnPri.Wfuel = 0.2 "kg/sec";
do {

run();

rowSheet.update();

BrnPri.Wfuel = BrnPri.Wfuel + 0.2;
} while (BrnPri.Wfuel<=2);
rowSheet.display();

Finally, the command rowSheet.update(); serves to export the results of the
simulation using the view file specified in the beginning of the model, whereas
rowSheet.display(); prints user information, the version of the program and date and time
of the simulation on the output file.
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8.1.3 Results Comparison

As already mentioned, firstly a design point is simulated to calculate map scalars.
The boundary values selected for this simulation are presented in the following table.

Table 8.1 Turbojet design point input data

Flight Altitude [ft] 38000
Mach Number 0.8
Inlet mass flow [kg/s] 100
Inlet PqP 0.995
Compressor pressure ratio 25
Compressor efficiency 0.9
Duct dPgP 0.002
Burner efficiency 0.98
Burner dPgP 0.05
Turbine efficiency 091
Mechanical speed [rpm] 10000
BETA parameter 0.33
ZETA parameter 0.74
R-line parameter 2.0
PR-line parameter 4.96
Requestet Thrust [KN] 70.368

In the following figure, the design point percentage differences for various cycle
parameters are presented.
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Figure 8.3 PROOSIS-NPSS turbojet cycle percentage differences at design point



Turbojet 8.9

Notice that differences are well within 0.05%, whereas the maximum difference
in design point is located in the burner total exit temperature, equal to 0.47%, as seen in
Figure 8.3. Small differences in the burner component can in turn affect slightly the
performance of the downstream turbine.

Following, an off-design analysis was performed in each program, where an
operating line of 18 points was simulated by varying the requested thrust (100+15 % of the
design thrust by 5% increments). Figure 8.4 shows the maximum, minimum and average
percentage differences between PROOSIS and NPSS. For all cycle parameters, the
differences are within 0.05%o, as well. It is also important to mention that the maximum
difference observed is 0.047% for the total exit temperature of the burner component.
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Figure 8.4 PROOSIS-NPSS turbojet cycle percentage differences at off-design

It is important to mention that the larger differences observed in the Turbojet
model, compared to the ones found in component level comparisons, can be attributed to
differences in the map parameters as mentioned in paragraph 5.3. Due to differences in the
range of map parameters of each program, the resulting operating points that each program
produces when the engine balance is completed differ, which in turn creates differences in
the performance of each engine component. However, these differences are very small in
all cases, lower than 0.05%.

Figure 8.5 compares the performance of PROOSIS and NPSS models in terms of
specific fuel consumption and mechanical speed against net thrust FN. The maximum
difference is that of SFC at 0.02%.
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Figure 8.5 PROOSIS-NPSS turbojet main performance parameter comparison

8.2 Turbofan

The process to create a Turbofan model in both programs is similar to the one used
in the Turbojet case, only with a few additions; however, it is fairly simple to do so.

8.2.1 PROOSIS

Having already completed models for individual components and for a Turbojet
engine as well, users can easily create a new Turbofan engine model just by adding a Fan
component and another Turbine. Note that there are a number of different modelling
solutions and assemblies for a Turbofan engine, however in this case we will use a model
based on the modeling philosophy of NPSS. We should always keep in mind that the
purpose of this report is to compare not only the modeling philosophy of each program,
but the simulation results as well, meaning that identical engine models must be used in
each program.
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Figure 8.6 Turbofan schematic in PROOSIS environment

PROOQOSIS provides users with a number of different Fan components, in which the
flow is divided into two streams and different pressure ratios on each stream can be applied.
However, as previously mentioned there is no specific fan element in NPSS, only a
compressor one where the map differentiates its performance. This imposes great
differences in the modeling of a Turbofan engine between the programs, as the fan element
in NPSS does not split the flow nor can apply different pressure ratios on each stream. The
NPSS modeling philosophy requires a splitter element that divides the inlet stream, a fan
element to apply the pressure ratio on the by-pass stream and finally a low pressure
compressor/booster where the corresponding fan core pressure ratio is incorporated into.
More about the NPSS model will be discussed in the following paragraph.

To create an identical model layout in PROOSIS at first a simple splitter
component had to be created, as it was not included in the TURBO library. Additionally,
a compressor component was used to model the fan section for the by-pass stream,
similarly to NPSS, followed by the booster.

At first an experiment is generated and then a Design point is simulated to calculate

the maps scalars, followed by the Off-Design points. Finally, results are exported on the
monitor window of the program.

8.2.2 NPSS

The NPSS corresponding model for the Turbofan model presented above can be
seen in the image below:



8.12 CHAPTER 8

Figure 8.7 Turbofan schematic in NPSS

Having already presented the instantiation of each individual element and the
building process of the Turbojet engine model, it is now very simple to create a Turbofan
model. The only addition in this case is the implementation of the splitter element.
However, it is considered important to present the Turbofan code, as a few different
programming options are shown. The code of the Turbofan model can be seen below. Note
that this model is based on the one created by P. Johnson for the NPSS Training Module
[26].

setThermoPackage("allFuel");
FlowsStation fs;

fs.switchFuelType = "JP";
#include "TurbofanViewDP.view";

Element Ambient Amb {
switchMode = "ALDTMN";
alt in=0.;

MN_in=0;
dTs_in=0.;

}// END Amb
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Element InletStart FSEng {
AmbientName = "Amb";
W_in = 317.465658;
}// End InletStart

Element Inlet InEng {
PgP_in = 0.995;
} /1 END InEng

Element Splitter SpltFan {
BPRdes =5.;
}// END SpltFan

As mentioned in the beginning of the chapter, the splitter element splits the
incoming flow into two streams, the core and the by-pass stream. Only the by-pass ratio is
required for the instantiation of this element.

Element Compressor CmpFSec {
#include "fanPRO.map";
PRdes =1.5;
effDes = 0.85;

} /1 End CmpFSec

Element Duct DBP {
switchDP = "INPUT";
dPgP_in =0.015;

} /I END DBP

Element Compressor CmpL {
#include "lpcE3.map";

PRdes =3.0;
effDes = 0.85;
} /1 End CmpL

Element Compressor CmpH {
#include "hpcE3.map™;
PRdes =10.0;
effDes = 0.85;

}// End CmpH
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Element FuelStart FusEng {

Wrfuel = 2.0;

LHV = (4.3124*10**7)*getUnitsFactor("J/kg", "Btu/lbm");
}// End FusEng

Element Burner BrnPri {
dPqP_dmd =0.05;
effBase =0.98;
switchBurn = "WFUEL";

} /1 End BrnPri

Element Turbine TrbH {
#include "hptE3.map";
effDes = 0.87;
PRbase = 4.5;

} /1 End TrbH

Element Turbine TrbL {
#include "IptE3.map™;

effDes = 0.87;
PRbase =4.5;
} /1 End TrbL

Element Nozzle NozPri {
PsExhName = "Amb.Ps";
switchType = "CONIC";

} //IEND NozPri

Element Nozzle NozSec {
PsExhName = "Amb.Ps";
switchType = "CONIC";

} //END NozSec

Element Shaft ShL {
ShaftinputPort Sh_ICmpFSec;
ShaftinputPort Sh_ICmp;
ShaftinputPort Sh_ITrb;
Nmech = 5000.;

} /1 End ShL
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Element Shaft ShH {
ShaftinputPort Sh_ICmp;
ShaftinputPort Sh_ITrb;
Nmech = 10000.;

}// End ShH

Element FlowEnd FePri { } // End FrPri
Element FlowEnd FeSec { } // End FeSec
Element EngPerf Perf { } //End Perf
Element Cycle Cycle {
EPR_numName = "CmpH.FI_O";
EPR_denName = "InEng.Fl_O";
FPR_numName = "CmpFSec.FI_O";
FPR_denName = "InEng.FI_O";

}//END Cycle

Acycle element is used in order to easily obtain overall engine performance values,
such as engine pressure ratio and fan pressure ratio.

/I Primary Hot Section

linkPorts( "FsEng.FI_O" ,“InEng FLI" - "FO™);
linkPorts( "InEng.FI_O" , "SpltFan.FL_I" |, "F020™);
linkPorts( "SpltFan.FI_O1" ,"CmpL.FL_I" ,"F020A");
linkPorts( "CmpL.FI_O" ,CmpHLUFLIY | "FO25™);
linkPorts( "CmpH.FI_O" |, "BrnPri.FI_I" ,"F030");
linkPorts( "BrPri.FI_O" , "TrbH.FL_I" , "F040");
linkPorts("TrbH.FI_O" , "TrbL.FL_I" , "F045™");
linkPorts( "TrbL.FI_O" , "NozPri.FI_I" ,"F050™");
linkPorts( "NozPri.FI_O"  ,"FePri.FL_I" ,"F090");

[/l Fan duct section
linkPorts( "SpltFan.FI_O2"  ,"CmpFSec.Fl_I" "F120");

linkPorts( "CmpFSec.FI_O" ,"DBP.FI_I" ,"F130™);
linkPorts( "DBP.FI_O" ,"NozSec.FI_I" ["F170");
linkPorts( *NozSec.FI_O" S"FeSec.FL_I"  ["F190™);

/I Link Fuel Ports
linkPorts( "FuskEng.Fu_O" SBrPricFu 1™ "Fu_In™);
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/I Link Shaft Ports
linkPorts( "CmpFSec.Sh_O" ,"ShL.Sh_ICmpFSec" ,"MeCmpFSec");

linkPorts( "CmpL.Sh_O" ,"ShL.Sh_ICmp" ,"MeCmpL");
linkPorts( "TrbL.Sh_O" S'ShL.Sh_ITrb" ,"MeTrbL");
linkPorts( "CmpH.Sh_O" ,"ShH.Sh_ICmp"  "MeCmpH");
linkPorts( "TrbH.Sh_O" ,"ShH.Sh_ITrb" ,"MeTrbH");

Since the splitter produces two separate flows, it has two output fluid ports to be
linked accordingly. One port will be connected to the inlet of the oncoming core element
whereas the other port will be connected to the by-pass stream. The output ports can be
seen above under the name FL_O1 and FL_O2.

At this point, new solver variables will be created, as well as custom dependents,
independents and constraints.

real Fn_req = 10000;

real NmechL_max = 5200;
real NmechH_max = 11000;

Independent ind_Wfuel{
varName = "FusEng.Wfuel";

Dependent dep_Fn {
eq_lhs ="Perf.Fn";
eq_rhs ="Fn_req";

/I Solver Constraints

Dependent dep_NmechL_max {
eq_lhs ="ShL.Nmech";
eq_rhs = "NmechL_max";

Dependent dep_NmechH_max {
eq_lhs ="ShH.Nmech";
eq_rhs = "NmechH_max";
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dep_Fn.addConstraint( "dep_NmechL_max", "MAX");
dep_Fn.addConstraint( "dep_NmechH_max", "MAX");

Note that the solver constraints are created as dependents, as mentioned in previous
chapters.

The next step is to set-up the design run. We can follow the same process described
in the Turbojet model; however, it would be beneficial to present another programming
option which is highly preferable when using multiple files.

/I Setup the Design Run
void setupDesign(){

setOption(""switchDes", "DESIGN");
setOption( "solutionMode", "STEADY_STATE");

solver.debugLevel = "ITERATION_DETAILS";
solver.diagnosticFile = "solverDes.out";

autoSolverSetup();

solver.addindependent("ind_Wfuel™);
solver.addDependent("dep_Fn™);

dep_Fn.useConstraints = FALSE; // Turn off the constraints during design mode

The void command creates a function that can be called at any part of the code the
user desires. It is common to set the design and off-design run using a void command in a
different file than the model, which can be later used when running the code. This serves
greatly for organization purposes and to simplify the code. For example, one can use a file
to store the engine model code, another file to store custom functions and inputs and finally
another file where the execution of the code is done. Note that in the last file a command
to include all other files must be issued.

setupDesign(); //execute the setupDesign function

run();

cout << "Solver converged (1 =yes, 0 =no) ? =" << solver.converged << endl;
cout << "lterations =" << solver.iterationCounter << endl;

rowSheet.update();

rowSheet.display();
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void setupOffDesign(){
setOption("'switchDes", "OFFDESIGN");

solver.debugLevel = "ITERATION_DETAILS";
solver.diagnosticFile = "solverDes.out";

autoSolverSetup();

solver.addindependent("ind_Wfuel™);
solver.addDependent(dep_Fn");

dep_Fn.useConstraints = TRUE;
}

Fn_req = 9000;
run();
rowSheet.update();
rowSheet.display();

At this point multiple off-design points can be simulated by varying the requested
thrust.

Other Turbofan modeling options

As previously mentioned there are many different engine architectures depending
on the application and the manufacturer. The architecture most commonly used can be seen
in the image below, which uses two compressors and two turbines. The splitter in this case
is placed after the fan element which ensures that the fan pressure ratio will be applied to
both the core and by-pass stream.

Fan Flow
i Duct End

Figure 8.8 NPSS Turbofan modeling option 1, [26]
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Another modeling option can be seen in the following image. In this case the
splitter element is also placed after the fan element and is the simplest engine model,
compared to others presented here.

Figure 8.9 NPSS Turbofan modeling option 2, [26]

Finally, the last modeling option in NPSS can be seen in the figure below. In this
case different pressure ratios in the core and by-pass stream can be applied using two fan
elements, one for the core and on for the by-pass.

‘ Fan ID/OD Method

Figure 8.10 NPSS Turbofan modeling option 3, [26]
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8.2.3 Results Comparison

As in the turbojet case, similarly here a design point calculation was set to calculate
map scalars. The same input data were set in both programs and are presented in the
following table:

Table 8.2 Turbofan design point input data

Flight Altitude [m] 0
Mach Number 0
Inlet mass flow rate [kg/s] 144
Inlet PgP 0.995
Fan pressure ratio 15
Fan efficiency 0.85
By pass ratio 5
By pass duct dPqP 0.015
LP Compressor pressure ratio 3
LP Compressor efficiency 0.85
HP Compressor pressure ratio 10
HP Compressor efficiency 0.85
Burner efficiency 0.98
Burner dPgP 0.05
HP Turbine efficiency 0.87
LP Turbine efficiency 0.87

HP shaft mechanical speed [rom] | 10000
LP shaft mechanical speed [rpm] 5000

Requested Thrust [kN] 44.482
Fan BETA parameter 0.473684
HPC BETA parameter 0.33
LPC BETA parameter 0.33
HPT ZETA parameter 0.74
LPT ZETA parameter 0.59
Fan R-line parameter 1.789474
HPC R-line parameter 2.0
LPC R-line parameter 2.0
HPT PR-line parameter 4.96

LPT PR-line parameter 4.36
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The percentage differences for various cycle parameters of the simulation are

presented in the following figure.
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Figure 8.11 PROOSIS-NPSS turbofan cycle percentage differences at design point

Notice that at design point minor differences are similarly observed as in the case

of the Turbojet engine, whereas the maximum difference is 0.035% for the burner total

exit temperature.

A parametric case is then set varying the desired net thrust (100+21 % of design

point desired thrust), producing an operating line of 21 points. Figure 8.12 shows the
maximum, minimum and average percentage differences between PROOSIS and NPSS.
For all cycle parameters, the differences are within 0.05%, whereas the maximum
difference is similarly located in the burner total exit temperature, equal to 0.041%.
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Figure 8.12 PROOSIS-NPSS turbofan cycle percentage differences at off-design

As in the Turbojet case, similar differences are observed here, which can be

attributed to differences in the map parameters as previously mentioned.
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Figure 8.13 compares the performance of PROOSIS and NPSS models in terms of
specific fuel consumption against net thrust FN. The maximum SFC percentage difference
is 0.01% at the last off-design point.
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Figure 8.13 PROOSIS-NPSS turbofan main performance parameter comparison
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Figure 8.14 PROOSIS-NPSS turbofan mechanical speed comparison

Figure 8.14 compares the performance of PROOSIS and NPSS models in terms of
mechanical speed against net thrust FN. In both occasions, differences are below 0.01%.
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8.3 Turboshaft

8.3.1 PROOSIS

In this case, a complete Turboshaft engine model was used from the
TURBO_VALIDATION library. An experiment is generated and then a Design point is
simulated to scale the maps, followed by the Off-Design points through a Parametric
calculation. Finally, results are exported on the monitor window of the program as in the
previous models.

eSHP

Gear

Figure 8.15 Turboshaft schematic in PROOSIS environment

8.3.2 NPSS

An identical model to the one described above was also created in NPSS. The
building philosophy is very similar to the other engine models; however, in this case it is
required to add a few calculations in the code, as there is no element in the included library
to simulate the performance of this type of engine.

The first difference to the engine models previously presented is that in this case
there is a free power turbine and shaft. The instantiation of the shaft element is different,
as it requires the power extraction from the shaft to be given, as seen below:

Element Shaft ShFP {
ShaftinputPort MeTrbFP;
HPX =2000; /Nalue in horsepower
Nmech = 20000.;
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The major difference in the code of the turboshaft model is the modified EngPerf
element. As mentioned earlier, users can modify the source code or even create their own
elements. However, it is also possible to modify an element inside a model file as presented
below. Users can easily create their own variables and add the necessary equations. Note
that the command void postexecute() is a member function that allows modification of an
element in the specific model, diminishing the need to access the source code. This member
function command will allow users to override variable values, add custom calculations
and compute extra attributes not calculated by the standard library element, after the default
calculations have been completed. This modification is used only in the specific model and
is not applied to all similar elements found in other models.

Element EngPerf Perf {

/I Additional inputs

real gearRatio {
value = 0.3; IOstatus = INPUT; units = RPM,;
description = "Gearbox ratio™;

/[ Additional outputs

real N1 {
value = 0.; 10status = OUTPUT,; units = RPM;
description = "High pressure shaft speed”;

}
real N2 {
value = 0.; 10status = OUTPUT,; units = RPM;
description = "Free power turbine shaft speed";
}
real ND {
value = 0.; 10status = OUTPUT,; units = RPM,;
description = "Output Speed";
}
real Q {
value =0.; 10status = OUTPUT; units = FT_LBF;
description = "Free power turbine actual shaft torque™;
}
real SHP {
value = 0.; 10status = OUTPUT,; units = HORSEPOWER;
description = "Free power turbine actual shaft power";
}

real BSFC {
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value =0.; 10status = OUTPUT; units = LBM_PER_HR_HP;
description = "Brake specific fuel consumption”;

}

real effth {
value = 0.; 10status = OUTPUT,; units = NONE;
description = "Thermal efficiency";

}

/I Additional calculations
void postexecute() {

effth = ShFP.pwrin*getUnitsFactor("hp", "W")/
(BrnPri.Wfuel*getUnitsFactor("lbm/sec”,"kg/sec™)*4.3124*10**7);

// Machine speeds

N1 = ShH.Nmech;

N2 = ShFP.Nmech;
ND = N2 * gearRatio;

/l Torque
Q = ShFP.trqgln;

I/l Power
SHP = ShFP.pwrin;

/I Specific fuel consumption
BSFC = (BrnPri.Wfuel / SHP) * C_HOURt0oSEC;

}
} //END Perf

The port linking commands are similar to the ones from previous models and have
already been presented. Hence, this part of the code does not need to be presented. Note
that since there is not a gear element in the library and is user created within another
element in the model code, it does not have any ports to be connected.

8.3.3 Results Comparison
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First a design point followed by several off-design points was calculated. Design
point input data can be seen in the following table:

Table 8.3 Turbofan design point input data

Altitude [m] 0
Mach Number 0
Inlet mass flow [kg/s] S
Inlet PgP 0.995
Compressor pressure ratio 15
Compressor efficiency 0.858
Burner FAR 0.0192
Burner efficiency 0.995
Burner dPgP 0.025
HP Turbine efficiency 0.913
Free power Turbine efficiency 0.915
HP shaft mechanical speed [rpm] 40000
FP shaft mechanical speed [rpm] 20000
Power derived from the FP shaft [kwW] | 1619.386
Gear ratio 0.3
Gear efficiency 1
HPC BETA parameter 0.33
HPT ZETA parameter 0.74
FPT ZETA parameter 0.59
HPC R-line parameter 2.0
HPT PR-line parameter 4.96
FPT PR-line parameter 4.36

The percentage differences for various cycle parameters of the design point
simulation are presented below, where differences are well within 0.01%.
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Figure 8.16 PROOSIS-NPSS turboshaft cycle percentage differences at design point

A parametric case is then simulated varying the power extracted from the free

power shaft, producing an operating line of 31 points (1619+450 kW). Figure 8.17 shows
the maximum, minimum and average percentage differences between PROOSIS and
NPSS. For all cycle parameters, the differences are within 0.01%. It is also important to
mention that the maximum difference observed is that of the free power turbine total exit
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Figure 8.17 PROOSIS-NPSS turboshaft engine cycle percentage differences at off-design

Figure 8.18 compares the performance of PROOSIS and NPSS models in terms of

specific fuel consumption SFC and thermal efficiency Eth against shaft power delivered
PWSD. The maximum SFC percentage difference is 0.06% and the maximum thermal
efficiency difference is 0.06% as well.
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Figure 8.18 PROOSIS-NPSS turboshaft main performance parameters comparison

producing the above differences, however they are very small (<0.1%).

As in previous cases, similarly here, only small differences are observed and can
be attibuted to differneces in the map parameters as previously mentioned. Differences in
the range of the map parameters can produce different parameter values during
calculations, which in turn place the operating points on slightly different positions, thus




9 SUMMARY AND FUTURE WORK

PROOSIS and NPSS are very powerful commercial software, offering a wide area
of applications and are continuously expanding their abilities to meet the industrial and
customer needs. Through the work conducted for the purpose of this diploma thesis, we
learned how to operate NPSS. Then, we created not only component, but complete engine
models as well and compared the simulation results against the corresponding PROOSIS
models. From this comparison we can see that the modeling philosophy of the two software
is similar and that differences are below 0.1% in all cases, which leads us to the conclusion
that as far as thermodynamic calculations are concerned, the two programs are identical.
Minor differences produced mainly at engine level calculations can be attributed to
differences in the map parameters. As previously mentioned, due to the different range of
the map parameters between the programs, the resulting parameter values during engine
simulations also differ slightly. This means that when each program balances its engine
cycle, the corresponding map parameters differ which in turn places the operating points
on a slightly different position on the map. This in turn creates small differences in the
performance of the engine, however they are very small. Another possible source of
differences are the computational methods. More specifically, different interpolation
methods for the fluid model file, can in turn create small differences as far as the burner
performance is concerned, adding up to the differences produced from the map parameters.
Finally, minor differences could also be attributed to different solver tolerance between the
programs.

As mentioned in the introduction, the purpose of this report is to serve as an initial
step to a possible future interface between NPSS and PROOSIS. Connecting these two
programs is a high industry demand, as it will facilitate the communication between engine
manufacturers, especially in cases where different companies, that operate different
software, develop different parts of the same engine. Having familiarized with the NPSS
modeling philosophy and its programming environment and having learned how to
program NPSS, the next step would be to develop an interface between the programs. One
possible idea, would be to interface the two software at source code level. This means that
the code of one program would be converted in such a way that it can be processed by the
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other. For example, PROOSIS is capable of exporting the source code not only for a
component, but for a complete engine model as well in C++ programming language, the
one that NPSS is based on. Another possible idea, would be to interface the programs
through deck generation. Decks are compiled and standalone executable programs that can
be used by external programs (such as Excel) as a black box, only by providing specific
inputs. Both PROOSIS and NPSS are capable of deck generation. This means that for
example, an NPSS deck for an element or even a complete engine model could be created,
which would be later called and executed as a black box in PROOSIS and vice versa.

Finally, since both software are thermodynamically equal and the only major
difference between them are the performance maps, it would also be possible to simply
modify the current PROOSIS components such that they can read and operate with NPSS
maps (i.e. R-line and PR-line maps).



10 EKTETAMENH NEPIAHWH
(EAAHNIKA)

H ocvveyng eEEMEN ™G aepodlas TG Bropmyaviag ovarykKAalel TOVG ETGTILOVES
va eEomAilovtal pe to KAtdAANAo €PYOAElD MOTE VO, GUVEYICOVV VO TPMTOTOPOVV LE
Kovotopeg Avoelg otov topéa toug. To PROOSIS kot to NPSS givor 600 Aoyiopkd
TPOCOLOIMONG LE LEYAAO EVPOG OLVATOTHTMV KO EQAPLOYDV, IO10LTEPOS GTOV TOUEN TMV
Oeplk®V GTpoPAoUNaVAOY, Kol €Vl TO KUPLopyo AOYIGUIKA 7TOL YPNCILOTOLO0VTOL
onpepo amd peydleg etanpeieg mapaymyng aepomopikadv kivntnpmv. To NPSS sivat éva
Aoyiopikd wov dnovpyndnke amd v NASA kot ypnoyoroteiton kuping otic Hvopéveg
[ToAteiec. Avtifétmg, to PROOSIS dmpovpynnie kot ypnoyonoteiton katd kopto Adyo
omv Evpdnm. TToAAég kotaokevdotpleg etanpeieg ypnoylomolovy &va omd to. dvo
TPOYPAUILOTO, OCTOCO VIAPYOVV TEPUITAOGES OMOL Ol £TOlpeieg PEAN Kot TV 00O
KOWOTPa&1dv YPNCILOTOOVV KoL TO SVO AOYIGUIKA, KATL TO 0010 dNtovpyel SVGKOAIEG
Wwitepa 0€ GLVEPYATIKA £PYa OTTOL 0 KAOE KATAOKEVOOTNG GLUPAAAEL GE SLOPOPETIKO
pépog Tov kivntnpa. Eropévac, xpnlet wiaitepov evolapépovtog pia mhovr) dtacivoeon
aVTAOV TOV 000 TPOYPUUUAT®V, BEATIOVOVTAS GUYYPOVMS TV EEMEN TOV 0EPOTOPIKMOV
Kwnmpov. H mapovca dummhopatikny epyacio arotedel 10 mpmdto Prpa otn erhocopio
o VLVOEGNG TV AOYICUIK®V, TOPOLGLALOVTOS LK AVUAVTIKY] GUYKPLoN HETOS) Twv 600
aUTOV TPOYpoppdTeV, dtvovtag ®motdco peyorvtepn Eueacrn oto NPSS, xabog to
PROOSIS ypnoyonoteitor 1om €d® kor ypdvia g to Pacikd Aoyispukd oto Epyactiplo
Oeprkdv Ztpofrrounyovov tov EBvikod Metoofiov [ToAvteyveiov. Apyucd Oa yiver pia
mapovciocn Tov oVvo Aoywouikev. Emeita, Bo mapovciactel oavoAvtikd o Tpdmog
OMUovpYiag LOVTEA®Y TOGO Y10 TIG OLPOPES CLUVIGTAOOCES LG GTPOPIAOUNYOVIG, OGO Ko
YL OAOKANPOVE KIVIITNPES, £TCL MOTE VO, YIVEL TEPIGGOTEPO KOATAVONTH 1| QPLA0GOPIa
LOVTEAOTTOINGNG OALA KOl VO EVTOTIGTOUV TUYOV SLOPOPES OE EMIMEDO TPOYPOLLULATIGLLOV
petod tov 8vo. Xto TéAOC, 00 TOPOLGLUGTOVV OVOAVTIKA TO OTOTEAECUOTO TMV
TPOGOUOIMCEMY Kot Oa Yivel cUYKpIom HeTadd avtmv. Akopa, ailel va avaeepBei 0Tt yio
TNV GUYKPIoN TOV AOYICHIKAOV Ol EKOOGELS oV ypnoiporomdnkay etvar PROOSIS 3.10.0
kot NPSS 2.8 student version.
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10.1 Eicaywyn

H gpappoyn vémv teqvoloyldv oty 0epodtactniukn Propnyavia yiveton oAoéva
Kot o damavnpn, KaBdg amaitel dokipn, aS0AGYNoN Ko TANPN TIGTOTOINGT KV THpmV
TANPOVG peYEBOVG, €101 DOTE UEAETMOVTOL TANP®G Ol OAANAETIOPACELS METAED T®V
SAPOPOV GLVICTOCHOV.

Ta Loylopikd TPOGOUOimoNG TPOGPEPOLY GTOVG UNYOVIKODS TV duVaTOTNTA VO,
ONuovpyoblv  TOWKIAG HOVIEAD GULOTNUAT®OV KOl GLVICTOO®V, 1O0ITEPO  TMV
aeplooTPoPilav, kon va a&loAoyolV VEEG 10EEC OTIG OPYIKES PAGELS TOL GYEOLAGLOD.

‘Exyovv emiong empéyer v aflohdynomn Aetovpylkdv mpofANUATOV HEGH
VTOAOYIOTIKOV ~ TPOGOUOIMCE®Y, EWIKO OE TMEPWTAOOES TPOPANUATOV — TTOV
avtetonilovion oe ovvinkeg ov omoieg Ba MTov SVOKOAO Vo TPOGOHOIWOOLV
TEPOUOTIKA. To TPOYPAUUOTE OVTO EXETPEYOV CMUAVTIKE TNV UEIMON TOL KOGTOLG
avantuéng kot aloAdynong mov KAmoTe amoutovviay, AOY® T®V ETOVOAAUPAVOUEV®V
SOKILMV Kol ETOVICYEIOGUMY TPOTOVIMOV HEYOIANG KAILOKOG.

H o@peviipnc mpdodog mov onueldvetal to TeEAevTaio ¥pOvic. GTNV VITOAOYIGTIKN
UNYOVIKY], G€ GLVOVLAGUO pHE TNV Toyeion avnom TG LTOAOYIGTIKNG 10Y(VOG Kol TNg
TOPOAANANG ene&epyooiag, EXEL KATAGTNOEL TO, LOVTEAD OVTA 1O10MTEPWMS LOYLPA KOl E£XEL
EUTAOVTIGEL TIG SLVOTOTNTEG TOVG KOt TV TGTOTITA TOLG GT GUGYETIOT TPOCOUOIOUEVOV
KO TPOAYUATIKAOV GLVONK®OV Agttovpyiog.

Ta kuplopyo epmoptkd Aoy HIKd TPOGOUOIMONG KIVITHP®V AePLOSTPOBIA®Y TOV
YPNOOTOOVVTOL €M1 TOL TOPOVTOG OO PEYAAOVS KOTOGKELOGTEG KVNTHP®V €lval TO
PROOSIS kot To NPSS.

To PROOSIS ypnoyomoteiton kupiog otnv Evpmnn eivar 1o facikd epyareio Tov
Epyaotmpiov Ogpuikdyv Zrpofrlounyavov, evd 1o NPSS, mov avartoybnke omd
NASA, ypnowonoteiton otic H.ITA. kaBmg kon og dAleg yopes. Aappdvoviag wotdco
vdyn o0t o NPSS amotedel éva véo Aoyiopko yua 1o gpyactiplo, | €ékBeomn avtn O
dMoeL £UPaon oTig SuVATOTNTES Kot T PAoco@ia poviedomoinong tov NPSS.

To NPSS &yet ypnoyomomPei o€ peydro apbpd épymv gite g 10 KHPLO epyodreio
elte Oyt Yo Topadetypa £ el xpNoUomom el yio I TPOCOUOIMGELS TOL ETOVOUALOUEVOL
Nuclear Thermal Rocket (NTR), n onoia givot pio tegvorloyio 1oV apopd ETavopmUEVEG
anootoléc otov Apn. Emiong, €xet ypnoywonomPel yio 514popo LOVTEAN SLUGTIUIKNG
TPOWONG, Y10 TPOGOUOIWOT) avappOPNCNS TOV OPLOKOV GTPMUATOS Kol BEATIoTOTOINON
TOV GYNLLOTOG EIGOO0V GE KN THPOL VOGS LPPOIKOD aepockdpovs N2B. EmmAiéov, £xet fpet
EPAPUOYN MG EMAVTNG o€ Bdlopo Kavong Kivnmpo scramjet, 6rov n pon oto Bdrauo
KaHoNG tvor VIEPNYNTIKN Kot TEAOG Y10 TV OVATTLEN LOVIEA®MV KIVNTIP®V 0VOIKTOV
pOTOPOL.

Ta tedevtaia xpovia dSieEnydnoav exteveic HEAETES Yo TV avaTTLEN VRPWIKEOV
OALG KO TANP®G NAEKTPIKOV CLOTNUATOV TpoOmong pe v xpnon tov NPSS. Néeg
TEYVOAOYIEC, OMMG TO. GLGTNUATO TPOWMONG YO AEPOCKAPT KADETNG avOY®ONG £XOVV
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avantuydel opoimg pe to NPSS. Télog, akoAovBmvtag tnv Tdon yio petdfacn o TANpmS
NAEKTPIKA CLGTHHOTA, EXOVV aVOTTLYOEl TOAAEG NAEKTPIKES GUVIGTMGES, EVM OVTIGTOL 0L
HOVTEAQ, pataptdv Oo avartuyfodv cuvTOU®C.

Qo1060, TPENEL va. avapepPel OTL | TAELOVOTNTO TOV ETALPEIDY YPTCULOTOIOVV
HOVO TO £voL 1 KOO KO TOL 00O TPOYPALLATO GE TEPUTTMGCELS TOL EIvol LEAN Kol 6TLG dVO
kowonpaties Avtd etvar WuTépmc onuavtikd, €WIKE oe €pyo OmoOv Ol0POPETIKOL
KOTOOKEVOOTEG GUVELGQEPOVY GE OLOPOPETIKA LEPN TOV {10V KvnThpa, Kabdg avtn
otiyun dgv etvan dvvatov 1o NPSS vo emeepydleton apyeia tov PROOSIS kot
avticTpoa.

Avt 1 epyocio emtyelpel va evTOmicEL Kot Vo aEL0OA0YNOEL TIG O10pOopEG LETAED TmV
S0 TPOYPAUUAT®OV G TPOG TOVG VIOAOYIGHOVS Kot o Ogppodvvapkd moketo, Kabmg
EMIONC KO TIS OLOPOPEG GTN ONUIOVPYIN KO TV TPOGOUOIMCT) GCUYKEKPILEVMV LOVTEA®DV
OEPOTOPIKAV KIVITIPOV.

generators

turbofans with -/ 3500 hp tail-cone
2000 hp motor thruster
/

v : _;*’l

\
\ ‘ I \
Electrical power
"\ transmission cables

/\

Arrogery

Eikéva 10.1 E@appoyég Tou NPSS
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10.2 Mepiypaen AoyioHIKwV

10.2.1 PROQOSIS

To PROOSIS (Propulsion Object Oriented Simulation Software) eivor éva
OLTOVOLO KOl ELEAMKTO OVTIKEWWEVOSTPAPES TEPPAAAOV  TPOGOUOIMONG Yo TNV
LLOVTEAOTOINGT OLEPOTTOPIKMV KIVNTHP®V Kol GAA®DV GLUGTNUATOV, OTMG Y10 TAPAOELY L0
eLEYYOV, NAEKTPIKA, OEPLIKA, VOPOVAIKE KoL UNYOVIKE GUGTARATO. APYUKA avorTTOYONnKE
010 mAoicto Tov evponaikod wpoypdupotos VIVACE (Value Improvement through a
Virtual Aeronautical Collaborative Enterprise) om6 pio xowompa&io gvpomaikdv
TOVETICTNUIOV, EPELVNTIKAOV 10PVUATOV Kol WOTIKOV gtanpeldv. Eivon faociopévo oto
EcosimPro, éva epyaieio mpocopoimwone mov avomtdydnke omd tv Empresarios
Agrupados Internacional S.A., to omoio givat kat To Pactkd TPOYPULLLO TOL ¥PNCULOTOLEL
N Evponaikn Awomuwr] Yanpeoioa yia v avémtuén TUpOvAKAV GUGTHUATOV,
nePPaAlovTiKd EAeyyo Kat peAétn cuotnudtemv vrootpiEng Come. To PROOSIS 6wabétet
Oheg Tig duvartdtnteg Tov ECOSIMPro, kabmg eniong kot optopéves TpodcbeTeg SuVOTOTNTES,
Ol OToieg elvol amOPOITNTES YO TNV TPOGOUOIMGT OEPOTOPIKAOV KIVITHP®V, OT®MS Y10
TOPASELYLLOL O YEIPICUOC YOPTMOV KoL 0 GXEOAGOC e TEpLoptopovs. ExumAéov, dtabétel
BPprodnkn TURBO, m omola mepihapPdvel OAeg TIC TUMIKEC GULVIOCTMOGES Yl
LLOVTEAOTOINGT) OTOLOLAINTOTE THTOL O.EPLOGTPOPIAOV.

To ev AMym mpdypoppa givor ucavo yo steady state kou transient Tpocopoldoeig
KOl ITOpovV vaL Tpory pLartorotnfovv mokilot Tumot vitoloytopmy, onwc design, off-design,
single 1 multi-point, avaAdoeig dokydv, evacinciog, TapapeTpicés, KoOmS emniong Kot
HeAETEG PeATIoTOMOINGNG, AVAALCT] OTOGTOAMY, J1dyvmoN Kol GYEONAGIOG CUCTLATOV
eLEYYOvL.

O\a ta Topomdve yopoktnplotikd, kabiotovv to PROOSIS éva yprioyo epyaieio
LE EQOPUOYEC O OAEG TIG PAGELG TOV KUKAOL (mNG EVOS KvnTipal, 0O TOV TPOKATOPKTIKO
OYEOAGLO £MG KOL TNV VIOCTNPEN KATA TN ShpKELD XPONG KO AELTOVPYLOG.

Emmpocbétmg, to PROOSIS dwabéter éva mponyuévo ypapikd mepiBdAiov kot
xpnoonotel pio yddooa vyniot enumédov (EL) yio poviehomoinon peydhov gvpovg
ocvotNUdTeV, oAAG dlvel eriong T SvvATOTNTO GTOVG YPNOTES VAL ONULOVPYTIGOLV VEES
OLVIGTAOGCEG Kot BBAL0ONKEG 1) AKOUOL KOl VOL ETEKTEIVOVV TIC VITAPYOVOEC.
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10.2.2 NPSS

To NPSS (Numerical Propulsion System Simulation) eivolr éva
OVTIKEWLEVOOTPAPES GYEOLAGTIKO TEPPBAAAOV TPOGOLOIMONG TOL EMTPENEL TNV OVATTUEN
KOl TNV &VOOUATOON HOVTEA®V TOKIA®V cvotuatov. Ot kipleg eQopuoyés Tov
AOYIGLUKOV TTEPIAAUPAVOVY EPOSIACTNIIKE GLUGTAATO (LOVTEAN EMBOCEMV KIVITHP®V
Y10 TPOWGT AEPOCKAPDYV), AVAAVGT BEPLOSVVALIK®V GLUGTNUATOV, OTMG Y10l TOPAOELY LLOL
kOkAot Rankine ka1 Brayton, avémtoén mupovlk®v cvotnudtov kol Blopunyovikn
TUTOTTOINGT Y10 TNV OLVOTOTNTO KOWNG YPNONG KOl EVOMOUATOONG HOVTEA®MVY. Apyikd
avortiydnke amd to Kévipo Epevvag Glenn thg NASA o€ cuvepyooio pe Tnv KuPBépvnon
tov H.ILA., v oaepovovanyikn Popnyovio Kot HE TOVETIGTAULO, HE OTOXO TNV
onovpyia evog eEelyévon emidTn TOL va puropet vo xpnoomomBel oe peyddo 0pog
SLOUPOPETIKMV EPYMV, O OTTOLOG VL EVOIL GUYYPOVHOG OGO TO SVVATOV TLO YEVIKOS. ApyodTepa,
N NASA petépepe tov €Aeyy0, TNV GLVTAPNOT KOL TV OVATTLEN TOL KoK o€ pia
Bounyavikn kowvompa&io. Ev téher, to 2013, o €leyyog Tov KMIWKA METOPEPONKE
amokAglotikd oto Southwest Research Institute (SwRI).

Agdopévov Ot To TPOYpOpLLLL Elvarn ETADTNG PODV, EXEL ETIOTG EQAPULOCTEL KoL GE
évav  ueyaho oplBpd pevotdv/Bepuikdv €pymv, OTMG GE GULOTHUOTO UETOPOPOC
Beppodmrag, KOKAOVG YOENG Kot avaAivon ekmoundv pnyavav. EmmpocHitng, mapéyet
OTOVG YPNOTES Eva PEYOAO €VPOG TPOTMV emidvong, Ommg yia mapaderypa design, off-
design, transient, Tapapetpikn ovdAvon Kot aveAVGT) TTOGTOANG.

H Jwobvdeon tov mpoypdupatog yivetar pécw €vog moapabipov EVIOAGDV
(command window), 6mov kafopilovtar to opyeion €1GO00L Yo TNV EKTEAECT] TOV

TPOGOUOLDGEDV.

[+ Administrator: NPS5 2.8 EMI 12.0.0

C:“NPSS_.EMI.12.8.8>

Eikéva 10.2 MepidaAAov Tou NPSS

H onmovpyio evog poviélov pmopel vo  OAOKANPpwOEl ypNoYLOTOIDOVTOC
onowovonmote enetepyaot kewévov. AAlmote, to NPSS etvar faciopévo o yAdooo
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wpoypoppatiopod C++, kATl T0 0m0l0 SIEVKOAVVEL TV OVOYVOGLOTNTO EVOG LOVTEAOV
HEG® TNG TAELOVOTNTAG TMV EMEEEPYACTMV KEWUEVOUL.

Onowodnmote povtéAo pmopel  va  onuovpyndel  ypnowonolmviog  Evav
enelepyaoTn KEWEVOL, TIG eVoOpATOUEVEG Oepuoduvouikés Pacelc dedouévav Kot
B1pAoONKeS GUVIGTOO®V TOL TPOYPALUUATOC.

O ypotg umopet va dMuovpyncel £va LOVIEAO OTOLOVONTOTE OEPOTOPLKOV
KIVNTAPO. XPNCILOTOLDVTOG oTolyEia, mov ovopdlovtan elements, kot pvOuilovtag to
TEYVIKA YOPOKTNPLOTIKA TOL Kabopilovv v amddoon tove. TENOG, mpémel va GUVOEGEL
OLeG TIG oVVIOTMOGEG PeTAED TOVG, HEGM TV evioddv linkPorts. Enpavtikd erxiong, givol
va avagepBel 6Tt 10 NPSS glvar gvéhkto, mapéyoviag otovg ypnoteg Tpocfacn oTov
KOO0 TG KAOE GLVIGTMOGOS, EMTPENOVTAS GUYYPOVMS TNV dnpiovpyio VEwV ototyeiwy,
OALG Kot TNV TPOTOTOINGT T®V 101 VILOPYOVIMV.

‘Exovtag olokAnpmoel £vo poviélo, o xpnotng propel mAéov va kabopicel To
TPOPAN U TPog emidvon, va emAéEet Beppoduvapkd Takéto, va kabopicel Toug 6TdoVS
KOl TEPLOPIGUOVG Kol TEAOG VO XPNOLUOTOMGCEL TIS OLTOMOTEG 1 OKOMO Kol
TPOCAPUOCHEVES puOpLicelg Tov emdv (Solver).

e amAd povtéla, ol xpnotes pmopovv vo kabopicovv to poviélo g €va eviaio
apyelo. Xe HeYoAOTEPO, KOL TOAVTAOKOTEPO GLCTNLOTO, (OGTOCO, EIVOL YPNOIO VAL YIVETOL
xPNoN TOAAOTA®DV Egxwplotdv apyxeiwv ta omola Katapepilovv TOV KOOKO KoL
ouupdirovy oty opydvmon. Ot Tomot apyeimwv mov YpNoIorolovvTal GLVNB®S eivat o
axoAovdot:

.run: 1o kvpimg apyeio tov poviéhov, péca oto omoio kabopilovion OAa to emmALOV
apyeio Tov VYOV B ypnoomonbovy, to BeprodvvopuKd TAKETO, Ol WOIOTNTES TOV
PELGTAOV Kol TEAOG Ta apyeia EGJ0V.

.mdl: mepiéyel Oleg TIC GUVIOTMOOEC KOL TL OLHCLVOEGELS TOL  OTELTOVVIOL Ko
AVTUTPOCOTEVOVY LOVTELO EVOG PELGTOV/DEPIKOD GLGTILOTOC,.

Ant or .dlIl: Tepiéyer Gheg Tig umyavoroyikég peBoS0Vg OAMV TV GTOYEIDY TOL LOVTELOV
(m.x. ovumEesTC, OTPOPIAOG).

NC: TepéyeL OAa TOL GTOLYEID TOV OTOTOVVTOL Y10 TNV OPYAVOGT) TG TPOCOUOIMGNG, OTTMG
Yo ToPAdery Lol VOl apyELD e TIC PLOUICELS TOV ETIADTY.

fnc: mepiéyer ovvaptioelg kaboplopévec omd TOV YPNOTN Yoo TNV VLAOmOINoM
TPOCUPLLOGLEVMV VITOAOYIGUMV.

view: kobopiler ta opyeion ota omoio Oa yiver M eaywyn TV OedOUEVOV NG
TPOGOUOIMONG He TV emBountn Stdtasn.
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Téhog, a&ilel va avapepOel 0TL Ta dedopéva e£600v popovv va eppavifovron eite
0710 TopAbvpo EVIOA®V, gite va amobnkevoviar ce éva mpokabopiopévo apyeio. Ta
dEJ0UEVOL LTTOPOVV VOL TAPOVGTALOVTOL UE TN LOPPT) GTNADV 1 YPOLULDV, YPTCLOTOUDVTOG
TPOKOOOPIGUEVEG EVIOAEG M, OM®G YIVETOL GTIV TAEOVOTNTO TOV TEPTTOCEDV, VO
ypnooromei éva apyeio VieW yio v enitevén tng emBuunTig 10T0ENG TV SEG0UEVOV.

10.3 Anpioupyia MovTéAwv

10.3.1 MovreAormroinon oro PROOSIS

Mo vo mpoaypatorombel omoladnmote mpocsopoimon oto mePPIAlov TOL
PROOSIS, npénet apycd o xpnotg va dnuovpynoet pia véa Pipitodnim kot Eva véo
OYNUOTIKO. XTO CYNUOATIKO 0WTO, UTOPEL VO XTIGTEL TO LOVTEAO OTOLOLONTOTE KIvNTHPaL,
€100YOVTOG TIG OMTOPOLTNTEG CLUVIOTMGEG Omd TNV evoopatopévn Bipiodnkn TURBO.
Xy kdtobl ewova gaivetar o ypapiko mepiPdriov tov PROOSIS kot 1 ypoagpikn
anekdvion evog kvnthipa Turbojet:

8 Proosis 5.10. epucaTIonaL LimmTEs LI
File Edit View Tools Window Help
2Rk EBEHD DB s ¢neolal@m b 0@s S & cosesme T wmoewod T mancms
BE DR EHEAQA N O 1.2 R (& 2| 6w w5 = 6
Name [version [patn B o= 0 | =
S : L
& conmo. 07 L
il cE20_t1sB 0.0 ]
il eTE_EXaMPLES 202 7
[l GTE_TURBOSHAFT 2.0.2
2 mam 525 mn
& oPTIMIZATION 216
§ PoRTS LB 114 M
& TuRBO 40.2
il TURBO_ExaMPLES 2.0.2 i [
ajl;l ‘TURBO_REF 1.0.2 5 O
TREORT 00 an
re .- -
4 | = ‘-_';—": | | i l & |
& symools | [ Fies S rtems | 7 Exva | ' EZHN-—' ",._,“—“‘."‘—‘,,P '. F
7 = [rest o 3 = AE
7 LIBRARY_INFO Library Info = 3
=€) _LIBRARY MISC =l
E C Turbojetschem =
EI B default
B cw1
=
Messages | simuation | Find Results | —
gy o B
€S [ECHBEFE | i)

[t L dAAS|EEATRhHI=20H&F3F

[rurs0%ET [Turbosetschem | [ paper: [1500, 1000] active Layer: Laver 1 [pos: (455,949) | Platform: wine4_ vc2010  [+1% ]

Eikéva 10.3 Fpa@ikd mepifdAAov oto PROOSIS

‘Exyovtog mAéov OMpovpynoel TO OYNUOTIKO TOVL TPOG UEAETN KWwmThpd,
dnpovpyovpe €va véo partition kot évo véo experiment, 6mov Kot KAVOUUE OAEG TIG
amopaitnteg pubuicelc yio v npocopoiowon. TELOG yioo vo eKTEAECOVUE TOV KMOKOL
enéyovpe 1o otoyeio Simulate. H e€oymyn tov omotelecdTOV PIOPEl val Yivel TOAD
gvkoAa oto Monitor, 6mov o kébe xPHETNG UTOPEL VO EKTUTAOVEL TOL ATOTEAECUATO TOV
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VToOAOYIoUMV pe TNV Oldtaén mov embuvuel, Kabmg emiong kar va gugovilel T
OTOTEAECLOTO OVTE e TV Lopen dtaypappdtov. EEicov onpavtikod ivor va avoaeepBet
OTL TOL OMOTEAEGLLOTOL TOV VITOAOYIGU®MV UTopovv emiong va e&aybobv oe apyeion g

HOPPNG CSV.

=121 x|
EEY == =R N S S Y
Parametic | cse |
EiPlot_1 8 [=] X ] mER|S

4 — SFC{case_2_design_nkdsolver Te2| 500 — sFN {case_2_design_nldsolver Tt41= | 1 2 3 4 5

= SFC {case_2_design_1Tt41=110 = sfli {case_2_design_1 Tt41=1100} Name Alizs. Staton 1 2

— SFC{case_2_design_nkisolver Tt &0

[T g
/\ — sFN {case_2_design_nidsolver Tta1: | |sCalaiatonid = desn(#1)-exter... desgn(¥D)stea.. ¢
SFC {case_2_design_1Tt41=120 /\ SFN {case_2_design_1 Tta1=12003} #Status. - - STEADY_OK STEADY_OK <
s ] — SFC {case_2_design_nidsolver Tt 70 /\ — sFll {case_2_design_nldsolver Tta1: | [#ESI - - i 0 L
g SFC {case_2_design_1Tra1=130 || & o ] PN {case_2_design_1Te41=13003 :::t - - case_2(#2) ;ﬂse—lfﬂ) q
= — SFC{case_2_design_nkisolver Tt — sFN {case_2_design_nidsolver Tt41:
2
oW % 4w

SFN (mjs)

InEng.W_in (kgfs) i1 - 100 100 1
~ SFC{case_2_design_1Tt41=140 ~ sl {case_2_design_1Tt41=1400}
s00 ] Brn Fu_in W (kgjs) 1F - 1.75509403 175509403 1
SFC {case_2_design_nidsolver Tt SFN {case_2_design_nidsolver Tt41:
Perf.Fn (N) N - 53856.246 53856.246 ©
~ SFC {case_2_design_1 Tt41=150 w0 ] - sPi{case 2 desion 1Tta1=15003 | [0 ¢ oop o — _ E 5 E
SFC {case_2_design_nidsolver Tt sFNl {case_2_design_nidsolver Tta1: | |perf.TSFC o/ ]

¢ sec - 52,5885 52.5384855
(i
— s {case_2_design_1Tt41=16003 _| - ||

= SFC {case_2_design_1 Tt41=160'

— SFC{case_2_design_nkisolver Tt ~ sPil {case_2_design_nldsolver Tta1=_
= 0 W W W R w0 _'_l . »
PIQ2() . 4 P3Q2 () ] —— B

— A8 {case_2_design_nldsolver Tt4~

— A8 {case_2_design_1 Tt41=1100

eady calls 147 (147 OK, 0 NOK)
Exte: steady calls 147 (147 OK, 0 NOK)

<

[State: STOP I Config file: design-+parametric Experiment: GTEE_TJ_DP.new.designParametric

Eikova 10.4 Mapdbupo e§aywyng ATTOTEAEGUATWY TWV TTPOCOUOIWCEWV

10.3.2 MovreAomoinan oro NPSS

H onuovpyio poviéAwv ouvictoo®v, kob®Og €miong Kol HOVIEA®V
oAOKANpOUEVOVY cuoTnudTeV Tpowong 6to NPSS dagpépet amd to PROOSIS. Extoc omd
mv éhenymn ypaeikov meptPdiioviog, to NPSS opoiwg Sapépst kot otov TpdTO
SLOUOPP®ONG EVOG LOVTEAOV. XT1 GLYKEKPEVN TTEPITTWOT €VOL LOVTELO OMLLLOVPYELTOL
dtvovtog KOTAAANAES EVTOAEG TPOYPOUUOTICHOD o€ éva mpoypoppa emeepyaciog
KEWEVOL KO 1) EKTEAEST] TOL KMOKO, YiveTal HEG® TOL Topadvupov evrorcdv (command
window). H dwdikacio sivar amAn kot mopovctdletar oo akoiovo, Prjpoto:

1. Avorypo evog véou apyeiov text oe éva mpdypoappo eneEepynociog KEWEVOL TOV
vrootpilel yYAwooao mpoypoppaticpod C++.

2. KaBopiopog tov embountov  Oeppodvvopikod mok€Tov, HEGH TOL  OmOiov
kaBopiloviat o1 101OTNTEG TV PEVCTMV/AVTIOPDOVTW®V:

setThermoPackage(“allFuel™);

Al Beppodvvapikd mokéTo mov cvpmepthapBavovtar otig PiPAtobnkes tov
npoypaupotog sivor: GasThbl, Janaf, CEA, FPT and REFPROP.
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3. Anuovpyio Kot opyKOTOINGT TOV OTUPAITTOV GUVIGTOGMV.

XPNOYLOTOIMVTOS MG TOPASEIYLO TO HOVTEAD €VOG OmAOD aywyol €1606d0ov, Oa

TPETEL TNV APYT] VO OPICOVLLE TIC OTUOGPULPIKES GVVONKEC/GUVONKEG €GOS0V,

Element Ambient Amb {
switchMode = "ALDTMN";
alt in=0;
dTs_in=0,

MN_in =0.8;

}

O kmdwog axorovbel pia amh cbviaén oe pmAok onmg eaivetor mopomdve. Ot
EVIOAEG KAOe umAok mpémel va mepikAeiovtor péca o€ aykVAeg. To kdbe pmhok
avTipoomnevel pio cuviotooo (Element).

H mpd ypapun apywonoiei ) cvviot®cso Ambient, tov Bpicketarl puéso oty
BipAodnkn tov mpoypaupatog, Bétovtac oe avty 1o dvoua Amb. H ovopoacio tov
ouvieTOo®V Kabopileton amokAeloTikd and Tov xpnotn. Emopévag ypnoyo eival va
enhéyovtol Eeymplotd ovopoto Yoo KAOE oLVIGTOOoW, WOHTEPN GE TEPITTMOCELG
peyalvtepov poviédwv (turbofan) omov yio mapddetypo n cLVIGTOGO TOVL CLUTIEGTN
UTOPEL VoL VTTAPYEL TEPIGGOTEPES OO Lio POPA LEGH GT SLATAEN (YPNOT TS CUVICTMOGOG
Compressor yio. LovTELOTOINGT TOV GLUTIEGTH YOUNANG, TOV GUUTIEGTY VYNANG, KAO®DS
EMIOMG KO TOV OVELLGTIPOL).

H npdt evtoAn evidg tov pmiok kabopilel moteg petafAntég Ba ypnoytomombodv
Yoo TV apylkomoinon ¢ owiotwcoc. H ovykekpiuévn emiloyn] kdéver ypnomn Tov
VYOUETPOL, TNG déATA-Oeppokpaciog kat Tov apBuod Mach. A&ilel vo onueiwbel ot
KGO evioln mpémet va teppatileton pe To ovuforo (;).

Axorovbme, dnovpyodpe To otoryeio InletStart, péow tov omoiov exkiveiton Kot
kaBopileton n wopoyn 16000V, KOBMOG EMIoNS KLl TN GLVIGTOGO ot TNV omoia Bo AdPet
T1G GLVONKEG E16000V, MGTE VAL OPLGTOVY TANPMG TOL YOPOKTNPICTIKE TNG PONG.

Element InletStart InletStart {
AmbientName = "Amb";
W _in =100.;

‘Emetta, dnpuovpyovue T GLUVIGTOGH TOV oy@yoD 16000V G akoAovbms. H ndévn
EVTOAT TOV amonteital £ivol 0 TPOGOIOPIGUOS TG TTMOGNS TECTG KATA UNKOG TOVL ary®YOV:
Element Inlet InEng {

PqgP_in =0.995;
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"Exovtag TAL0v OMOKANPMOGEL TV SNUIOVPYIO TOV OTUPAITTOV GLUVIGTOCHV TOL
LOVTEAOV, TPEMEL TOPQ VO, OPIGOVLLE TO TEPAG TNG POTG, OTTMG PaiveTal KATMOL:

Element FlowEnd FeAir;
4. KoBopiopog v omapaitntov cuvoEcemV HETAED TOV GUVIGTOOMV.

linkPorts( "InletStart.FI_O",  "InEng.Fl_I", "F1");
linkPorts( "InEng.FI_O", "FeAir.Fl_I", "F2");

KéBe pia eviodn onpovpyet évav «otafuo» pe pio OOpa e166d0v kon pio OOpa
eEodov. O ypnotng umopet ve emthééel 1o emBountd dvopa yo Kébe otabud, wotdco
ovvnBileton va axoiovbeiton m apibunon tov KwnTApa, oNAadn M €£000¢ amd TOV
ovumieotn Oa yopaktnpiletan amd Tov apfud 3.

5. Télog, Yo TNV EKTEAEGT TOL KOOTKO OTOLTEITO 1) KATMO1 EVIOAN:

run();

6. To omoteléopato TOV VTOAOYICU®OV UTOPOVV VO EKTUTMOVOVTIOL GTO TopAbvpo
eviolmv M va e&dyovtar og apyeia. o v gpedvion oto mopabvpo evioAdv

ATOLTOVVTOL 01 0KOAOVOEG EVTOAES, PN OLULOTOLOVTAS TO OVOLLA TOV KABE 6Talf oD oV
emBopovpe:

cout <<"W="<< F1.W<<"" << F1.W.units << endl;
cout << "Ptin =" << F2.Pt << " " << F2.Pt.units << endl;
cout << "Ttin =" << F2.Tt << " " << F2.Tt.units << endl;

IMa drevkdAvvon oty aviyvoon kot aSloAdynoT TV amOTEAEGUAT®Y, YPNCIUN
elvan n eaywyn tov og éva apyelo pe tnv akdAovdn eviorn.

OutFileStream results {
filename = "res.txt";
}

results <<"W="<<F1.W<<"" << F1.W.units << endl;

EnumpocBétmg, ot yprioteg pmopovv va a&lomomoovy Kdmota apyeio mov mopéyet
TO TPOYPOLLLLOL Y10, TUTTOTONUEV eEay®YN TV dedopévmy, ta emovoualoueva Viewers,
Mepucd and avtd sivat:

e VarDumpViewer (aApapntikn Aioto tov entountdv LeTofANTdV)
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e CaseColumnViewer (kaOs ypouur amotelel pio petafint, eved kdbe otiin pia
SLOPOPETIKT TPOGOUOIMGT))

e CaseRowViewer (kdBe ypouun omotelel pio Egxmploti TPOCOUOI®MOT, EVD KAOE
oA pio petafintn)

e PageViewer (pio oehido pe TPOKOOOPIGUEVT 0TO TOV YPNOTH LOPOT])

INo mv e€ayoyn Tov dedopévev Ge apyeio TG Hopeng View, amartodvtal ot
aKkOAOVOEG EVTOALG:

#include “Results.view”

H eviod) avt Ppioketar cuviBwog oty apyr] TOL KOOKO, £TEITO OO TOV
KkaBopiopd Tov BEPROdVVOKOD TOKETOV.

Metd Vv eKTEAECT] TOL KMOIKA, Ol ETOUEVEG EVTOAES B0l TUTMOGOVY TOL EMBLUNTA
dedopéva 6To TPoKaBopIGUEVO apyelo.

rowSheet.uptdate();
rowSheet.display();

7. Extéleon 1ov KOIKA.
Onwg &xel mpoavagephei 1 ektéAeoT TOL KMOOIKA YiveTon 6T0 TAPAOBVPO EVIOA®V,
UEGM TNG EVTOANG FUNNPSS 6vopo, apysiov.run.

[z+.] Administrator: NPS5 2.8 EMI 12.0.0

C:~NPSS _EMI .12 .8.8>runnpss Turbojet.run

Eikéva 10.5 EkTéAeon evog povrédou oto NPSS

A&ilel vo onpetmbel 0TL T0 apyelo yio EKTEAEOT TPEMEL VAL £XEL TNV ENEKTACT .FUN
KoL vo BplokeTon 6ToV PAKELD EYKOTAGTAONG TOL AOYIGHKOD. AKOLLO, GE TEPUTTMGT TOV
EVIOMIGTOVV GOAALOTO KATO TNV EKTEAEGT, ALTA Bl ELPaVIGTOVY 6T0 TapABVPO EVTOADV.
Yuvnbmg, S10pHdVOVTAG TO TPMOTO GPAALN EIVOL ETOPKES YO TV EMTVYN EKTEAECT] TOV

KDOOKOL.
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10.4 O solver Tou NPSS, Ta subelements ka1 Ta ports

O solver tov NPSS ypnowonoii pebodovg Newton-Raphson pe evnuepooseig
Broyden, péypt 0Aeg ot ave&aptnteg ko eEaptnuéveg LETAPANTES va tkovoromBovv dote
ev téAel va emitevyBel cvyKMon.

10.4.1 Eéaprnuévec Kai aveaprnTeC HETABANTE

Koatd tov mpoypappatiopd evog poviédov oto NPSS, ov yprioteg pmopovv vo
EMAEEOLV TIG TTPOETAEYUEVEG OveEApTNTES Kol e€opTNUEVEG HETOPANTEG, 1 OKOUO VO
opicovv gkeiveg ov ot idtot emBvpovv. To NPSS dievkolvver tepattépm tnv puOon tov
solver, Tapéyovrag v emhoyn autoSolverSetup. Otav ektedeiton vt 1 VIO, avalntd
oToV KOO OAeS TIG LETAPANTEG O omoieg Eyovv Tnv emtAoyr| autoSetup pvbuiouévn oe
TRUE ko 11 tpocOétel, poli pe tig mpoemdeypéveg petofAntéc, otov solver. Ilapakdtom
eatveton 1 pOOUIOT TPOGUPUOCUEV®V aveSAPTNTOV Kot EAPTNUEVAOV LETARANTOV:

Independent BrnWFuel {
varName = "BrnPri.Wfuel™; /luctafinti mov Oo uetafalieror and tov solver
autoSetup = TRUE

}

Dependent NetThrust {
eq_lhs = "Perf.Fn"; llavtiotoyn uetafinti oo puoviélo
eq_rhs = "22500"; /lemBopayei Ty

}

solver.addindependent("BrnWfuel™);
solver.addDependent("NetThrust");

Noa onpewwbet 61t givar amapaitnto va vrapyel icog apBpds aveEdptrov Kot
eEAPTUEVOV HETAPANTOV TPOKEWEVOL v Yivel enilvom Tov TpoPAnpatos. Emiong, avtég
Ol LETOPANTEG HTopovv va eivan evepyég Yo 660 0 xpNoTng emBVUEL, v pmopel va Tig
amevepyomomoet pe tv evtoin removelndependent/Dependent.
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10.4.2 Mepiopiouoi

Evioybovtog v Asttovpyikotnta tov mopordve, To NPSS £xet v duvatdmra
Vo eMAVEL TPOPANUOTO VIO TEPLOPIGHOVG, YPTCULOTOIMVTOS EWOIKES eEapTNEVES
HETAPANTEG TOL GE QLT TNV TEPIMTOOT OVOLALOVTOL TEPLOPIGHOL.

Ot yproteg Pmopovv opicovv TV Ao Kot HEYIOTN T TOL UITOPOVV Vi
AaBovv opiopéves petafantés. Otav avtd to opla Egovv Eemepootel, TOTE 1) TIUN TNG €V
AMOy® e&optnuévng PEToPANTNG Yiveton iom e TO OPlo TOV TEPLOPIGHOD oV Exel TeDEL.
Téhog, a&iCer va onuelmbel 6Tt vdpyel N OLVATOTNTA TOALATADY TEPLOPICUOV GE pia
OLYKEKPIUEVT €E0PTNUEVN LETAPANT (TTEPLOPIGUOG TNS GLUVOMKNG Mong e Pdon v
Oeppokpacio €660V 0md Tov BGANLO KADOTG KO TIC UNYOVIKEG GTPOPES TNG ATPAKTOV).

10.4.3 Elements, Subelements kar Sockets

Ta Elements amotelodv dopkd ctotygion Tov LOVTELOL Kol TAPEYOVY EVaY TPOTTO
povteAonoinong AV TV amapoiTNTO®V VITOAOYIGTIK®V dtadikactdv. Ot petafAntég mov
avoeépOnkay  mopamdve, omotehodv uépog tov Elements kot avtmpoowmedovv
TOGOTNTEG, OMMG Y10 TOPAOEIY IO GUVTEAEGTEC, PUVOIKEG WO10TNTEC Kol 1010TNTEG aEPiwV.
Mepikég and avtéc 11 HETOPANTEG, MOTOGO, YPNOLLOTOLOVVTIOL Yol TV ETIAOYN TG
Kataotaong Asttovpyiag (Design, Off-Design) kot poli pe Kamotoug S10KOmTEG ITopovV
va EAEYEOVY TANPMG TO YOPUKTNPICTIKE KOl TNV GLUTEPLPOPE VOGS SOUIKOV GTOLKEIOV.
Onwg éxel avapepBel NoN oy €100y@YT], TO GTOYEID QVTA EYOVV GYEONGTEL OVTWC MGTE
va givar 660 T0 duVATOV TO YEVIKA. ALTO, SIEVKOADVETAL LLE TNV ¥pNon TV Subelements
(vmo-otoyein).

Ta subelements evieybovv ta Baocukd elements pe tpomTo T£T010 MGTE VO iva To
Aemtopepn otV avdAvcn toug (m.y. xapteg emoocewv cvumiesty]). Etol, pumopet 1o id10
otoleio (compressor, turbine) vo. povielomomost OAOVC TOVE SLAPOPETIKODS THTOVS
CUUTIESTMV, AVEUIGTNP®V Kot oTpofilmv. H didkpion yio mopdadetypa, HETOED GUUTIESTN
YOUNANG Ko DYMANG mtieong, yivetar péow tov subelements, oniadn tov yoptdv mTOL
npoodlopilovv v téhel v amddoon toug. Ta subelements mepiéyovv vtoAoyiopovg,
T{IVOKEG KOl GUVOPTNGELS OV OVTIGTOYOVV GE GUYKEKPIEVO GUUMIESTN 1 GTPOPLAO.
Axoépa, va avaeepBel 6Tt Evo vITo-cTotyelo umopel va etvat Evag xaptg 1 akopo Kot £vol
apyeio pe ta amoteAéoparo o avédivong CFD.

Avt 1 apyrtektovikn pe te ta subelements, mopéyet peydin svel&ia divovrog myv
dVVATOTNTO GTOVE YPNOTEG VO UTOPOLV Vo ETEUPOVY GE Eva GTOXEID pEe TIC EMOVUNTES
TPOTOTOMGELS, KAODS emiong eAayloTonolel TovV TNyaio KOOKA, KAToUePILoVIAg TovV o€
dpopetikd apyeia. ['a wapddetypa, ot MOOGELS vOG cupmiestn vtoloyilovtat pe Baon
T1G GLVONKEG €16600V, TOV PaBLd amdd00Tg Kot TOV AOYO Tieonc, KATL TO 0oio EMITPENEL
o€ KGBe GLUTIEGTN VOl YPNCLOTOLEL TOV 1010 TNyaio Kddika. 261060, 0 fabuoc amddoong
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Kot 0 AdYog Tigong o€ Kamoto onpeio ektdg Tov onueiov Asttovpyiog, Tpokvmtel and To
avtiotoyo subelement. TELoOG, aVTA 1) APYLTEKTOVIKT SIEVKOADVEL IOLOATEPQ OE TEPITTMOOELG
omov amortovvror  eatopukevpévol  vtoloyopol, kobmg €tol  amouteiton  pOVo
avompooappoyn tov subelement ywpig tepartépm npdcPacn otov Kddwka Tov element. e
TEPIMTOON OE TOV 0 KOIKOS NTOV eViaiog, Oa amattovtay va eviomichel To GuyKeKpUEVO
onpeto mpog tpomomoinon

Ta sockets ovolooTiKa, givar KOVAALOL TTOV SIEVKOADVOLV TNV ENIKOWVOViO LETAED
TV Bocikdv dopKk®v ototyeiov (elements) kot tv vro-ctoyeionv (subelements).

2116 axolovbeg e1kOVES TOPOVGIALETON CYNULATIKA TO GTOLXEIO TOL GLUTIESTY| LE

OAEG TIC  OYeTKEG LIOJOYES, KOOMG emiong Kot 1 oLVOESH TOL HE TO AVTIGTOY(O
subelement/yaptn emdocewV.

Fluid Input F’Dﬂ\
F11

Performance Map
_ / Socket
Shaft Output Port
5_map
S ol Compressor
— (Element)
S Qhx

F1LO \
Fluid Output Port _/ Thermal Mass Socket

Eikéva 10.6 ZXNUATIKO €VOG TUTTIKOU CUMTTIECTH

R
gt

Compressor :
RlineMap T — [ —

el  Compressor (Subelement)

(Element) i‘i =

5_Qhx (empty)

Eikéva 10.7 ZXNUATIKO €vOg TUTTIKOU GUUTTIECTH HE TTPOCAPTNON XAPTN EMOOCEWYV OTV
avrioToixn utrodoxn
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10.4.4 MsraBAntéc og Design ka1 Off-Design

1. InletStart

To otoeio InletStart exxivel ) ponp ko Oétel T1g cLVONKEG €16000V GTOV
Kwnmpo. To otorgeio awtd Aappavet Tig cuvbnKeg Ttong omd to otoryeio Ambient wov
kaBopiletar amd Tov ¥pRoT.

e Y10 Design: o yprotg ewodyet to W_in (mtapoyn aépar)
e 10 Off-Design : o solver petafdiier tnv mopoyn aépo

2. Xopumeotig
To axoAovBo 10YVOLV Yl TO TUTIKO GTOLEI0 GLUMIESTH KOl TO OVTIGTOLYO

CompressorRlineMap subelement.

e >t10 Design
o O ypriomg ewodyet ta PRdes ko effDes
e To S_map socket ypnoyomoiei Toug yaptes, To. PRdes, effDes kar We yio va
vroAoyioet To scalars twv yoptov
e Y10 Off-Design
e Ta Nc (oavnypéveg otpogic), R-line xar alpha (yovia gc6dov g porg)
APNOYOTOLOVVTOL Yiat VO SoBAGOVV TIG EMOOGELG OO TOV Y APTY
e O solver kaBopilel TNV omartovpevn Tiun yo v mapauetpo R-line étotl dote
N avNYUEVT TOPOYN TOV TPOKVMTEL OO TOV YAPTN VO IGOVTOL E ATV TOL

EIGEPYETOL GTOV GUUTIESTN, EE0COOMEOVTAG TNV apYT| TNG CUVEYELNG

3. X1pofrio
To axdiovBa woyvovv Yy T0 TLVMIKO GTorKeio oTpoPfilov Ko TO avticTor]O
TurbinePRmap subelement.

e >t10 Design
o O ypniotg ewodyet to effDes ko pia apyn extipmon yio tov Adyo migomng
e O solver kaBopilel Tov amortovpevo Adyo mieong tov atpofilov (PRbase) yio
VO lGOPPOTNGEL TOV KUKAO
e To S_map socket ypnowonotei tovg yaptec, To. PRdes, effDes kar Wp yio va
vroAoyicel Ta scalars tov yoptov

e Y10 Off-Design
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e Ta Np (avypévec otpo@éc) kar PRbase ypnoipomolodvton yia va dtoffdcovy
TIG EMOOCELS O TOV YAPTN

e O solver kaBopilel v amartoduevn TUn Yoo Tov AOYo Tieong €161 MOTE M
QVIYLEVT] TOPOYT TOL TPOKVMTEL OO TOV XEPTN VO 1GOVTOL LE OVTNV TOV

eloépyetat otov oTpOPLro, eEacailovtag TV apyn TG CLVEYELNG

4. AzpaxTog
To oToryElo TN ATPAKTOL TOPEYEL TV UNYAVIKT] GOVOEST] LETAED TOV GUUTIECTOV

KoL TV 6TPoPiA®mV TOL VITAPYOLY GE VO LOVTELO.

e 7o Design
e O ypHoG 10ayEL TIG UNYaVIKEG 6TPOPES TG atpditov (Nmech)
e Mia e&apmuévn petafAnt dacparilel To 160L0ylo 16}V 6TV ATPAKTO (Vi
TOPASELY L 1] POTIT TOL GLUTIEGTY VO, LGOVTOL LE TNV POTY] TOL GTPofilov)
e Y10 Off-Design
o  Mia aveEaptnt LETOPANT LETAPAALEL TIG GTPOPES TNG ATPAKTOV
e  Mia e&aptnuévn petapint eEac@orilet 6tL | pomn GTNV ATPOKTO 1IGOVTOL LLE

UNOEV

5. AKpo@vcwo
To otoyeio Tov akpoPvciov VtoAoYilel Tig cLVONKEG GOV TOV KIVNTHPOL KOL TV

ovvolkn oor. H mieon e£66ov amotehel €icodo ko cuvnBmg AopPavetol amd to
ototyeio Ambient.

e Xt10 Design

e Av mpoKerTan Yoo GLYKAIVOV aKkpo@OGlo, 1 dtaTopun €600V vitoAoyileton £Tol
®oTE M pon| va elvar oTpayyolopévn (av 0 Adyog Tieons ToL aKpoPLGiov gtvat
OPKETO LEYAAOC) 1| (OTE M oTATIKY Tieon €£000V va 1600ToL UE TNV Ttieon
nepPdArovtog (av 0 AOYog TEONG TOL OKPOPLGIOV &ivol UIKPOTEPOS OO
aTOV TOL B TPOKAAOVGE GTPAYYAMOUO TG POTIG).

e Av TPOKELTOL VIOl GUYKAIVOV-OTOKAIVOV aKpOo@VG10, 1 O10TOUN TOV Aol
vroAoyileton £161 OGTE M) poT) Vo eivar oTpayyalopévn. Av o Adyog Ttieong Tov
AKPOPLGIOL glval APKETA XOUUNAOG Y10 VO 0OTYNOEL GE GTPAYYAAIGHO, TOTE £Val
puvopa cedipatog epgaviletat. H datopn e£6d0v vroloyileton €161 doTE M

oTatikn mieon e£6d0v va 1ot e TNV Tieon mePPAALOVTOC.
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e 370

Off-Design

Av mtpoKeLTan Yio GUYKAIVOV 0KpoQVG10, 1 dtotoun e£600v gival otabepn| (ion
ue avtn mov vroloyiotnke oto Design) kot pio e€aptnuévn petofint
eCaocpolilel gite n pon va etvar otparyyolopévn, eite 1 oTatikn mtieom e£660v
va t1oovtat pe TV Ttieon mepAAlovtog.

Av poKeLTaL yio. GLYKAIVOV-amokAivoV aKpo@vG10, 1 S10TOpT| TOL AoV givat
otafepn (ion pe ot mov vroloyiotnke oto Design) ko 1 dwatoun e£650V
enavumoroyiletal £T61 MoTE N GTATIKY Tigon €600V va eivon ion pe v Ttieon
nepPdAroviog. Mio eEaptmuévn petafAnt) Swoeoiiler 6Tt m pon eival
OTPAYYOAGUEVT).

6. Turbojet

e 3170
[ ]

Design

O ypnotg eodyet Tig embBuuntég TiRES o€ OAa Ta oToLKElD

O solver petapdidrer Tov Adyo mieong Tov oTpoPilov MoTE Vo SIcPOAIGEL TN
STPNON POTNG GTNV ATPAKTO (OVTOLLOLTOL)

O solver petafdiler v mapoy | KAVGiOVL £T0L OOTE VO TETLYEL TNV
{nrovpevn Beppokpacia 16600V oTov oTPOPILO (kabopileton amd Tov xpnon)
O solver petapdAier v mapoyn aépa £T61 OOTE Vo TETOYEL TV mBLUNTA (o

(amod tov xpno)

Mivakag 10.1 Avegdprnreg peTafAntég oto Design point o€ KivhtApa Turbojet

AveEapmnreg petafintéc
Merapinti otov solver Merapinti oto povréio
Avtéuazo Trb.S_map.ind_PRbase Trb.PRbase
Ané ypiotn ind_Wfuel FusEng.Wfuel
Ané ypiotn ind_Wair FsEng.W_in
Mivakag 10.2 E§aprnuéveg petapBAnrég oro Design point o€ kivntApa Turbojet

E&aptnuéves petapfintéc

Metafinti otov solver Aprotepd péhog Ag&i péhog
Avtéuaro Sh.integrate_ Nmech Sh.trqNet 0.0
Ané ypniory | dep_T4 FO4.Tt T4 req




10.18

CHAPTER 10

And ypnjory | dep_Fn

Perf.Fn Fn_req

e 3170

Off-Design

O xpMoG €16AYEL TIG EMBVUNTEG TIEG GTNV KATAGTAGT) AELTOVPYING EKTOG TOV

onpeiov oyediaong

O ypnomg kobopilet Tig eaptnuéveg Kol aveEapTnTeG LETAPANTES KO KAVEL

115 embountég pubuioeig otov solver

Mivakag 10.3 Aveaprnreg petafAnTtég orto Off-Design oe kivnTApa Turbojet

Aveapmnreg petafintéc
Metafinti otov solver Metafinti 610 povréio
Avtéuazo Trb.S_map.ind_PRbase Trb.PRbase
Avtéuazo Cmp.S_map.ind_RlineMap Cmp.S_map.RlineMap
Avtéuaro Sh.ind_Nmech Sh.Nmech
Avtéuaro FsEng.ind W FsEng.W
Ané ypiorn ind_Wfuel FusEng.Wfuel

Mivakag 10.4 E§aprnuéveg petaBAntég oto Off-Design o€ KivnTipa Turbojet

E&aptnpéves petapfintéc
Mertofinti otov solver AproTepo pélog Ag&i péhog
Avtduoro Trb.S_map.dep_errWp Trb.Wp Trb.WpCalc
Avtéuazo Cmp.S_map.dep_errWc Cmp.Wc Cmp.WcCalc
Avtéuazo Sh.integrate_Nmech Sh.trqNet 0.0
Avtéuazo NozPri.dep_Area NozPri.WgAe NozPri.WgAEdem
Ané ypnjoryy | dep_Fn Perf.Fn Fn_req
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7. Turbofan

e Xt10 Design

O yxpnotng el6ayet TIC eMBVUNTEG TILES Yio OA T GTOLKELDL

O solver petapairel To Adyo migong v oTpoPil@v VYNANG Kot YOUNANG BOTE
va eaopoliler v datnpnon 1oxHog otV ATPOKTO VYNANG KO YOUNANG
avtiotorya (owTduaTo)

O solver petapdAiel v mapoyn KAVGIHLOL MGTE Vo TETVYEL TV embount
Bepuokpacia 16600V 61OV GTPOPIAO (ad TOV XPNOTN)

O solver petafdirel Ty Topoyn 0EPU OGTE VOL EXLTOYEL TNV OTTOLTOVLEVT] OO

(amod Tov xpno)

Mivakag 10.5 Avegdprnreg peTafAntég oto Design point o€ KivntApa Turbofan

AveEaptnTeg petafintég
Merapinmi otov solver Merafinti 670 povrélo
Avtduoro TrbL.S_map.ind_PRbase TrbL.PRbase
Avtduoro TrbH.S_map.ind_PRbase TrbH.PRbase
A ypiiotn ind_Wfuel FusEng.Wfuel
Ané ypiotn ind_Wair FSEng.W _in
Mivakag 10.6 ESaprnuéveg petapAntég oro Design point o€ kivntApa Turbofan
E&apmpévec petapintég
Merapinmi otov solver Aprotepo péhog A&l péhog
Avtduozo ShL.integrate_Nmech ShL.trgNet 0.0
Avtéuaro ShH.integrate_ Nmech ShH.trqNet 0.0
Ané ypniory | dep_T4 FO4.Tt T4 req
Ané ypriory | dep_Fn Perf.Fn Fn_req
e Xt10 Off-Design

O ypnomg ewodyet tig emBountég TYWEG Yoo v Agttovpyion o €KTOS TOL
onpeiov oyediaong

O ypnomg xabopilet Tig aveEdptreg Ko eEapTnUéEVEG LETAPANTES KO KAVEL

115 embountég pubuiceig otov solver
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Mivakag 10.7 Avegdptnteg petafAntég oto Off-Design o€ kivntpa Turbofan

Aveaptnreg petafintic

Metafinti otov solver

Merafini 610 povréio

Avtéuaro TrbL.S_map.ind_PRbase TrbL.PRbase

Avtéuaro TrbH.S_map.ind_PRbase TrbH.PRbase

Avtéuaro CmpL.S_map.ind_RlineMap CmpL.S_map.RlineMap
Avtéuazo CmpH.S_map.ind_RIlineMap CmpH.S_map.RlineMap
Avtéuazo CmpFan.S_map.ind_RlineMap CmpFan.S_map.RlineMap
Avtéuazo ShL.ind_Nmech ShL.Nmech

Avtéuaro ShH.ind_Nmech ShH.Nmech

Avtduoro Slpit.ind_BPR Split.BPR

Avtduoro FsEng.ind W FsEng.W

Aré ypiiotn ind_Wfuel FusEng.Wfuel

Mivakag 10.8 ESaprnuéveg petapAnrég oro Off-Design o€ kivntApa Turbofan

Eapmpuéveg petafintéc

Merapinti otov solver Aprotepld pélog AgEl péhog
Avtduozo | TrbL.S_map.dep_errWp TrbL.Wp TrbL.WpCalc
Avtduoro | TrbH.S_map.dep_errWp TrbH.Wp TrbH.WpCalc
Avtduoro | CmpL.S_map.dep_errWc | CmpL.Wc CmpL.WcCalc
Avtduoro | CmpH.S_map.dep_errWc | CmpH.Wc CmpH.WccCalc
Avtéuoro CmpFan.S_map.dep_errWc | CmpFan.Wc CmpFan.WcCalc
Avtéuaro ShL.integrate_Nmech ShL.trqNet 0.0
Avtéuazo ShH.integrate_ Nmech ShH.trqNet 0.0
Avtduoro NozPri.dep_Area NozPri.WgAe NozPri.WgAEdem
Avtduoro NozSec.dep_Area NozSec.WgAe NozSec.WqAEdem
Ané yprjorny | dep_Fn Perf.Fn Fn_req

O xwnpag Turbofan ovclootikd amotelel pio e£EMEN Tov kvntpo. Turbojet.

Onoeodnmote TuYOV VEeG eEapTnUéEVEG Kot aveEApTNTES HETUPANTEG OPEIlOVTOL OTIC

EMTALOV GUVIGTMOOES Omd TIG OMOIEG MOTEAEITOL VO KIVITIPOGC.

8. Turboshaft
Onwg avaeépOnke mopamdve, Toxdv emmiéov oveEdptnreg Kot eEapTnUEVES

HEeTAPANTES, EE0PTDOVTOL ATOKAEIGTIKA 0O TIG GUVIGTMGES OO TIG OTOIEC ATOTEAEITOL £VOIG



O solver Tou NPSS, Ta subelements kai Ta ports

10.21

KIynmpog oAAG kon tnv kpion tov ypniot. O xivnmpag Turboshaft opoimg givar pio

e€éMEn tov kwmtnpo. Turbojet kou ot e€aptnuévec kor ave&apmreg UETAPANTES

Topovc1talovTol 6Tovg aKOAOLOOVG TIVaKES:

Mivakag 10.9 Avegdprnreg petaAnTtég oto Design point o€ KivnTApa Turboshaft

AveEaptnreg petafintéc

Mertofinti otov solver

Metafinti otov solver

Avtouoro

TrbL.S_map.ind_PRbase

TrbL.PRbase

Avtouoro

TrbH.S_map.ind_PRbase

TrbH.PRbase

Mivakag 10.10 E§aprnuéveg petaBAntég oro Design point og kivnTApa Turboshaft

Eapmpéveg petapintéc
Merapinmi otov solver Aprotepo péhog A€l péhog
Avtéuaro ShL.integrate_ Nmech ShL.trgNet 0.0
Avtéuaro ShH.integrate_ Nmech ShH.trgNet 0.0

Mivakag 10.11 Ave§daprnreg peTtaBAnrég oro Off-Design o€ kivntipa Turboshaft

AveEapmreg petafintic

Merapinti otov solver

Merafinti otov solver

Avtduoro TrbFP.S_map.ind_PRbase TrbFP.PRbase

Avtduoro TrbH.S_map.ind_PRbase TrbH.PRbase

Avtéuazo CmpH.S_map.ind_RlineMap CmpH.S_map.RlineMap
Avtéuazo ShFP.ind_Nmech ShFP.Nmech

Avtéuazo ShH.ind_Nmech ShH.Nmech

Ané ypiotn Brn.ind_FAR Brn.FAR

Ard ypriotn ShFP.ind_SHP ShFP.HPX

Mivakag 10.12 E§apTtnuéveg petaBAntég oto Off-Design og kKivntiApa Turboshaft

Eapmpuéveg petafintéc
Merapinti otov solver Aprotepo pélog AgEl péhog
Avtéuazo TrbFP.S_map.dep_errWp | TrbFP.Wp TrbFP.WpCalc
Avtéuazo TrbH.S_map.dep_errWp | TrbH.Wp TrbH.WpCalc
Avtépozo CmpH.S_map.dep_errWc | CmpH.Wc CmpH.WccCalc
Avtduoro ShFP.integrate_ Nmech ShFP.trgNet 0.0
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Avtéuaro ShH.integrate_ Nmech ShH.trqNet 0.0
Avtéuaro NozPri.dep_Area NozPri.WgAe NozPri.WgAEdem
Ané ypnjorny | dep_Np ShFP.Nmech NP_dmd
Ané ypnorny | dep_SHP Perf.SHP SHP_dmd

10.4.5 Ports

Aoappévoviag voyn Otl 0 OmMOTEPOG GKOMOG VTG TNG epyaciog sival va

amotelécel Tov Bepéio ABo yia pio peAlovtikn dtacvvoeon tov PROOSIS kot tov NPSS,

Ba Tapovciicovpe 6 aVTO TO oNUEID TIG S1APOPES TOV TAPOVSLALOVY T OVO AOYIGUIKA

OGOV apOopA To, POrtS KoL TV TANPOPOPio. TOV QLT LETAPEPOVY. XTOVE TOPAUKAT® TIVOKES

TopoLGLALOVTOL Ol UETAPANTEG TOV UETAPEPOVTOL LEGH TMV OvVTIoTOY®V POrt oe kdbe

TPOYPOLLLLOL:

Mivakag 10.13 ZUyKpion TwV PETABANTWYV TTOU YETApEépovTal HEow Tou fluid port

FLUID PORT

NPSS PROOSIS
Tt W
Pt Tt
ht EvBoAnia faciopévn otic ohkég cuvOnkeg | Pt
ut Ecwtepikn evépyela FARB
Cpt E101kn Oeppoyopntikdmro (otabepn micon) | FARU
Cvt E1d1kn Oeppoympnrtikdmro (otabepoc oykog)| WAR
gamt AOYO0G 101KV OgproympPNTIKOTHTOV Ang
S Evtpornia
rhot [Tukvotta
mut 1EmdeC
kt Ayoyipuoémrto
Rt Ytafepd aepiwv
W
FAR
WAR
MN
\Y
A
Ts

Ps
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hs

us

Cps

Cvs

gams

rhos

mus

ks

Rs

Cd

Mivakag 10.14 Z0ykpion Twv PETARANTWY TTOU peTagépovTal péow Tou fuel port

FUEL PORT

NPSS

PROOSIS

Wruel

wW

Tfuel

T

Pfuel

P

fuelType

LHV

hFuel

Tref

hRef

Carbon

Hydrogen

Nitrogen2

Oxygen

Mivakag 10.15 Z0ykpion Twv PETARBANTWY TTOU peTa@épovTtal hEow Tou mechanical port

MECHANICAL PORT

NPSS PROOSIS
Nmech Nmech
pwr trq
trq inertia
inertia inertia_tot
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[Mopatnpodue 611 c0e KAOE TPOYPOLUUO HETAPEPETOL OLOPOPETIKY TOGHTNTA
mAnpoeopiog péow Twv ports. To NPSS petapépet mepiocdtepn minpopopia 6 oyéon pe
10 PROOSIS, xobmg 10 devtep0 vmoroyilel otidnmote yperochel (evOolmio, evrpomia)
péca oe KAOe GUVIGTMOGO aVTIOETMS. ALTH 1) SLOLPOPA Etvat oNUOVTIKY Kot Bo Tpémet va
000l 1daitepn Tpocsoy| Katd TNV S1060VVOEST TWV OVO AOYICHIK®V (&1TE KOTAGKEVLAGTOOY
t0. elements tov NPSS kot mpocappootovv ot Biflobnkeg tov PROOSIS, eite
EMKOV®VOLV aeLBelag T TPOYPARLATA), DOTE VA EEACPOAMTTEL OTL 1) 1010 TANPOPOpia
LETOPEPETOL LECH TMV OVTIGTOLY®V POItS Kot T OVO TPOYPALLLLOLTOL.

EnumAéov, éva axoun onueio mov ypnlet mpocoyng eivar 6tt to NPSS éyel v
duvoTodTNTo Vo, EKTEAEL OPLOUEVES GLVAPTNHOELS Lo oTa POrts. Ta mapddetypo ot setTotal
Ko SetStatic ot omoieg kabopilovv Ta YopaKTNPIGTIKA TS PpONG 1e Pdon v Tieon Kot Thv
Oeppokpoacio 1 omolovonmote dAAo vrootnpdpevo cuvdvacuod, 1 copyFlow n omoia
AVTIYPAQEL TO YOPOKTNPLIOTIKA (g pofg Kat 1 burn n onoio wporypatorolel kadon Tov
epyaldpevov pécov, Ommg Eva otoryeio Boiduov kavong. Avth N emmAéov dvvatodTnTo
tov NPSS mpénet vo AngOei vdyn kotd TV 01060VOECT TOV AOYIGUIKMV.

10.5 Evowpdtwon Twv XapTwv £midocewyv Tou NPSS oto PROOSIS

Onwg etvar yvootd, ot xdpteg kKabopilovv Tig emMdO0eElg TV cuvicTwowyv. Etot,
eKTOC oo Ta dedOUEVa, £TGL KO Ol XApTEG TPEMEL va. givat 10101 dGTE 1) GVYKPLoN v ivan
axpipns. Emopévag, emdéyOnie va a&lomomdei 1o ypapikd meptBdAiov mov moapéyel To
PROOSIS kot va etoayBovv ta apyeio tov yoptdv tov NPSS cg avto.

Ta apyeio yaptov oto NPSS éyovv 10 6voua **RlineMap_EEE_**.map (m.y.
CompressorRlineMap_EEE_fan.map yia tov xaptn tov avepotipa). To EEE avagépeton
oe éva mpoypappa (Energy Efficient Engine) mov ypnpoatodotOnke and v NASA 1o
1978 kat giye wg 6KOTO TNV avAmTLEN 710 OTOSOTIKAOVY KivnTipwy Turbofan vymiod Adyov
ToPAKoUYNS. Meydhol KaTaoKELOGTES TNG 0EPOSAGTNIIKTG fropnyaviag, 6rtme 1 Boeing,
n General Electric xou n Pratt & Whitney coppeteiyav 6to mpdypoppo Kot mopeiyayv to.
OTOLTOVHEVO OEPOCKAPT KoL Kivntnpeg v g dokipés. H P&W xotaockevace évav
ouumieoT) VYNNG mieong 9 Pabuidwv, evdd n GE évav ovpmiesty vyning mieong 10
Babuidwv pe Adyo mieong 23. Olot 0G0l Guvéfalov GTO EyyElpNUO ETOPEANONKAY,
wwitepa n GE, n onoia ypnopomoincav tov cuumiesty tovg otovg Kivntipeg GE9O ko
GEnx mov ypnowonomnkav apydtepo ota Boeing 777 kon 777X avrtictoyo.
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10.5.1 Xaprnc cuumisorh (R-line map)

Xmv apyn tov kabe apyeiov opilovion kamoeg petafintég, ou omoieg eivon
oLYKEKPEVEG Yoo Tov Yaptn. Ot petafAntég avtég eivar M yovie tov otdrtopa
(alphaMapDes = 0.0), ot dopBwuévec otpoés (NcMapDes = 1.0), n moapduetpog R
(RlineMapDes = 2.0) ko n mapdpetpog R oto onueio mdipwong (RlineStall = 1.0). Kabe
KopmHAn Tov xapt opileTar amod Tn yovia Tov GTATOopa, TNV TN TG Topapétpov R kot
™V avnypévn toapoyn. [a kabe tun g yoviag opiCovron ta akdAovda:

o AvemoTiPOG: Y10 O1POPES TIES TV AVIYUEVAOV GTPOP®V, divovtor (ebyn TV Yo
TNV OVIYHEVT TTOPOYT Kot TNV TapdueTpo R, ) omoia AapBdver Tipéc omd 1 émg 2.5. pe
ToV 1010 TpOTO KATOOKEVALOVTOL KOL Ol KOUTVAES Yo Tov Babud amddoong Kot tov
AOyo mieong. L6T0C0, GTIV GUYKEKPLULEVT TEPITTWGT TOL OVELLGTIPO, Y10 TIG 3 TPADTES
KOUTTOAEG OV YLEV®V GTPOPOV 1 TOPAUETPOC R Aapfdvel Aydtepec Tipég oyéon Le ta
vrorowma onpeio. AnAaodr, ot Tipés kopaivovron omd 1.0 €mg 2.0 yia avtd ta 3 TpdTa
onueia, evo and 1.0 £og 2.5 yio Ta vrdrouta.

e Yuumeomig YOUNMIS Kol vYnMg mieons: OAo TO TOPATAVE® 1GYVOVV KOl GTIV
TEPIMTMGT TOV GLUTIESTY|, ®GTOCGO N TAPAPETPOS R £xel O 1010 £VPOC TILAOV Yo OAEG
TIC TIEG OVIYLLEV®V GTPOPDV.

Mo evowpeca onueia, ypnotponoteiton moapepPorn kot mpoekPorrn. Ilo
GUYKEKPILEVO, YLl TIG OVIYUEVEG OTPOQGES Ko TNV mopauneTpo R, ypnoipomoieiton
moAvovoukn mapepfoin Lagrange 3% BoBuod, eved yio v yovio Tov GTdTopo
YPNOYLOTOIELTOL Y POLLLIKT) TOPEUPOATN Kot TpoekPoAn. [ Ta evdtdpesa onpeio Tov Adyou
nieong dev opileTon kAmola GLYKEKPLUEVT LEBOSOG TaPEUPOANS.

10.5.2 Xaprnc orpofBiAou (Turbine PR map)

Ot ybpteg v otpoPilmv opilovtal Opoo e EKEVOVG TV GLUTIEGTAOV. APyIKA
opilovtar Téc Yo Tov Adyo mieong oto onueio oyediaonc (PRmapDes = 4.975) ko T1¢
avnyuéveg otpoeés (NpMapDes = 100). H xdfe kopumdin opileton amd Tig avnypuéveg
OTPOPES, TOV AOYO TESTG KOIL TV OVIYILEVT] TTOPOXT).

o XTpofriog VYN Kol YopunM)g ieons: Kot 6TIg 000 TEPITTMOGELS Y10 KAOE TN T®V
AVIYLEVOV GTPOP®V, divetar Eva (0y0g TILAV Yo TOV AOYO THECNG KOt TNV vy HEVN
napoyn. H mapdpetpog PR 6tovg yapteg tev 6Tpoidmy ¥p1CILOTOLELTOL LLE TOPOLOLO
TPOTO OTwC M TopAUeTPog R otovg cuumiestég, PR = 6.0 avtictoryel oe otpayyaiioud,
eved PR = 2.0 avtiotoyel otn pikpotepn mapoyn.

AvticTorya, Yo To EVOLAUESH GNILELD TV GTPOPAOV YPNGULOTOLEITOL TOAVOVOLIKT
napepPfoin Lagrange 2°° Bobpov kot 3°° Babpov yio tov Adyo mieong.
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10.5.3 Aladikaoia EVOWNATWONC XAPTWV

Mio Baoikn dtapopd petald tov yaptmv cvumest®dv Tov PROOSIS kot tov NPSS
etvon 0T1 10 TPDTO Ypnoponoel ypoppés BETA kot ZETA, eved to devtepo ypappég R kot
PR yw tovg ovumeotéc xor tovg otpoPidovg avtiotorya. EmmAéov drapopéc
TOPATPOVVTOL OYL LOVO GTO EVPOS TULMV TMV TOPUUETPMY TV dVO TPOYPUUUATOV OAAG
KOl GTNV KOTAGTOOT] IOV PBPIoKETAL O KIVNTHPAG GTo Oplol TV TOPOUETPOV ovtdv. H
nopapetpoc BETA éyer ebvpog and 0 (otpayyoriopdc) €mg 1.0 (mdhumon), eved 1M
TopapeTpog R €xel evpog amd 2.5 (otpayyoriopog) £mg 1.0 (mépwon).

INa va evoopatwbovv ot yapteg tov NPSS ot popen tov PROOSIS,
tpomomomOnkav ot ydptec BETA kot ZETA ypno1ponotdvtog Toug avTicToyoug Tivakeg
tov NPSS. Apob ce kdBe mPOYpappo ¥PNOILOTOIOVVTOL JLOPOPETIKEG TOPAUETPOL,
oplotnke pio oyxéon aviietoiynong HETaSy TV Vo, pubuilovtag KatdAAnio ta €Opn.
Qot6c0, 600V apopd TV mEpimTmon Tov YXApTn Tov avepotipa tov NPSS, 6mwmc
avaEpOnKe KoL TPONYOLHEVMG dEV LITAPYEL £vag eviaiog aplBpdg onueiov (Aydtepa
ONUEID Y10 TIG TPES TPATEG TWEG TV OvNYUEVOV oTpomV). TIpokeiuévov va pnv
ypelacbel va kbvovpe mapeuforéc dote va mapdEovpe i6o aplBud onueimv yior OAeG TIG
TIWES TOV OVIYUEVOV GTPOP®V, KaODS avtd amatteiton otovg ydptec tov PROOSIS,
emhéEape va glodryovpe Tov xaptr Tov avepotpa tov PROOSIS oto NPSS avtictpoga.
Ev té)e1, OMot 01 TpOKUITTOVTEG YAPTEG TOV Y PNOYOTOONKAY EIVOL TAVOLOIOTVTIOL, EVOD
EMMALOV OploTNKE Ko 6T VO TPOYPAULATO 1) XPNOT| YPOUUKNS TOPEUPOANS Yo To
evoldpeca onueio. Téhog, afiler vo avoaeepbel OTL €ytve emmAéov Kol KOTAAANAN
petoTpomn povadwv, apov 6to NPSS n mapoyr petpdtor og Ibm/sec, eved oto PROOSIS
oe kg/sec.

Elvar onuavtikd oe avtd 10 onueio vo oavoeepbel 611 o1 dopopéc mov
TOPOTNPOLVTOL OGOV APOPE TOL OPLOL TMV TOPAUETPOV TOV XOPTAOV LETOED TOV AOYIGHKAV,
UTOPOLV VO OTLLLOVPYHGOVV LE T1 GEIPA TOLG S10POPES TOGO GE EMMEO GLVIGTOOOV OGO
Kol o€ eminedo pnyavis Mikpég Spopés TV TAPOUETP®OV TV OVO AOYIGHIKOV,
tonofeTovv Ta avTicTorya oneia Asttovpyiog Endve otov XapTn pe pio pikpn omdkion
HETOED TOVE, KATL TTOL HE TNV GEPE TOV dNUIOVPYEL SLOPOPES, EGTM KOL OUEANTEES, OTIC
EMOOGELS TV CLVIGTOCHV, OGS B0l TOPOLGLUGTEL KO GTIG EMOUEVES TOPALY PAPOVG,.

10.6 Evowpdrwon Tou 0Ogppoduvapikou poviéAou TOoUu NPSS oT1o
PROOSIS

"Exovtog e£acpalMael 6TV TPOTYOLLEVT TOPAYPOPO OTL Ol YAPTEG EMOOGEWY TOV
B0 YPNOYOTOMGOLV TO, TPOYPALULOTO GTIG TPOGOUOIDCELS Etvat 1d1ot, Yvaopilovpe 0Tt Eva
aKOUN OTOlKEl0 Tov Pmopel Vo OMUIOLPYNCEL dPOpPES efvor TO epyalOUeEVO WEGO.
Emopévac, 1o enduevo Prjpa eivar va eEacpaiicovpe opoimg 6t Ba ypnotporomdel to
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1010 Oeppodvvapkd povtéro kat oTic 000 TeEpmTOGElS. EQocov oume dev vapyet dueon
OLGYETION UETOED TOV HOVTEAWY 6T OVO TPOYPAUUATO, amo@aciotnke va swooydel 0
Oeppodvvapkd poviého tov NPSS oto PROOSIS. Onwg éxetl avapepbel mponyovpévag,
o010 NPSS ypnoworomcope 10 Ogppodvvapukd mokéto allFuel, to omoio mapéyel pio
TAn0opa emAoydv yo kavowua. Onog avoapépeton oto NPSS thermo guide [27], ta
dwbéoa kavowa gtvon ta “JP”, “OLIP™, “H2”, “GAS”, “CH4”, “WBH4” kot “UNIV”,
001600 povo ta JP ko CH4 cuvictdvion yia xpion. To “OLIP” avtimpocwnedel to OLD
JP ko €xer avaroyia H-C 2:1 addd pe v ovotaon aépa Keenan ko Keyes ywpig CO2.
To “H2” avtumpoocwnedel To kabapd vépoydvo pe v cdotacn aépa Keenan and Keyes
tov 1945. To “CH4” eivan 10 povtédho pebaviov pe atpos@arpikd poviého 1962 ko eivon
éva mpotumo g GE. To “WBH2” givar kaBapd vdpoyovo pe kabapd o&uydvo g to
epyalopevo péco. To “UNIV” givon pia ohvOetn emthoyn yioo avbaipetn cuvleon atdpmv
H-C-O-N-A pe to povtého atpocporpog 1962 kon dev pmopet vo ypnoiporombel ympig
enurAéov TAnpoeopieg Kot kaBodynomn. Télog, To “JP” eival oyediacpuévo va Tapdyet Tig
WO0TNTEG TOV TPOIOVTOV KOOGS KOVGiHov, vepod kal agpa, 6mov o Aoyog H-C tov
kawoipov givan 2:1. To cuykekpyévo HOVTELD YPNOLUOTOLEL TO ATUOGPAIPIKO LOVTELO
1962 (ne 0.03% CO2) ko givan to mpdtumo g GE. To moaxéro allFuel givan éva amho
(ypryopo) Beppoduvopikd mokéto kot 0ev AapuBavel voyn Tig W10TNTEG TOV AKOVGTOV
pypdrov. Qg ex To0Tov dev Kavel dtakpion peta&d tov JP4, JP7, JP8, AvGas, knpolivn
k.o.. H avadoyia H-C og 6Aa awtd ta kavowa etvon 2:1. Tédog, a&ilel va avopepOel 0tin
undevikn evhodmio avapopdc opiletan otovg undév Rankine/Kelvin.

e avutd To onueio Ba MTav YPNOLLO VO TAPOVGIAGOVE TIG SLUPOPES LETAED TV
0epLOSLVALIKADV TOKETMV TV 0VO0 TPOYpappdtov. ETot, yio va mpoy LaTomocovIE ot
™ obykpion, emAéxOnke 1o kavowo JP and 1o makéto allFuel tov NPSS kot mopdAinia
10 kawowo JP4_noDiss tov PROOSIS.

Amdkmon tov Wwmtev ond 1o takéto Tov PROOSIS ftav gdkoro, kabdg
vIpxe TPOSPacT 6To avtioTolyo apyeio pe tovg avaioyovg mivakeg. Ocov apopd to
NPSS, éva amAd mTpdypoppia dSnpovpynonKe yio Eaywyn TV 110THT®V TOV PYALOUEVO
pécov. o dapopetikd apBud FAR kot yior éva 0pog StapopeTikadv OepUoKpacLDV
TUTOONKAY Ol avtioToyes TWES Yoo TNV evOoATio, TNV €vTpomiol KOl TNV IGEVIPOTMIKY)|
otafepd y. [To ovykekpipéva yio FAR om6 0.0 £wg 0.04 pe Brjpa 0.01 360nkav Tég yio
v Beppokpocia oe gopog 200 £mg 3000 K pe Prua 50 K. H odykpion petaéd tov
WOTTOV TOV epyalodpevov pécov mapovotdletor ota Katwdr dwypdupata. No
onuelmbet 6t Tapovoralovrar dedopéva puovo yroo FAR = 0.0, kabdg ko oTig vmoAouteg
TEPUTMOGELG 01 KOUTOAEC ivar Topopotes. TEAOC, Yo Tig Stapopég evOaATiaG Ko EVIpomiog
oplonke wg Beppokpacio avapopag ot 200 K.
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Aidypappa 10.2 MoocooTiaieg dia@opég evBAATTIKAG alinong METASU TWV BEPIOBUVAMIKWYV

HovTéAwyv Tou NPSS kai Tou PROOSIS

Evkolo pmopodpe va mapoatnprioovpe 6t kabng avédvetar n Oeppokpacio,
opoimg av&dvovtat ot dropopéc oTig evBuies Twv 6v0 poviédwy. ['a Beppokpacies péypt
1250 K ot dwapopég eivon pkpodtepeg and 0.1%. INa Beppoxpacieg and 1300-1900 K ot
drapopég etvon pikpotepeg amod 1% evod n péyot dapopd ayyilet to 16.3% otovg 3000
K. Qot600, Yo Tumicég Beppokpacicg Asttovpyiog Tmv agpomopikdv Kivntipov 1200-
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1600 K, mapatmpeiton pio péon amodrxiion 0.2%. o cvykekpyéva n péytot dtapopd yio
FAR = 0.01 givan 20%, yioo FAR = 0.02 givan 23.5% xou yio FAR = 0.04 etvon 28.4%.

Opoimg Kot yio TV GuVAPTNOT| EVIPOTING 1) GUYKPIGT] POIVETOL TAPUKATO.
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Aidypappa 10.3 ZUykpion evipoTTiKAG augnong METagU Twv BgPOBUVAUIKWY HOVTEAWYV
Tou NPSS ka1 Tou PROOSIS
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INoa Bepuokpaciec péypt 2150 K ot dtopopég oty evipomia vl LKPOTEPES Omd
0.1%, ev n péyrot drapopd etvon 6.9% otovg 3000 K. I'a FAR = 0.01 1 péyrom dropopd
etvon 8%, Yo FAR = 0.02 givon 8.8% v yio FAR = 0.04 giva 10%. Téhog, ota mapakdtm
Sy pAUUOTO TOPOVGLAoVTaL Ol OlPOPES GTNV 1GEVTPOTIKY otafepd v HeTaEd TV
TPOYPOUUATOV:
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Aidypappa 10.5 ZUykpion ICEVTPOTIKAG OTABEPAG y METAEU TWV BEPUOBUVAUIKWV
povTéAwyv Tou NPSS kai Tou PROOSIS
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Noa vrevBvpicovpe 0Tt OTMG KOl GTIC TPOTNYOVUEVEC TEPIMTMOGELS, 1| Oeppokpacia
avagopdg opiotnke otovg 200 K. H péyiot dapopd mov mapatnpeiton yio FAR = 0.0
oot pe 115%, yio FAR = 0.01 givar 108.4%, yio FAR = 0.02 givo 102% «on té€hog yio
FAR = 0.04 wcovtat pe 97.8%.

‘Exyovtog det T1G dwopopég HETOED TwV OepUodLVOIK®OV TOKETOV TV OVO
TPOYPOUUATOV, TO ETOLEVO Pripa givar va eladryovpe ta dedopévo Tov Takétov allFuel pe
kavoyo 10 JP tov NPSS oto PROOSIS. Mg avtov tov tpomo Ba eEareipBodv Tuydv
SLUPOPES TTOL dNULOVPYOVVTOL AGY® TNG SLOPOPAS GTIG WLOTNTES TOV EPYALOUEVOL LEGOV
kol Ba avepdoel Tuydv GAAec OGOV apopd Tovg Oeprodvvopkods VTOAOYIGHLOVE.
Emopévaog, yia va ioayBovv ot 1d0tteg tov NPSS ot0 PROOSIS, tpomomomOnke 1o
apyeio kavoipov JP4_noDiss ko elonyOnoav ot avtictoyot mivakeg evBaimiog, evrpomiog
KoL 6TafePig .

10.7 ZUYKpION O€ ETITTESO CUVIOCTWOWYV

Y10 onueio avtd OBa TaPoVCLACTOHY Ol GULYKPICES OV &yvav GE EMIMESO
CUVICTOOMV, £TGL MOTE VO YIVEL Pt OVOADTIKOTEPT] GUYKPLOT HETAED TMV AOYICUIK®V.
A&iler va avapepBet, OtL Yoo OAOVG TOL VTOAOYIGHOUS TTOV £YVOV GTO TANIGLO NG
oLYKPLONG aVTHG, €ytve M 1010 apytkomoinomn Kot ypnoiporomdnkay axpPag to ido
dedopéva, To 1010 Beppoduvapixo pLovtéro Kot ot idtot xdpteg emdocemv. Télog, cuvOTKeg
TUTIKNG MUEPAG TEOMKAV Yo OAES TG TPocopoldoels. Onmg Mtav ovopevOuevo, ot
dapopég mov mopatnprOnkay eivor ELAYIOTEG.

10.7.1 Aywyoc gicodou

H otyxpion éyve og vyopetpo 11000mM Kot To 0TOTEAESHLATO TG TPOGOUOIWONG
TOPoLGLALOVTOL GTOV KATMOL Tivaka, OTTOL TOPATNPOVVTOL AUEANTEES SLOPOPES:

Mivakag 10.16 Z0yKpIon oITOTEAECUATWY aywyou £10050u

PROOSIS Pt2 [kPa] | NPSS Pt2 [kPa] Awpopa [%0]
MN=0.8 34.161 34.161 8.84E-05
MN=2.0 175.468 175.480 0.007121
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10.7.2 Atuoo@aipiKEC ouvOnNKeC

Ot ovvOnKeg mov emA&xONKaY Y10 GHYKPIoT QAiVOVTOL GTOV TOPUKATM TIVOKOL:

Mivakag 10.17 ZuvOAKESG TTPOCOHOIWONG

A/A | Yyopetpo [m] | ApiBurog Mach [-] | Aéhta BeppokpaciofK]
1 300 0.2 0
2 9000 0.8 0
3 11500 0.85 0
4 300 0.2 10
5 9000 0.8 10
6 11500 0.85 10

To anoteAéG AT TOV TPOCOUOIDGEMY TOPOLGLALOVTOL GTOVS TUPUKAT® TIVOKES

Kot Topatnpodvton Likpég dtapopéc (<0.02%0).

Mivakag 10.18 AtroteAéopara Tou PROOSIS

AIA ITieon Oeppoxpacio Ol mieon | Olwn Oegppokpocio | Toydnto aépa
[kPa] [K] [kPa] [K] [m/s]
1 97.772 286.20 100.537 288.49 67.83
2 30.742 229.65 46.868 259.11 243.12
3 20.916 216.65 33.551 248.04 250.91
4 97.772 296.2 100.537 298.57 69.00
5 30.742 239.65 46.869 270.38 248.35
6 20.916 226.65 33.551 259.47 256.62
Mivakag 10.19 AtroreAéopara Tou NPSS
AIA [Tieon O¢ppokpacio Olkn mieon | Olwn Oegppokpooio | Taydnto aépa
[kPa] [K] [kPa] [K] [m/s]
1 97.772 286.20 100.538 288.49 67.82
2 30.742 229.65 46.872 259.11 243.12
3 20.916 216.65 33.554 248.04 250.90
4 97.772 296.20 100.537 298.57 68.99
5 30.742 239.65 46.873 270.38 248.35
6 20.916 226.65 33.554 259.47 256.62




2ZUVKPION Of EMITTESO CUVIOTWO WYV 10.33

10.7.3 Aywyoc¢

Ot ovvOnkeg €10600v TEOMKAY 101G KO GTOL dVO TPOYPAUUTA: OAKY THEST
e160d0v 100 kPa, ohikr| Oeppokpacio eilgodov 300 K, mapoyn ewcodov 10 kg/s. ‘Enetta,
éywve pia Topopetpikn peAétn petafdiiovrog tov apdpd Mach (0.4+0.6) kon v mtmdon
ntieomng oo Tov aywyov (0.0+0.1).

apampdvtor pkpés dapopés (<0.03%0), evod o amote Aécpata Topovstafoviol
o070, TOPUKAT® YpaPruata, 0mov o aptdudc Mach ko n ttdon mieong oyxedidlovtar og
ovvaptnon pe tov duvopkd cvvieeot| anwiedv dPL, mov opileton og:

Pt, — Pt,

dPL =
Ptl - PSl

ESiowon 10.1 Auvapikog OUVTEAECTAG ATTWAEIWYV

0.8
0.75
o
_ 07 o*
o o
2 065 o - —— PROOSIS MO.4
3 06 022 PROOSIS M0.5
<
é o M PROOSIS MO0.6
£ 0.5 B NPSSMO0.4
wl
0.45 A NPSS MO.5
0.4 ® NPSS MO0.6

0-35 T T T T T 1
0 0.2 0.4 0.6 0.8 1

Dynamic Head Loss Coefficient

Aidypappa 10.7 Ap1Buo6g Mach e§6dou og ouvdpTnon Me TOV BUVAUIKO CUVTEAEDTH

ATTWAEIWV
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0.12
o 0.1
g
£ 0.08 —— PROOSIS M0.4
3
a = PROOSIS MO0.5
& 0.06
= PROOSIS M0.6
<
S 0.04 M NPSSMO0.4
o
©
E 0.02 A NPSSMO.5
® NPSSMO.6
0 T T T T 1
0 0.2 0.4 0.6 0.8 1

Dynamic Head Loss Coefficient

Aidypappa 10.8 Mrwon Trieong o€ ouvdpTnon PE TOV SUVOUIKO GUVTEAEOTH ATTWAEIWV

10.7.4 ZuumeoTnc

To 010 onueio oyediaong opioTnKe Kol 6TAL OVO TPOYPEUUOTO, EVD 1 YPOUUN
Aertovpylog Onpovpyndnke pe petafoir) Tov AGyoL TECNG Kol TV UNYAVIKOV GTPOPM®V.

Xe owtd 10 onueio Tpémetl va avapephel OTL Yo va Tpocsopolwbet To oTotyeio Tov
ovumieotn 6to NPSS ypeidletor va mpochécovpie ducég pog aveEdptnteg Kot eEapTnUEVES
uetofAntég, amoeedyovtag v xpnon g evioing autoSolverSetup. To mpdto (evyog
petofAnT®dv ov Tpochétovpe SOlVer givat To 1010 pe T0 TPOETIAEYUEVO, OTAV EKTEAEITOL T
evtoln autoSolverSetup (dnAadn to RlineMap tibston wg aveEaptnn petaPint evod n
avnypévn mopoyn We g e&aptnuévn dote va tmpeiton 1 apyn g ocvvéxelag). 'Emetrta,
opiCetan pio eEapmuévn HETOPANT OOTE VO EMITLYYAVETOL GUYKEKPUEVT] OTOATNON
woyvog kol aveEdptntn mov o petafdArer v mapoyn oépo. Emerta, opileton pio
TOPOUETPIKT ovdivon oe Aettovpyio off-design pe petafoin g omaitnomng 1oyvog Kot
TOV WYOVIKOV GTPOQ®V, T ool AapBdvouv Tic avtiotoryeg Tiuég pe 1o PROOSIS.

Mivakag 10.20 Aedopéva eilc680U OTOV CUMTTIECTH

Ol igon 166000 [Pa] 101325
Ok Ogppokpocio €16660v[K] 288.15
IMapoyn ew6odov [kg/s] 100
Adyog migong 25
BaBpoc awddoonc 09
Mnyavikég 6Tpo@éc 6To onpeio oyedioons [rpm] | 10000
IMapapetpog BETA oo design point 0.33
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IMapapetpog R-line oto design point 2.0

Onog Nrav avapevopevo, dtapopég pikpotepeg tov 0.03% mapatnpovvial, vod Ta
OTOTEAEGLLOTOL TOLPOVGLALOVTOL GTOL TOPOKATM SOy POLLLLOLTOL:

0,915 27

091 /A\ 2 /
0,905 /
/ \ 21
0,9 /
¥ 0,895 / /
* NPSS
0,89 / 15 ——PROOSIS
0,885 /
/ 12
0,88

0,875 T T T ! 9 T T T 1
40 60 80 100 120 40 60 80 100 120

Win [kg/sec] Win [kg/sec]

4
PR
-
oo

Alaypappa 10.9 Emdooeig cuptieoTr) oto PROOSIS kai oto NPSS

Avepetipog

Agev mpaypatonomOnke Koo cUYKPLON LETAED TV GUVICTMOGMV TOL OVELIGTIPO
petaéd tov mpoypoppdtov, kabmg 1o otoyeio mwov ypnowomotel to NPSS vy va
TPOGOUOIDGEL TOV OVEULGTNPO vl TO 110 [LE AVTO TOV TPOCOUOLDVEL TOV GUUTIEGTN
(compressor element). Onwg avaeépOnKe TPOTNYOLUEVMS, 1] SLOPOPOTOINGT YIVETOL LE TV
xpnon  owpopetikod xdpt. ‘Exoviag ®otdco doceoaricer OtL ot xbpteg mOv
YPNOYLOTOLOVV TOL TPOYPAULOTO EEVOL TOVOUOLOTLTTOL, TTOPOLLOLES SLOPOPES LLE TO GTOLYELD
TOV GUUTIEGTN OVOUEVOVTOL KOIL Y10, TOV OVELIGTNPO.

Mio Boacikn dtopopd mov Tpémel va Tovicbel, €ivar OTL 1 GLVICTOGA TOL
avepotpo oto PROOSIS pmopei va yopicet v pony o€ dVo peduata, vo, EpoproceL
SLPopeTIKO AOYO Ttieong oe KABe pevpLa KoL cLYYXPOVMS VOL Y PNCULOTOIGEL SLOPOPETIKO
xGapt o€ kdBe TepinTmon. Avtifétwg, To ototyeio Tov avepotpa oto NPSS dev pmopei
va OlopEGEL TNV Pon, OVTE Vo, EPAPUOGEL SLOPOPETIKO AdYo Tieong (owtd pmopel va
emrevybel e OQPOPETIKODS TPOTOLG HOVTEAOTOINGNG 7Tov Ba avagepbodv otV
ovvéyeln). [lpokeévov moTOGO, Vo GLYKPIVEL KATOL0G TO OTOTEAEGUOTO T®V €V AGY®
CUVIGTOO®V, Oa YPELOGTEL VO YPNOYLOTOGEL £VO GTOL(EIO GUUMIEGTN LE TOV AVTIGTO(O
xaptn tov avepiompa 6to PROOSIS mote va vrdpyel mAnpng avtiotoryio LETAED TV
AOYICHIKOV.
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10.7.5 @dAauoc kauonc

‘Id1eg ovuvBnkeg €16000V TEOMKAV KoL 6TOL SVO TPOYPALLUATO KOl TOPOLGLELovTaL

otov axkoAovbo mivaka. Emeito oplotnke pio mopopetpikny pedétn pe petaforr g

TOPOYNG KOWOiHoL £101 dote vo petafdiietor o Adyog kovoipov-aépa (FAR) and 0.01

¢mg 0.04.
Mivakag 10.21 Agdopéva £10650uU oTOV BAAAUO KaUong
Ok wigon €16660v [Pa] 101325
O\ Ogppokpacio 166600 [K] 600
Mapoyn ew6odov [Kg/s] 100
YAETIKN| TTAOON TTiEGNG 0.05
BaBpoc amwddoong 0.9995
Mapoyn keveipov [kg/s] 1
Mivakag 10.22 X0ykpion ammoTeAeOUATWY TOU BaAdupou Kadong
A Oeppokpacio e£600v | Ogppokpacio e£660v A )
AIA %0 70 PROOSIS 70 NPSS Logopa
Kavoipov-aépa [%0]
[K] [K]
1 0.01 977.44 977.49 -0.024
2 0.02 1312.80 1312.81 -0.096
3 0.03 1615.94 1615.73 -0.322
4 0.04 1889.69 1889.60 -0.754

Ot Topamave dS1popEg TapovctifovIol aKoAoVOMmE He TNV LOPON YPOPNLOTOG,

eVO M péylot dtopopd mov mapatmpeiton givan 0.012%:
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Ailaypappa 10.10 Ogppokpacia e§650u Tou BaAduou KaUoNG o€ ouvApPTNON HE TOV AGYO
KOUCilJou-aépa

e owtd 10 onpeio ®oTdG0, ¥PNCILO B NTOV VA TAPOVGIAGOVILE TIS SLOPOPES TOV
vapyovv peta&d tov Beppoduvvopkod makétov tov NPSS kot g emthoyng JP4 tov
PROQOSIS oto otoyeio tov OBaidpov kavone. Onmwg pmopel va mapatnpndel oto
TOPOKAT® Oldypoppo, Ot Spopés avédvovior Kabdg KIVOOUAoTE G€ VYNAOTEPES
Oeppokpocicc. Onwg @avnke omd TNV cOYKPION TGOV TOKETOV GE TPOTYOULEVT|
TPy poPo, 1 HEYLETN dlapopd mov mapatnpeitor €06 gival yio FAR = 0.05 kot 1covton
pe 1.8%. Opwg, Adyog xovoipov-aépa 0.05 sivon pio egelntnuévn tun  mov
YPNOOTOMONKE Y10 VO TOVIGOLUE TIG OPOPEG TOV TOKET®V, EVA Yo TIG GLVNOELg
oLVONKEC AElTOVPYIOG TOV 0EPOTOPIKAOV KIvnTpwV, dnAadr Yo FAR otnv meployn tov
0.02, ot drapopéc eivor TG TaENG Tov 0.2%.
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2500
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2 & NPSS
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——PROOSIS
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Alaypappa 10.11 Ogpupokpacia e§65ou Tou BaAdpou Kalong o€ cuvAapTNON HE TOV AGYO
Kauoipou-aépa peTagl Tou allFuel Ogppoduvapikou Trakérou oto NPSS kai Tou JP4 oto
PROOSIS

10.7.6 Z1p6BiIAoc¢

21y tepintmon Tov 6TPoPilov, EMAEEANE VO GUYKPIVOVLE TO OTOTEAEGLLOTOL TOV
otpoBilov and évav kwnpo Turbojet oto NPSS pe éva poviého otpoPfirov oto
PROOSIS. Onwg oe OAEG TIG TEPUTTAOCELS, £TOL Kot £dM opioTNKE TO 1010 onueio oyedioong
Kol ot 101eg cvvONKeg €16600V HETOED TOV TPOYPAUUATOV, OTMOG TOPOVCIALETOL GTOV
axorlovbo mivoxa.

Mivakag 10.23 AeSopéva eiIc6d0u oTov oTPORIAO

Ol migon 166000 [Pa] 742.387
Ol Ogppoxkpacio e16660v [K] 1350.785
Mapoyn e66d0v [kg/s] 102
FAR g16660v 0.02
BaBpoc amwdooonc 0.91
Mnyovikés otpoés [rpm] 10000
Adyog igong 3.766
Mapapetpog ZETA oo design point 0.74
Mapaperpog PR-line 6o design point 4.96

Onmg Ntav avapevOIeEVo, ot S1apopES Etvol TOAD IIKPEG Kol LOAMOTO 1) PEYIOTN
drapopd mov mopatnpeiton ivor 0.013% yo v ohikny Oeppokpacio eEddov (Tt5).
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0,9105 1075

0,91 975 2

0,9005 / /
875
£ 0,909
® / / ¢ NPSS
775
0,9085 / e PROOSIS

Tt5 [K]

7

0,908 67> /

0,9075 T T T \ 575 T T 1
40 60 80 100 120 40 60 80 100 120
Win [kg/sec] Win [kg/sec]

Aidypappa 10.12 Emdooeig oTpofidou oto PROOSIS kai oto NPSS

10.7.7 Akpouaio

211 GLVIGTMOG O TOL AKPOPVGIOV TOPATNPOVVTOL APKETEG SLOUPOPES LETAED T®V OVO
AOYIOIKOV. ZT0 KAOE TPOYPOALLO VITAPYOLY SLOPOPETIKEG UETAPANTEG KOl CUVTEAEGTES
OV OPYIKOTOLOVV Kol 0pilovV TO OKPOPVGTLO.

[T ovykekpyéva, ot PHeTAPANTEC TOV ATOUTOVVTOL YO TNV OPYLIKOTOINGT TOVL
axpopuciov oto PROOSIS eivar 1 ohkn wieon kot Oeppokpacio 16660V, 1 SLOTOUN
€€000v, M TapoyN 16030V Kal 1 ATHOGPALPIKY| Tieor. AviiBétwe, To NPSS amoutet v
OAIKY| Tieom ko Oeppokpocia 16030V, TNV Tapoy 10600V Kot TV Tieon 5000V, MOTE
va vtohoylotel 1 oatoun e£6dov. H migon e£ddov pmopet va kabopileton amevbeiog and
Tov xpnot M va. opileton ion pe v mepiorroviikn. Emopuévag, yio va yivel obykpion
TV Tpoypappdtov petald 0oy cuvinkov, tpootédnkav otov NPSS smumdéov pia
ave€dpmn (mopoyn €1co6d0v) Ko pio eEaptmuévn petaPanty (Satoun €£6d0v) otov
solver, dote va vroloyileton 1 Tapoyn €10650V £Tol MGTE Vo emtevyOei pion dedopuévn
dtatopn €£000v.

Mio TOpOUETPIKT OVAALOT) TPOYUATOTOMONKE, LETARGAAOVTOG TNV OAKT THEOT
€10600v. Ta dedopéva €16600V Qaivoviol 6Tov KAT®OL Tivaka, eved ot dapopsg eivarl
pikpotepeg and 0.02%.

Mivakag 10.24 Agdopéva 10650uU 0TO AKPOPUOIO

O¢gppokpacia 166d0v [K] 1000
Iicon 16060v [KkPa] 30
Mepporrovrikn wicon [kPa] | 22.63
Awopn g£680v [M?] 0.4231




1,2 50
1 20 a0 Pk
0.8 f _ 30 /
] + NPSS
2 0,6 20
/ ——PROOSIS
0,4 10 /
0,2 ; . 0 ; v ,
10 20 30 40 50 60 10 20 30 40 50 60
W [kg/sec] W [kg/sec]
1,005 5
1 4 :\ 4,5 /'_
0,995 4 /
3,5
0,99 - /
$ £ s
0,985 / # NPSS
2.5
——PROOSIS
0,98
3 .
0,975 15
. g
0,97 . . . . 1 T T T
10 20 30 40 50 60 10 20 30 a0 50 60
W [kg/sec] W [kgfsec]

Aidgypappa 10.13 Emdoosig akpopuaoiou oto PROOSIS kai 1o NPSS

2 VUYKPLOT GUVIEAEGTAV UKPOOULGLOY

Ex16g 0md v d10:p0pd 6TOV TPOTO VITOAOYIGHOD TV OKPOPLGI®VY UETOED TV dVO
TPOYPUULATOV, VITAPYOLV ETUTAEOV OPOPES KOl GTOVS GUVTEAEGTEG TTOL YPNGLULOTOLEL 1)
KGBe CLVIGTMOCO AKPOPLGIOV. XTOV TOPAKAT® VUK TOPAOETOVTAL Ol GUVTELEGTEG TOV

YPNOYLOTOLOVVTOL GE KAOE TPOYPOpLLOL:

Mivakag 10.25 ZuvreAeoTéEG AKPOPUTIWV

PROOSIS NPSS
Cqd Carh
Cx Cv
Crg Crg
Cang
Cqua
Chixcorr

Axpo@voo Tov PROOSIS

Cq = Zuvteleothg ekBoMg

XPNOOTOIEITOL GTOV VITOAOYIGUO TNG EVEPYOVS SLOTOUNG €£000V, Aexiteff
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o Cyx=XZvuvteleotng MONG
e  XpNolLomolEiTOL GTOV VTOAOYIGHO TG KTHS Mong, Fg
o Cig = Zuvieleot|g 100VIKNG DOTG

e  YmoAoyiletan amd to TpdypopLLLa

Axpo@ve1o Tov NPSS

o  Cgrh = Xvvteleotng ekPoing Aaytod
e  XPNOUOMOIEITOL GTOV VITOAOYIGUO TG EVEPYOVS OLOTOUNG GTOV A0
e  Mnopei va Tpoépyetan omd subelement
e  Mmopel va VTOAOYIGTEL OTTO TO TPOYPOLLLLLOL
e Cy = Xvvreleotng ToyvtnTog 50000
e  XPNOUOTOIEITOL GTOV VITOAOYIGUO TNG MIKTHS MONG
e  Mrmopei va Tpoépyetar amd subelement
e  Mmnopei va vToAOYIGTEL 0TTO TO TPOYPOLLLLOL
e Cig = ZuvTeleoTr|g LIKTG DOMG
e Xpnowomoteital 6ToV VTOAOYIGHO TG WKTHS dong, Fg
e  Mnopei va Tpoépyetan amd subelement
e  Mrmopel va vTOAOYIGTEL 0TTO TO TPOYPOLLLLLOL
e Cang = Zuvtekeotng Yoviag e£000V
e  XPNOUOMOIEITOL GTOV VITOAOYIGUO TNG MIKTHS MONG Kot TG Vactual
e Xpnowomnoteitan povo dtav ypnoyonoteiton to Cy
¢  Cgua = Ogpukdc cuVTELESTIG EKTOVMGONG GTOV AOLLO
e XpNoomoleiTon GTOV VITOAOYIGUO TG EVEPYOLS OLOTOUNG GTOV AALLO
¢ Chixcorr = A6pBom oty don Aoym Hepkng avaéng g pons
e  XpPNoomolEiTon GTOV VITOAOYIGUO TNG UIKTHG OO KoL TG Vactual

o  Xpnowomnoitar poévo otav ypnoonoteiton o Cy

AT6 To TOPATAVE® UTOPOVLE VOL TOVUE OTL Ol TPELS TPMTOL GUVTEAEGTEG TOV KAOE
Aoyiopikov mwov apovstaovtor otov [ivarkag 10.25 etvan tawtdonpot. Qotdco, to NPSS
Stvel TNV SLVATOTITO GTOVS YPNOTESG VO EPAPLOCOVY EMTAEOV GUVTEAEGTES, EMTPETOVTOS
NV UEAETN OEVTEPELOVIOV POIVOUEVOV GTO OKPOPVGLO, KoBMG €miong kol dlevépyeta
SLOPOPETIKNG aKPIBELOG VITOAOYICUMV. .
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10.8 ZUykpion o€ eTiredo KivnTApa

Onog avapépOnke Kot 6TV TPONYOOUEVT TAPAYPAPO, GE OAES TIG TPOGOLOUDGELG
Wwoitepo evolapEépov d6ONKe €101 MOTE T dEOOUEVO EIGOO0L VO EIVOL TOVOLLOLOTLTTOL

peta&l Tv 600 AOYIGHUK®V.

10.8.1 Turbojet

To Turbojet sivor évag amldg TOMOG KvnTApPo Kol pmopel €0KOAM v
povtedonombel cuvoEovVTaG KATAAANAL OAES TIC CUVIGTAGCEG TOV EXOLV avapepbel 6To

TOPOTAV®D KEPAAOLO.

ShH

Inlet CmpH

Eikova 10.8 Zxnuariké kivntipa Turbojet oto PROOSIS

'Ideg cvvOnkeg Asttovpyiag téONKaY KoL 6Tal VO TPOYPAUULOTA, EVD 1) KOUTOAN

Aertovupylog KOTooKELACTNKE LETARAAAOVTOG TV TAPOY| KOVGILLOL.

Mivakag 10.26 Aedopéva onueiou oxediaong yia Kivntipa Turbojet

"Yyog nmiong [ft] 38000
ApOpoc Mach 0.8
Mapoyn ew66d0v [Kg/s] 100
I[It®on wicong aymyov e16660v PP 0.995
Adyog wigong cvpmesT) 25
BaOpog amdd061g copmiesTi) 0.9
Itdon wicong aywyov dPqP 0.002
Mapoyn kaveipov [Kg/s] 2
BaOpég amodoong Oaiapov kaveng 0.98
Itdon micong Oarapov kavong dPgP 0.05

CHAPTER 10
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BaOpdc amddoonc stpofirov 091
Mnyavikéc 6Tpo@éc atpaktov [rpm] 10000
Mopaperpog ZETA 0.74
Mapapetpog PR-line 4.96
Anartovpevn @on [kN] 70.368

210 TOPOKATO YPAPNUA TapoLGLalovTal Ol d10POopPEG TOV TTapaTnPNONKAY GTO

onpeio oyedioong:

T T T T T T T T T
w2 w3 w4 W5 P2 P3 P4 P5 T2 T3 WF FN

% Difference

0,05 -

0,1 -

-0,15
Cycle Parameter

Aidypappa 10.14 MNMooooTiaigg Sia@opég KivnTApa Turbojet oTo onueio oxediaong

Ot dpopég oto onueio oyediaong sivon pikpdtepeg and 0.05% oce OAeg Tig
ocuvvictooes. H péyiom dwapopd evromileton oty Beppoxpacio e£660v omd tov Oddoyo
Kavong, iom pe 0.47% won emnpedlet oe eEddyioto Pabud Tig emdOcELS TOV GTPOPiAov.

AxoroVBmGc, 1 Ypappr| AEITOVPYLOG GE KOTAGTACT EKTOG TOL OTMElov Agttovpyiag,
amoteleitan amd 18 onueio pe petafoin g amontovpevng mong (100+15 % g dong oto
onueio oyedioong kotd Swothuata 5%). Ot dapopég sivor Kot ed® WKpOTEPEG O
0.05% o& 610 10 £0POG AetTOVPYIOG EVD M LEYIGTT SLOPOPA TOV TOPATPEITOL EIVOL OpLOTmG

0.047% vy v oAkn Beppokpacio e£600v amd Tov OG0 Kadomng.
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% Difference

0,15

0,1 -

0,05 4

-0,05 A

0,1 -

-0,15

mMAX mMIN = AVERAGE

T3 T4 F NH w3 w4 W5 P3 P4 P>

Cycle Parameter

Aiaypappa 10.15 MooooTiaieg Siapopég KivnThpa Turbojet eEkT6G Tou onueiou oxediaong

210 aKkOA0VH0 S1hy PO TOPOLGLALOVTOL 1] E101KT KOTOVAANDGT) KOVGILLOV Ko Ot
UNYOVIKEG GTPOPEG GE GLVAPTNON UE TNV MON, EVO UEYLOTN dlapopd evtomileton otV

e11Kn katavilmon, ion pe 0.02%.
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Aigypappa 10.16 Ala@opég €18IKAG KATAVAAWGCNG KAl JNXOVIKWYVY OTPOPWV CE KIVITRPO
Turbojet peragud Tou NPSS kai Tou PROOSIS

Eivor onuovtikd va avapepbet 61t o1 peyahdtepeg SLopopES TOV TAPATPOVVTOL
otov kwnmipo. Turbojet, oe oyéon pe TG dapopéc mov mopatnpHOnKay ce eninedo
OUVIOTOOMV, OPEIAOVTOL OTIG TOPUUETPOVS TMV YOPTOV OTMG OvaPEPONKE oTHV
napdypapo 10.5.3. O1d10popéc Ta 0PN TOV £V AOY® TOPOUUETPOV SNULOVPYOVV SLUPOPES
KOTO TNV TOTOHETNON TV oNUEI®V AEITOVPYING EXAVED GTOVG YAPTES, LE OTTOTELEGLLO VO
dnpuovpyovvton Sopopés oe emimedo pnyavic. QoTtdG0 ol dPoPEg OTES etvar TOAD
UIKPEG G€ OAEG TIG TEPUMTMGELS, pukpdTepes omd 0.05%.
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10.8.2 Turbofan

Onwg £xel avapepbel Tponyovpévms, N GLVIGTOGA TOL avepoTipa 6to NPSS dev
umopet va yopiocet v pof o 600 pedLOTo, 0VTE VL EQPUPUOGEL SIUPOPETIKO AOYO THESTS
010 Kd&Be pevpa Omwg yivetar oty avtictoyn cvvictdco tov PROOSIS. Avtifétmg
xpnoonoiet éva otoryeio Splitter yuo va yopicel ™ pon oe dvo peduata. H epappoyn
dlpopetikod Adyov mieong oe ke pedpo pmopel va vAomomOel pe dtopopeTicons
TpOTOLG povteromoinons. Evog tpoémog eivor va ypnoiponondel pio emmAéov cuvioTOc
OVELLGTIPOL KO 0 O€VTEPOG TPOTOG £lvar va evoopatmdel o Adyog mieong Tov aveustipa
TOL KLpimg pevaTog otov ovumeoty| xaunAng (booster).

210 TAQICI0 OVTAG TNG OUTAMUOTIKNG, OKOAOLONONKE M Oe0TEPN GYESIOGTIKN
erhocopia. Qot6c60, Kabnhg 6to PROOSIS dgv vapyet otoryeio dloymptoth TG pong oTig
B1pAodnKec tov, amontnOnke 1 dnuovpyia €vog. To oynuatikd Tov ev Ady® Kivntipo
TOPOLGLALETOL GTNV KATMO EKOVOL:

Eikéva 10.9 Zxnuartiké kivntApa Turbofan oto PROOSIS

Eikéva 10.10 Zxnuariké KivntApa Turbofan oro NPSS
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Mivakag 10.27 Aedopéva onueiou oxediaong yia Kivhthpa Turbofan

"Yyog ntijong [m] 0
ApOpoc Mach 0
IMt®on wicong aymwyov gil6660v PP 0.995
Adyog migong avepioTipa 15
BaOpog amw6doong aveprotiipa 0.85
Adyog mapaxapyng 5
Iltdon wicong aywyov mopaxapyns dPqP 0.015
A0Y0g Tigong cLUmESTI] YOUNM]G 3
BaOpoc 0wr660061S GupmIesT) YOUNAIS 0.85
A0y0g Tigong cvpumEesT] VYNM|G 10
BaOpoc aw6d00onc copmiest vyniic 0.85
BaOpég amwodoong Oaidpov kavong 0.98
Itdon wisong Barapov kavong dPqP 0.05
BaBpoc amwddoong atpofirov vyniig 0.87
BaOpog amwddoong otpofirov yopuning 0.87
Mnyovikés 6Tpo@Es aTpaxTov vyming [rpm] 10000
Mnyovikés 6TpoQEs aTpaxTov yopuniig [rpm] 5000
Anartovpevny don [KN] 44 .482
Hapapetpog BETA avepotipa 0.473684
Moapaperpog BETA copmeoty vynig 0.33
Ioapapetpog BETA ocvpmeot yopnig 0.33
Moapaperpog ZETA otpofirov vynig 0.74
Hapapetpog ZETA otpofirov yapning 0.59
Hapapetpog R-line avepiotipa 1789474
IMapapetpog R-line sopmeoti vyning 2.0
IMapapetpog R-line cvpmeot yopuning 2.0
IMapapetpog PR-line atpofirov vymiig 4.96
Mapapetpog PR-line atpofirov yopniig 4.36
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Aidypappa 10.17 MooooTiaigg Siapopég KivnTApa Turbofan oTo onueio oxediaong

Onwg omv wepintoon tov kivnmpa Turbojet, €16t kot €6 o1 dtapopég ivoar
pikpotepeg omd 0.05% ko 1 péyiot drapopd eviomileton Tl otny Beppokpocio e£650v

a6 tov BdAapo kavong, ion pe 0.035%.

H ypopun Aettovpyiog 21 onpeiov mpoékvye pe LETABOAN TG OTOLTOVLUEVIC OONG
(100+21 % g ong oto onueio oyediaong), evd n uéyiotn dapopd wovtar pe 0.041%
Ko TapoTnpOnKe oty oAkt Beppokpocio £660v amd Tov BdAao Kavong.

% Difference
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Cycle Parameter

Aiaypappa 10.18 MooooTiaieg Siapopég KivnTipa Turbofan ekT16g Tou onueiou oxediaong

Yt0. akOAovOo dloypAupaTo Tapovotdloviol 1 EW0IKN KOTOVOAMOT Kot Ot
UNYOVIKEG GTPOPEG GE GLVAPTNOT LE TNV MG Yo TG TPosopolmacelg Tov NPSS kat tov
PROOQOSIS. H péyiom dtapopd mov mopatnpeitan yio Ty 101K Kotavalmor 16o0Tol e
0.01%, evd o1 d1apopEG OTIC UNYOVIKES GTPOPESG efvan pikpdtepeg amd 0.01%.
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Aidypappa 10.19 Aiagopd €181kNAG KatavaAwong o€ KivnTApa Turbofan peragd Tou NPSS
Kai Tou PROOSIS

e PROOSIS N == PROOSIS NH A NPSS NH & NPSSNL
12000
o W
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‘E
£ 6000
=
4000
2000
U T T L] L]
0 10 20 30 40 50
Net Thrust FN [kN]

Aidypappa 10.20 Aiagopd unxavikwyv oTpo@wy o€ KivnTApa Turbofan peragu Tou NPSS
Kai Tou PROOSIS

Onwg ko otn mepintwon tov Kvntpa Turbojet, £tol kon €80, mapatnpovvTal
SPOoPEG LETAED TV AOYICUIKMV, £0TM Kol EAGYICTES, Ol OTOIEG LTOPOvV Vo, arrodobohv
KLPLOG G€ SL0POPEG TOV TUPAUETPOV TOV YOPTAV, OTMS AVAPEPHNKE TPOTYOLLEVMG,.
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10.8.3 Turboshaft

Elvow apketd €dkoro va dnuovpyndei éva povtélo kivntpo Turboshaft oto
PROOSIS pe povn mpocbnkm evog xifotiov Toyvtomv kot evog otpofilov 1oyvoc.
AvtiBétmg, 6to NPSS 6ev vapyet kdmolo cuvicTdca 6Tig BiPAtodnKeg Tov va umopel va
TPOGOUOIMGEL AVTOV TOV TOHTO KIVITNPO KoL VO KAVEL TOVG GYETIKOVS VITOAOYIGHOVS. [1a
aVTOV TOoV Adyo yiveton mapéuPacn oe pia cuvictdso tov NPSS (apod divetar avt M
duvaTOHTNTOY), OOV TPOSTIOEVTAL KATAAANAL Ol OTALTOVLEVOL VTTOAOYIGLOL.

eSHP

Gear

Eikéva 10.11 Zxnuatiké Kivhtipa Turboshaft oto PROOSIS

Onwg oTig TPOoNYOOUEVES TEPUTTMGELS, £TCL Kol €0(M ypnoiponomdnkay idia
OEJOUEVO DOTE VO VITAPYEL TATPNG AVTIGTOYNON LETAED TV dVO TPOYPOULATOV.

Mivakag 10.28 Agdopéva onueiou oxediaong yia Kivntipa Turboshaft

Yyopetpo [M] 0
Ap1Opog Mach 0
Mapoyn ew6odov [Kg/s] 5
IItoon wicong aywyov e16660v PP 0.995
Adyog igong cVUTIESTY) 15
BaOpég amw6d06ng cvpmiest 0.858
A6Y0¢g Kawoipov-aépa Bardpov Kavong 0.0192
BaOpog amwodoong Oaidpov kavong 0.995
Itdon wicong Oaiapov kavong dPqP 0.025
BaOpog amwddoong otpofirov vynig 0.913
BaOpég amwddoong otpofirov w6yvog 0.915
Mnyovikés 6Tpo@Es aTpaxTov VYN AG [rpm] 40000
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Mnyavikéc 6Tpo@ES aTpaKToL W63 vog [rpm] 20000
Ioy g mov e&ayetan amd Ty drpaxto wyvog [KW] | 1619.386
Adyog oyéong Tov KifpoTiov 0.3
BaOuéc amodoong tov Kipmtiov 1
Moapaperpog BETA copmeoty vynig 0.33
HMapaperpog ZETA otpofirov vyning 0.74
Moapaperpog ZETA otpofirov woyvog 0.59
Maopapetpog R-line cvpmest) vynig 2.0
Iopapetpog PR-line atpofirov vyming 4.96
Mapaperpog PR-line otpofilov woyvog 4.36

O1 5109p0pég TOL TPOKVITOLYV GTO CTMUEID TYEdIOONE TOPOLGLALOVTOL GTO KATWOL

dudypappo kot givon pikpotepeg omd 0.1%:

% Difference
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0 T T T T T T T T T T T T
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-0,1 ~

-0,15
Cycle Parameter

Aidypappa 10.21 MooooTiaieg Siapopég KivnThpa Turboshaft oto onueio oxediaong

Axohlovbwc, mapdynke pio ypouun Asttovpyiog 31 onueiov petapfdriroviog kibe
eopd. Vv e€ayduevn woxd amd ™V atpakto woxvog (1619+450 kW). H peyodvtepn
dtapopd tapatnpeitor otny Beppokpacio €660V amd Tov oTPOPILO 1GYVOG Kot 1IGOVTOL [E
0.065%.
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% Difference
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Aidypappa 10.22 MNMooooTiaieg Siapopég KivnTApa Turboshaft ekTég Tou onueiou

oxediaong

210 emoOUEVO O1dypaplo TOPOLGLALovVToL 1 E01KN KoTavAA®on Kol 0 Ogppukoc
Babuodg anddoong o€ cuvaptnon pe v eEayopevn woyv. H peyodotepn dropopd yio v
en kotovaioon toovtat pe 0.06%, evd 1 péytot dapopd yia tov Bepuikd Pabud
amddoong eivar emiong 0.06%0.

¢ NPSSSFC ———PROOSISSFC 4 NPSS Eth PROOSIS Eth
0.3 0.41
\ .- [ 039
0.28 i
— \ o = - 0.37 ‘é>;
< A o
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Z \ o 035 2
~ & w
[T . —
= 024 o N - 033 ¢
,"A - 031 =
0.22 o -
ST | 029
A
0.2 T T T T T T 0.27
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Shaft Power Delivered [kW]

Aidgypappa 10.23 Alagopég 181KAG KaTavaAwong Kal 0gppikol Baduol amrédoong

Aeiroupyiag kivnTipa Turboshaft peragd tou NPSS kai tou PROOSIS

Onwg kot 6TIC TPONYOVUEVEG TEPUITAOCEIS, E£TCL Kol €00 Ol OLOPOPES TOL
TOPOTNPOLVTOL EIVOL QUEANTEEG KO OTOdIO0oVTOL KUPIWS GE OOPOPES GTIC TAPOUETPOVG
TOV YOPTOV.
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10.9 AvakepaAaiwon Kal MEAAOVTIKN epyacia

To PROOSIS a1 to NPSS givon 000 1oyvpd epmopikd Aoyiopikd, mov Exovv Eva
€VPY PACHLO EPAPUOYDV Kot £EEMGGOVY GLVEYMG TIG SLVATOTNTEG TOVG. Mésa amd v
OOVAELD TOV €yve OTOL TANCLOL OVTNG TNG OUTAMUOTIKNG EPYAGINGS, YVOPIGOUE TAG
Aertovpyel 10 NPSS, kaBdg emiong omuovpynoope poviéda, TOG0 o©E EMMESO
OLVICTOO®MV, OGO KOl Of E€mMmedo WPNYOVNAG KOl GLYKPIVOUE TO OTOTEAEGLOTO
TPOCOUOIDCEWY UE Ta avtioToy o povtéda 6to PROOSIS. And v ev Adym ovyKpion
ouumepaivovpe OTL N ELAOGOPTa LOVTEAOTOINGNG LETOSD TMV AOYIGHIK®V £Tvor 1010 Kot Ot
SLPOPES TOL TTOPATPOVVTOL Etvar pukpdTepes amod 0.1% oe OAES TIC TEPTTMOGELS, KATL TOV
pag odnyel BEPara 6to cupTEPaC O OTL OGOV aPOopd TOVG OEPLLOSVVOLIKOVS VITOAOYIGLLOVG,
to. 0V0 Aoylopikd tovtifovrol. Ot eAdy1oTeS SOPOPES TOV TAPOTNPOVVTAL, KLPIWG O
EMMESO UNYOVIG, UTOPOVV Vo, amod0BobV GE SLOPOPES TOV TOPAUETPOV TWV YOPTAOV.
Onwg éxet avopepBel mponyovpévmg, AOY® TG SPOPAS GTO €VPOG TIUAV TOV
TOPOUETPOV TOV YOPTOV HETAED TGOV TPOYPOUUATOV, Ol TPOKOTTOVGEG TIUEG TMV
TOPOUETPOV KOTA TG TPOGOUOLDCELS OmOoKAivouv. Avtd onuoivel 0Tl Katd Tov
VTOAOYIGUO TOL KUKAOL GE £vov KvnThipa HETOED TMV TPOYPUUUATOV, TOPAYOVTOL
OLOPOPETIKEG TWEC TOV OVTIOTOY MV TOPUUETPOV, Ol OTOoiEC TomobeTovV TOL oNuEia
Aertovpylog oe eAdyiota SopopeTikég OEcELS emdved oTovS XdpTES. ALTO LE TNV GEPE TOL
onuovpyel SPopéc oTIC EMOOCEIS TOV KIVIITHPOV OTMG TOPOVGLICTNKE MGTOGO Ol
drapopég anTég glvar ToAd pukpéc. ‘Eva axoun otoyeio mov dnpovpyel pikpés dtapopésg
elvar mBovmg o1 d1apopeTiKol TpoOmot TapeUPoANg OGOV apopd To apyeia Tov epyalopevov
pésov peta&d Tav TpoypappdTomv. TEL0G dtapopéc, £6Tm Kot apeAnTées, Tapdyovtol Ady®
™G OLPOPETIKNG aKpiBelog VIToAoyIop®Y HETOSD TV 000, KATL Tov TpooTifeTon ot
TPOTYOVLLEVO,, ONULOVPYDVTOG TIS OLOUPOPES TTOV EIOOLE O EMUTEDO UNYOVNIG.

Onog avagépOnke Kot 6TV €160YWOYT, 0 GKOTOS VTG TNG OUTAMUATIKNG Etvot va
amotelécel T0 mPOTO P oe pion mBavny dtaocvvoeon petoch tov NPSS kot tov
PROOSIS. H dtac0vdeon tav 800 Aoyiopukav givon pio emtBopio tng Bropmnyaviog, Kabmg
Ba 01EVKOADVEL TNV EMKOVAOVIOG HETAED TOV KATOGKELOGTAOV, WOIATEPO GE TEPUTTAOCELS
OOV SLUPOPETIKES ETULPELES, TOV YPNCLOTOLOVV SLUPOPETIKE AOYIGHIKEL, KOTAGKELALOLV
dtapopetikd pépn tov idov kvnmpa. Eyoviag mAéov efokeimbel pe ™ @rioco@io
povtedonoinong Tov NPSS kot éyovtog el g Asttovpyet To TPOYPOLLLLOL, TO ETOUEVO
Brpa eivar vo avortoéovpe éva mepPdAlov dtacHvoeons petad tov NPSS kot tov
PROOQOSIS. Mia mBavn 1éa ivar va yivel 1 Slocuvoesn ot 6€ ETITEdO TNYAiov KOOTKAL.
Avto onuaivel 6Tt 0 KOSIKOS TOV eVOG TTpoypaupatog Oo petatpoanel Le TpOTO TETOLOV
MoTE Vo uopel va ektereotel amd to aAAo mpdypappa. o mapdderypo, yvopilovpe ot
10 PROOSIS &yet v duvototnta vo mopdyet Kot vo eEQyEL ToV KMOKA LG GUVIGTACHS
N aKOUN KoL OAOKANPNG UNYOVIG, OE YADGGO TPoypoppaticpod C++, v idto Sniadn
otV onoia £xel Paciotel ko to NPSS. Mia axopa mhoavn 10éa etvar va yiver ) dtochvoeon
péow omuovpyiag katdAAniwv decks. Ta decks eivor extedéopa apyeio T omoia
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UITOPOVV VO, XpNo1oromBodv w¢ pavpo kouti omd Eva eEmteptkd Tpdypappa (m.y. Excel),
dtvovtog moparinio tig KatdAinies e16000ve. Toco 1o PROOSIS 660 kot to NPSS €yovv
v dvvatotnta mopoywyng deck. Avtd onpaivel 6t mopadeiypatog xdprv, o NPSS
umopet vo dnuovpynoet évo deck piog cuvietdoag 1 aKOpo Kot EVOG LOVTEAOL UMY AVIG,
10 01010 e TN oEPA ToL Oa pmopel va ekteleotel ¢ pavpo kovti amd to PROOSIS ko
avticTpoa.

Téhog, apob Ta dV0 Aoyiopkd ivol OeprodLVOpIKA 1IGOSVVOIN Kol ) LOVAOIKN
OVCLOOTIKY] OlLPOPA HETOED OWTMV glvon ot ¥aptes emddcewv, Ba NTav dvvotd va
tpononomBovv ta otoryeio tov PROOSIS pe t€1010 TpdéMO MGTE VoL Pmopovv va StaPdlovv
KoL Vo, AS1Tovpyodv pe xapteg g erhocopiag tov NPSS (dniadn R-line kor PR-line
YOPTES).
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